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Part I

Outlook





1 Introduction
Shlomi Arnon, John Barry, George Karagiannidis, Robert Schober,
and Murat Uysal

Optical wireless communication is an emerging and dynamic research and development
area that has generated a vast number of interesting solutions to very complicated
communication challenges. For example, high data rate, high capacity and minimum
interference links for short-range communication for inter-building communication,
computer-to-computer communication, or sensor networks. At the opposite extreme is
a long-range link in the order of millions of kilometers in the new mission to Mars
and other solar system planets. It is important to mention that optical wireless com-
munication is one of the oldest methods that humanity has used for communication. In
prehistoric times humans used fire and smoke to communicate; later in history, Roman
optical heliographs and Sumerians signalling towers were the communication systems
of these empires. An analogous technology was used by Napoleonic Signalling Towers
and “recently” by the light photo-phone of Alexander Graham Bell back in the 1880s.

Obviously, the data rate, quality of service delivered, and transceiver technologies
employed have improved greatly from those early optical wireless technologies. In its
many applications, optical wireless communication links have already succeeded in
becoming part of our everyday lives at our homes and offices. Optical wireless products
are already well familiar, ranging from visible-light communication (VLC), TV remote
control to IrDA ports that currently have a worldwide installed base of hundreds of mil-
lion of units with tens of percent annual growth. Optical wireless is also widely available
on personal computers, peripherals, embedded systems and devices of all types, terres-
trial and in-building optical wireless LANs, network of sensors, and inter-satellite link
applications.

The book includes three main parts: Part II Optical wireless communication theory,
Part III Unique channels, and Part IV Applications.

Part II describes important issues in optical wireless theory starting with Chap-
ter 2 about coding and modulation techniques for optical wireless channels by Ivan
B. Djordjevic. The author explains that the communication over the FSO channel is
achieved through the line-of-sight (LOS) between two distant transceivers. An opti-
cal wave propagating over the FSO channel experiences fluctuations in amplitude and
phase due to atmospheric turbulence, which represents a fundamental problem present
even under clear sky conditions. In this chapter, several coded modulation concepts
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4 S. Arnon, J. Barry, G. Karagiannidis, R. Schober, and M. Uysal

enabling communication over strong atmospheric turbulence channels are described:
(i) coded-multiple-input multiple-output (MIMO), (ii) raptor coding, (iii) adaptive
modulation and coding (AMC), (iv) multidimensional coded modulation, and (v) coded-
orthogonal frequency division multiplexing (OFDM). Furthermore, the concept of
heterogeneous optical networking is discussed. Chapter 3 titled “Wireless optical
CDMA communication systems” by Jawad A. Salehi, Babak M. Ghaffari, and Mehdi
D. Matinfar, describes a particular and advanced form of optical wireless communica-
tion systems, namely optical code-division multiple-access (OCDMA), in the context of
wireless optical systems. As wireless optical communication systems gets more mature
and become viable for multi-user communication systems, advanced multiple-access
techniques become more important and attractive in such systems. Among all multiple-
access techniques in optical domain, OCDMA is of utmost interest because of its
flexibility, ease of implementation, no need for synchronization among many users and
soft traffic handling capability. The deployment of OCDMA communication systems in
both indoor and outdoor free-space optical links is also analyzed. Chapter 4 is “Pointing
error statistics” by Shlomi Arnon. In this chapter the author presents a simple model
that describes the effect of the statistic of the pointing error on the performance of com-
munication systems. Chapter 5 is “Equalization and Markov chains in cloud channel”
by M. Kavehrad. The focus of this chapter is on investigating the possibility of simpli-
fying the task of calculating the performances in cloud channel by a direct extraction of
state transition matrices associated with standard Markov modeling from the MCRT
computer simulations programs. Chapter 6 by Steve Hranilovic considers multiple-
input multiple-output (MIMO) techniques employing a number of optical sources as
transmitters and a collection of photodiodes as receivers for indoor optical wireless
(OW) channels. The OW MIMO systems discussed in this chapter differ fundamen-
tally from those used in radio channels. In particular, the signalling constraints imposed
by intensity-modulated/direct-detection (IM/DD) systems limit the direct application of
theory from radio channels. Nonetheless, MIMO techniques can be applied to OW chan-
nels to yield improvements in reliability and to improve data rates. This chapter starts
with a brief overview of the characteristics of indoor OW MIMO systems. Given that the
application and available gains depend on channel architecture, the balance of the chap-
ter considers the use of MIMO techniques in three main OW channel topologies: diffuse,
spot-diffusing, and point-to-point. The last chapter in this part, Chapter 7 by Amos
Lapidoth, Stefan M. Moser, Michèle Wigger, describes the basics of channel capacity.
In this chapter the authors focus on communication systems that employ pulse ampli-
tude modulation (PAM), which in the case of optical communication is called pulse
intensity modulation. In such systems the transmitter modulates the information bits
onto continuous-time pulses of duration T , and the receiver preprocesses the incoming
continuous-time signal by integrating it over nonoverlapping intervals of length T . Such
continuous-time systems can be modeled as discrete-time channels where the (discrete)
time k input and output correspond to the integrals of the continuous-time transmitted
and received signals (i.e., optical intensities) from kT to (k + 1)T . Note that for such
discrete-time systems, the achieved data rate is not measured in bits (or nats) per sec-
ond, but in bits (or nats) per channel use. They discuss three different discrete-time, pulse
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intensity modulated, optical channel models: the discrete-time Poisson channel, the free-
space optical intensity channel, and the optical intensity channel with input-dependent
Gaussian noise.

Part III describes unique channels that could be found in optical wireless applications.
Chapter 8: “Modeling and characterization of wireless ultraviolet scattering communi-
cation channels” by Zhengyuan Xu, Brian M. Sadler, Gang Chen, and Haipeng Ding,
describes the modeling and characterization issues that arise from short-range communi-
cations over non-line-of-sight (NLOS) ultraviolet (UV) atmospheric scattering channels.
The chapter starts by presenting the unique channel properties and history of NLOS
UV communications, and introducing outdoor NLOS UV scattering link geometries.
Both single and multiple scattering effects are considered, including channel impulse
response and link path loss. Analysis and Monte Carlo simulation are employed to
investigate the UV channel properties. The authors also report on experimental outdoor
channel measurements, and compare with theoretical predictions. Chapter 9 titled “Free
space optical communications underwater” by Brandon Cochenour and Linda Mullen,
serves as both an introduction to the field of light propagation underwater, as well as a
survey of current literature pertaining to underwater free-space optics (uFSO) or under-
water optical wireless communication. The authors begin with a simple examination of
a link budget equation. Next, they present an introduction of ocean optics in order to
gain an appreciation for the challenges involved with implementing free-space optical
links underwater. They then discuss state-of-the-art theoretical and experimental meth-
ods for predicting beam propagation in seawater. Finally, they present some common
uFSO link types, and discuss the system-level design issues associated with each. Chap-
ter 10 by Roger Green and Mark Leeson deals with Indoor IR communication channel.
Infrared (IR) indoor optical wireless (OW) potentially combines the high bandwidth
availability of optical communications with the mobility found in radio frequency (RF)
wireless communication systems. So although IR is currently overshadowed by a mul-
titude of home and office RF wireless networking schemes, it has significant potential
when bandwidth demand is high. Compared to an RF system, OW offers the advan-
tageous opportunity for high-speed medium- to short-range communications operating
within a virtually unlimited and unregulated bandwidth spectrum using lower-cost com-
ponents. Thus, the first sections of the chapter provide a brief overview of the system
configurations, sources, detectors and filters used for OW followed by consideration
of bit error rate (BER) performance in typical indoor scenarios. The third chapter in
this part, Chapter 11, describes the concept of hybrid RF/optical wireless systems chan-
nel. The authors of this chapter are Nick Letzepis and Albert G. i Fàbregas. The authors
remind us that in free-space optical (FSO) communication an optical carrier is employed
to convey information wirelessly. FSO systems have the potential to provide fiber-
like data rates with the advantages of quick deployment times, high security, and no
frequency regulations. Unfortunately such links are highly susceptible to atmospheric
effects. Scintillation induced by atmospheric turbulence causes random fluctuations in
the received irradiance of the optical laser beam. Numerous studies have shown that per-
formance degradation caused by scintillation can be significantly reduced through the
use of multiple-lasers and multiple-apertures, creating the well-known multiple-input
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multiple-output (MIMO) channel. However, it is the large attenuating effects of cloud
and fog that pose the most formidable challenge. Extreme low-visibility fog can cause
signal attenuation on the order of hundreds of decibels per kilometre. One method to
improve the reliability in these circumstances is to introduce a radio frequency (RF) link
to create a hybrid FSO/RF communication system. When the FSO link is blocked by
cloud or fog, the RF link maintains reliable communications, albeit at a reduced data
rate. Typically a millimetre wavelength carrier is selected for the RF link to achieve
data rates comparable to that of the FSO link. At these wavelengths, the RF link is also
subject to atmospheric effects, including rain and scintillation, but less affected by fog.
The two channels are therefore complementary: the FSO signal is severely attenuated
by fog, whereas the RF signal is not; and the RF signal is severely attenuated by rain,
whereas the FSO is not. Both, however, are affected by scintillation. They propose a
channel model for hybrid FSO/RF communications based on the well-known parallel
channel, that takes into account the differences in signaling rate, and the atmospheric
fading effects present in both the FSO and RF links. These fading effects are slow com-
pared to typical data rates and, as such, each channel is based on a block-fading channel
mode.

Part IV covers applications based on optical wireless communication. It begins with
Chapter 12 about quantum encryption by Rupert Ursin, Nathan Langford, and Andreas
Poppe. In this chapter the authors explain that the ability to guarantee security and pri-
vacy in communication are critical factors in encouraging people to accept and trust
new tools and methods for today’s information-based society (e.g. eCommerce, eHealth)
and for future services (e.g. eGovernment, eVoting). The trend towards faster electron-
ics provides the ability to handle longer keys, thus providing better security, but also
increases the possibility of breaking keys in state-of-the-art cryptosystems. Nevertheless
modern quantum cryptography has created a new paradigm for cryptographic commu-
nication, which provides strong security and incontrovertible evidence of any attempted
eavesdropping which is based on theoretically and experimentally proven laws of nature.
This technique, called quantum key distribution (QKD), generates a symmetrical clas-
sical bit string using the correlations of measurements on quantum systems and has
already developed into a mature technology providing products capable of everyday
use. The main hurdle for quantum communication is that, with present fiber and detec-
tor technologies, terrestrial QKD links are limited to distances of just over 100 km,
well within reach of how far someone could travel in a short time to simply deliver
the information in person. In the future, however, it will be possible to extend the dis-
tances spanned by individual fiber-based QKD links by using repeater nodes. These
individual QKD links could then be combined to create larger and more complex QKD
networks which will allow many different combinations of users to be connected over
the same infrastructure. The economic benefits of such an interlinking network approach
to QKD will be most apparent in a typical metropolitan scenario, where many poten-
tial users are likely to be located in a relatively small area, each wanting to be able
to communicate securely with many different partners. Chapter 13 covers modulating
retro-reflectors by William Rabinovich. In this chapter the author make it clear that
direct FSO links with active terminals on both ends have many good applications. There
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are, however, other applications in which the two ends of the link have different payload
and power capabilities. Some examples include: unattended sensors, small unmanned
aerial vehicles (UAVs) and small, tele-operated robots. For these applications a mod-
ulating retro-reflector (MRR) may be an appropriate solution. The MRR imposes a
modulation on the interrogating beam and passively retro-reflects it back to the inter-
rogator. The passive retro-reflector will generally have a large field of view over which
incident light will be reflected back to its source, thus eliminating, or greatly reduc-
ing, pointing requirements on this end of the link. Despite this, the retro-reflected beam
divergence can be very small, preserving the desirable features of direct FSO such as
security and non-interference. Chapter 14 by Kang Tae-Gyu describes the emerging
technology of visible-light communication. Visible-light communications is the name
given to a wireless communication system that conveys information by modulating light
that is visible to the human eye. Communications may not be the primary purpose of the
light; in many applications the light primarily serves as a source of illumination. Interest
in VLC has grown rapidly with the growth of visible-light light emitting diodes (LEDs)
for illumination. The motivation is clear: When a room is illuminated by LEDs, why not
exploit it to provide communications as well as illumination? This sharing of resources
can save electric power and raw materials.

Chapter 15 targets the area of sensor networks and is written by Dominic C. O’Brien
and Sashigaran Sivathasan In this chapter two architectures that use retro-reflectors are
described, based on the use of retro-reflecting links for sensor network application. In
the first optical links provide all the communications of the system, and in the second
this is augmented by the use of short-range RF links. These are given as representative
examples only, and are not meant to represent any “best” approach to using optical
wireless in sensor networks. However, they do illustrate some of the challenges and
potential advantages of using this technique.

The combination of the different chapters within the book provides a unique
database and a wide base of knowledge. The aspiration is to serve as a textbook for
a graduate-level course for students in electrical engineering, electro optics engineering,
communication engineering, and physics. It is also intend to serve as a source for self-
study and as a reference book for senior engineers involved in the design of wireless
communication systems. The background required for this book includes good know-
ledge in the areas of generating and detection of optical signal, probability and stochastic
process, and communication theory. Part of this information and additional reading
could be found in the books: Applied Aspects of Optical Communication and LIDAR
by N. Blaunstein, S. Arnon, N. Kopeika, A. Zilberman, and Optical Communication
Second Edition, by R. Gagliardi and S. Karp; and in the optical wireless communication
special issues in OSA/JON 2006 and IEEE /JSAC 2009.





Part II

Optical wireless communication
theory





2 Coded modulation techniques for
optical wireless channels
Ivan B. Djordjevic

The transport capabilities of optical communication systems have increased
tremendously in the past two decades, primarily due to advances in optical devices
and technologies, and have enabled the Internet as we know it today with all its
impacts on the modern society. Future internet technologies should be able to support
a wide range of services containing a large amount of multimedia over different net-
work types at high transmission speeds. The future optical networks should allow the
interoperability of radio frequency (RF), fiber-optic and free-space optical (FSO) tech-
nologies. However, the incompatibility of RF/microwave and fiber-optics technologies
is an important limiting factor in efforts to further increase future transport capabilities
of such hybrid networks. Because of its flexibility, FSO communication is a technology
that can potentially solve the incompatibility problems between RF and optical tech-
nologies. Moreover, FSO technologies can address any type of connectivity needs in
optical networks. To elaborate, in metropolitan area networks (MANs), FSO commu-
nications can be used to extend the existing MAN rings; in enterprise networks, FSO
can be used to enable local area network (LAN)-to-LAN connectivity and intercampus
connectivity; and, last but not the least, FSO is an excellent candidate for the last-mile
connectivity. FSO links are considered as a viable solution for various applications listed
above because of the following properties [1]–[15]: (i) the high-directivity of the optical
beam provides high power efficiency and spatial isolation from other potential interfer-
ers, a property not inherent in RF/microwave communications, (ii) FSO transmission
is unlicensed, (iii) the large fractional-bandwidth coupled with high optical gain using
moderate powers permits very high data rate transmission, (iv) the state-of-the-art fiber-
optics communications employ intensity modulation with direct detection (IM/DD), and
the components for IM/DD are widely available, and (v) FSO links are relatively easy
to install and easily accessible for repositioning when necessary.

The communication over the FSO channel is achieved through the line-of-sight (LOS)
between two distant transceivers. An optical wave propagating over the FSO chan-
nel experiences fluctuations in amplitude and phase due to atmospheric turbulence,
which represents a fundamental problem present even under clear sky conditions. In
this chapter, we describe several coded modulation concepts enabling communication
over strong atmospheric turbulence channels: (i) coded-multiple-input multiple-output
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12 Ivan B. Djordjevic

(MIMO), (ii) raptor coding, (iii) adaptive modulation and coding (AMC), (iv) multidi-
mensional coded modulation, and (v) coded-orthogonal frequency division multiplexing
(OFDM). We also discuss the concept of heterogeneous optical networking. This chap-
ter is organized as follows. The FSO channel model is introduced in Section 2.1. The
codes on graphs suitable for use in FSO communications are described in Section 2.2.
The concept of coded-MIMO is introduced in Section 2.3. The raptor coding concept
for temporally correlated FSO channels is described in Section 2.4. The AMC concept is
introduced in Section 2.5. We consider both feed-back AMC and hybrid FSO-RF com-
munication scenarios. The multidimensional coded modulation concept is introduced
in Section 2.6. The concept of FSO-OFDM transmission is introduced in Section 2.7.
The heterogeneous optical networking concept is introduced in Section 2.8. Finally,
Section 2.9 summarizes this chapter.

2.1 Atmospheric turbulence channel modeling

A commonly used turbulence model assumes that the variations of the medium can
be understood as individual cells of air or eddies of different diameters and refractive
indices. In the context of geometrical optics, these eddies may be observed as lenses
that randomly refract the optical wavefront, generating a distorted intensity profile at
the receiver of a communication system. The intensity fluctuation is known as scintilla-
tion, and represents one of the most important factors that limit the performance of an
atmospheric FSO communication link. The most widely accepted theory of turbulence
is due to Kolmogorov [1]. This theory assumes that kinetic energy from large turbulent
eddies, characterized by the parameter known as outer scale L0, is transferred without
loss to the eddies of decreasing size down to sizes of a few millimeters characterized
by the inner scale parameter l0. The inner scale represents the cell size at which energy
is dissipated by viscosity. The refractive index varies randomly across the different tur-
bulent eddies and causes phase and amplitude variations to the wavefront. Turbulence
can also cause the random drifts of optical beams – a phenomenon usually referred to as
wandering – and can induce beam focusing.

The outer scale is assumed to be infinite in this chapter. Understanding the turbulence
effects under zero inner scale is important as it represents a physical bound for the
optical atmospheric channel and as such it has been of interest to researchers [1]. To
account for the strength of turbulence we use the unitless Rytov variance, given by [1]

σ 2
R = 1.23 C2

n k7/6L11/6, (2.1)

where k = 2π/λ is the wave number, λ is the wavelength, L is the propagation distance,
and C2

n denotes the refractive index structure parameter, which is constant for horizontal
paths. Weak fluctuations are associated with σ 2

R < 1, strong fluctuations with σ 2
R > 1,

and the saturation regime is defined by σ 2
R →∞ [1].

To characterize the FSO channel from a communication theory point of view, it is use-
ful to give a statistical representation of scintillation. The reliability of a communication
link can be determined if we use a good probabilistic model for the turbulence. Several
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probability density functions (PDFs) have been proposed for the intensity variations at
the receiver of an optical link [6]–[11]. Al-Habash et al. [12] proposed a statistical model
that factorizes the irradiance as the product of two independent random processes each
with a Gamma probability density function (PDF). The PDF of the intensity fluctuation
is therefore

f (I) = 2(αβ)(α+β)/2

�(α)�(β)
I(α+β)/2−1Kα−β

(
2
√
αβ I

)
, I > 0, (2.2)

where I is the signal intensity, α and β are parameters of the PDF, �(·) is the Gamma
function, and Kα−β (·) is the modified Bessel function of the second kind of order α−β.

The parameters α and β of the PDF that predicts the scintillation experienced by plane
waves in the case of l0 = 0, are given by the expressions [4],[5]

α =
(

exp

[
0.49σ 2

R

(1+ 1.11σ 12/5
R )7/6

]
− 1

)−1

and

β =
(

exp

[
0.51σ 2

R

(1+ 0.69σ 12/5
R )5/6

]
− 1

)−1

, (2.3)

where σ 2
R is the Rytov variance as given in Eq. (2.1). This is a very interesting

expression, because the PDF of the intensity fluctuations at the receiver can be pre-
dicted from the physical turbulence conditions. The predicted distribution matches
very well the distributions obtained from numerical propagation simulations and
experiments [1],[6].

2.2 Codes on graphs

The codes on graphs of interest in optical communications include turbo codes, turbo-
product codes, and LDPC codes. Turbo codes [25],[26] can be considered as the
generalization of the concatenated codes, where during iterative decoding the decoders
exchange the soft messages for a certain number of times. Turbo codes can approach
channel capacity closely in the region of interest for wireless communications. How-
ever, they exhibit strong error floors in the region of interest for optical communications;
therefore, alternative iterative soft decoding approaches are to be sought. As recently
shown in [16]–[24], turbo-product codes and LDPC codes can provide excellent coding
gains and, when properly designed, do not exhibit an error floor in the region of interest
for optical communications.

A turbo-product code (TPC) is an (n1n2, k1k2, d1d2) code in which codewords form
an n1 × n2 array such that each row is a codeword from an (n1, k1, d1) code C1, and
each column is a codeword from an (n2, k2, d2) code C2. With ni, ki and di (i = 1, 2)
we denoted the codeword length, dimension, and minimum distance, respectively, of
the ith component code. The soft bit reliabilities are iterated between decoders for C1

and C2. In optical communications, TPCs based on BCH component codes have been
intensively studied, e.g. [25],[26].
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If the parity-check matrix has a low density of 1’s and the number of 1’s per row and
per column are both constant, the code is said to be a regular LDPC code. To facilitate
the implementation at high speed, we prefer the use of regular rather than irregular
LDPC codes. The graphical representation of LDPC codes, known as bipartite (Tanner)
graph representation, is helpful for the efficient description of LDPC decoding algo-
rithms. A bipartite (Tanner) graph is a graph whose nodes may be separated into two
classes (variable and check nodes), and where undirected edges may only connect two
nodes not residing in the same class. The Tanner graph of a code is drawn according to
the following rule: check (function) node c is connected to variable (bit) node v when-
ever element hcv in a parity-check matrix H is a 1. In an m×n parity-check matrix, there
are m = n− k check nodes and n variable nodes.

Example 2.1: As an illustrative example, consider the H-matrix of the following code

H =

⎡
⎢⎢⎣

1 0 1 0 1 0
1 0 0 1 0 1
0 1 1 0 0 1
0 1 0 1 1 0

⎤
⎥⎥⎦ .

For any valid codeword x = [x0x1 . . . xn−1], the checks used to decode the codeword are
written as,

● Equation (c0): x0 + x2 + x4 = 0 (mod 2)
● Equation (c1): x0 + x3 + x5 = 0 (mod 2)
● Equation (c2): x1 + x2 + x5 = 0 (mod 2)
● Equation (c3): x1 + x3 + x4 = 0 (mod 2)

The bipartite graph (Tanner graph) representation of this code is given in Figure 2.1(a).

The circles represent the bit (variable) nodes while squares represent the check (func-
tion) nodes. For example, the variable nodes x0, x2, and x4 are involved in Eq. (c0),
and therefore connected to check node c0. A closed path in a bipartite graph compris-
ing l edges that closes back on itself is called a cycle of length l. The shortest cycle
in the bipartite graph is called the girth. The girth influences the minimum distance of
LDPC codes, correlates the extrinsic log-likelihood ratios (LLRs), and therefore affects
the decoding performance. The use of large girth LDPC codes is preferable because the
large girth increases the minimum distance and de-correlates the extrinsic information in
the decoding process. To improve the iterative decoding performance, we have to avoid
cycles of length 4, and preferably 6 as well. To check for the existence of short cycles,
one has to search over the H-matrix for the patterns shown in Figure 2.1(b,c).

2.2.1 Quasi-cyclic (QC) binary LDPC codes

In this section, we describe a method for designing large-girth QC LDPC codes. Based
on Tanner’s bound for the minimum distance of an LDPC code [27]
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Figure 2.1 (a) Bipartite graph of (6, 2) code described by H matrix above. Cycles in a Tanner graph:
(b) cycle of length 4, and (c) cycle of length 6.

d ≥

⎧⎪⎨
⎪⎩

1+ wc
wc−2

(
(wc − 1)�(g−2)/4� − 1

)
, g/2 = 2m+ 1

1+ wc
wc−2

(
(wc − 1)�(g−2)/4� − 1

)+ (wc − 1)�(g−2)/4�, g/2 = 2m
(2.4)

where g and wc denote the girth of the code graph and the column weight, respectively,
and where d stands for the minimum distance of the code; it follows that a large girth
leads to an exponential increase in the minimum distance, provided that the column
weight is at least 3. (�� denotes the largest integer less than or equal to the enclosed
quantity.) For example, the minimum distance of girth-10 codes with column weight
r = 3 is at least 10. The parity-check matrix of regular QC LDPC codes [17],[28] can
be represented by

H =

⎡
⎢⎢⎢⎢⎢⎣

I I I . . . I
I PS[1] PS[2] . . . PS[c−1]

I P2S[1] P2S[2] . . . P2S[c−1]

. . . . . . . . . . . . . . .

I P(r−1)S[1] P(r−1)S[2] . . . P(r−1)S[c−1]

⎤
⎥⎥⎥⎥⎥⎦ , (2.5)

where I is B × B (B is a prime number) identity matrix, P is B × B permutation matrix
given by P = (pij)B×B, pi,i+1 = pB,1 = 1 (zero otherwise), and where r and c rep-
resent the number of block-rows and block-columns in (2.5), respectively. The set of
integers S are to be carefully chosen from the set {0, 1, . . . , B − 1} so that cycles of
short length, in the corresponding Tanner (bipartite) graph representation of (2.5), are
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avoided. According to Theorem 2.1 in [28], we have to avoid the cycles of length 2k
(k = 3 or 4) defined by the following equation

S[i1]j1 + S[i2]j2 + · · · S[ik]jk = S[i1]j2 + S[i2]j3 + · · · S[ik]j1 mod B, (2.6)

where the closed path is defined by (i1, j1), (i1, j2), (i2, j2), (i2, j3), . . ., (ik, jk), (ik, j1) with
the pair of indices denoting row-column indices of permutation-blocks in (2.5) such that
lm �= lm+1, lk �= l1 (m = 1, 2, .., k; l ∈ {i, j}). Therefore, we have to identify the sequence
of integers S[i] ∈ {0, 1, . . . , B − 1} (i = 0, 1, . . . , r − 1; r < B) not satisfying Equa-
tion (2.6), which can be done either by computer search or in a combinatorial fashion.
For example, to design the QC LDPC codes in [23], we introduced the concept of the
cyclic-invariant difference set (CIDS). The CIDS-based codes come naturally as girth-6
codes, and to increase the girth we had to selectively remove certain elements from a
CIDS. The design of LDPC codes of rate above 0.8, column weight 3 and girth g ≥ 10
using the CIDS approach is very challenging and is still an open problem. Instead, in
our recent paper [29] (see also [17]), we solved this problem by developing an efficient
computer search algorithm. We add an integer at a time from the set {0, 1, . . . , B − 1}
(not used before) to the initial set S and check if the Equation (2.6) is satisfied. If Equa-
tion (2.6) is satisfied, we remove that integer from the set S and continue our search
with another integer from set {0, 1, . . . , B − 1} until we exploit all the elements from
{0, 1, . . . , B− 1}. The code rate of these QC codes, R, is lower-bounded by

R ≥ |S|B− rB

|S|B = 1− r/|S|, (2.7)

and the codeword length is |S|B, where |S| denotes the cardinality of set S. For a given
code rate R0, the number of elements from S to be used is �r/(1 − R0)�. With this
algorithm, LDPC codes of arbitrary code rate can be designed.

Example 2.2: By setting B = 2311, the set of integers to be used in (2.5) is obtained as
S = {1, 2, 7, 14, 30, 51, 78, 104, 129, 212, 223, 318, 427, 600, 808}. The corresponding
LDPC code has rate R0 = 1−3/15 = 0.8, column weight 3, girth-10 and length |S|B =
15 · 2311 = 34665. In the example above, the initial set of integers was S = {1, 2, 7},
and the set of rows to be used in (2.5) is {1,3,6}. The use of a different initial set will
result in a different set from that obtained above.

Example 2.3: By setting B = 269, the set S is obtained as S = {0, 2, 3, 5, 9, 11, 12,
14, 27, 29, 30, 32, 36, 38, 39, 41, 81, 83, 84, 86, 90, 92, 93, 95, 108, 110, 111, 113,
117, 119, 120, 122}. If 30 integers are used, the corresponding LDPC code has rate
R0 = 1− 3/30 = 0.9, column weight 3, girth-8 and length 30 · 269 = 8070.
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2.2.2 Decoding of LDPC codes

In this section, we describe the min-sum-with-correction-term algorithm [30] (see also
[17]). It is a simplified version of the original algorithm proposed by Gallager [31].
Gallager proposed a near optimal iterative decoding algorithm for LDPC codes that
computes the distributions of the variables in order to calculate the a posteriori prob-
ability (APP) of a bit vi of a codeword v = [v0 v1 . . . vn−1] to be equal to 1 given a
received vector y = [y0 y1 . . . yn−1]. This iterative decoding scheme involves passing
the extrinsic information back and forth among the c-nodes and the v-nodes over the
edges to update the distribution estimation. Each iteration in this scheme is composed
of two half-iterations. In Figure 2.2, we illustrate both the first and the second halves
of an iteration of the algorithm. As an example, in Figure 2.2(a), we show the message
sent from v-node vi to c-node cj. The vi-node collects the information from the chan-
nel (yi sample), in addition to extrinsic information from other c-nodes connected to
the vi-node, processes them and sends the extrinsic information (not already available
information) to cj. This extrinsic information contains the information about the proba-
bility Pr(ci = b|yi), where b ∈ {0, 1}. This is performed in all c-nodes connected to the
vi-node. On the other hand, Figure 2.2(b) shows the extrinsic information sent from
c-node ci to the v-node vj, which contains the information about Pr(ci equation is satis-
fied |y). This is done repeatedly for all the c-nodes connected to the vi-node. After this
intuitive description, we describe the min-sum-with-correction-term algorithm in more
detail because of its simplicity and suitability for high-speed implementation. Generally,
we can either compute the APP Pr(vi|y) or the APP ratio l(vi) = Pr(vi = 0|y)/Pr(vi =
1|y), which is also referred to as the likelihood ratio. In the log-domain version of the
sum-product algorithm, we replace these likelihood ratios with log-likelihood ratios
(LLRs) due to the fact that the probability domain includes many multiplications which
leads to numerical instabilities, whereas the computation using LLRs involves addition
only. Moreover, the log-domain representation is more suitable for finite precision rep-
resentation. Thus, we compute the LLRs by L(vi) = log[Pr(vi = 0|y)/Pr(vi = 1|y)]. For
the final decision, if L(vi) > 0, we decide in favor of 0 and if L(vi) < 0, we decide in
favor of 1. To further explain the algorithm, we introduce the following notations due to
MacKay [32]:

vi

viyi (channel sample)

cj

cj
qij (b)

qij (b)

rji (b)

rji (b)

(a) (b)

Figure 2.2 Illustration of the half-iterations of the sum-product algorithm: (a) first half-iteration: extrinsic
information sent from v-nodes to c-nodes, and (b) second half-iteration: extrinsic information
sent from c-nodes to v-nodes.
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Vj = {v-nodes connected to c-node cj}
Vj\i = {v-nodes connected to c-node cj}\{v-node vi}
Ci = {c-nodes connected to v-node vi}
Ci\j = {c-nodes connected to v-node vi} \ {c-node cj}
Mv(∼ i) = {messages from all v-nodes except node vi}
Mc(∼ j) = {messages from all c-nodes except node cj}
Pi = Pr(vi = 1|yi)
Si = event that the parity-check equations involving ci are satisfied
qij(b) = Pr(vi = b | Si, yi, Mc(∼ j))
rji(b) = Pr(check equation cj is satisfied | vi = b, Mv(∼ i))

In the log-domain version of the sum-product algorithm, all the calculations are
performed in the log-domain as follows:

L(vi) = log

[
Pr(vi = 0|yi)

Pr(vi = 1|yi)

]
, L(rji) = log

[
rji(0)

rji(1)

]
, L(qji) = log

[
qji(0)

qji(1)

]
. (2.8)

The algorithm starts with the initialization step where we set L(vi) as follows:

L(vi) = (−1)yi log

(
1− ε

ε

)
, for BSC

L(vi) = 2
yi

σ 2
, for binary input AWGN

L(vi) = log

(
σ1

σ0

)
− (yi − μ0)2

2σ 2
0

+ (yi − μ1)2

2σ 2
1

, for BA-AWGN

L(vi) = log

(
Pr(vi = 0|yi)

Pr(vi = 1|yi)

)
, for arbitrary channel (2.9)

where ε is the probability of error in the binary symmetric channel (BSC), σ2 is the vari-
ance of the Gaussian distribution of the additive white Gaussian noise (AWGN), and μj

and σ 2
j (j = 0, 1) represent the mean and the variance of Gaussian process correspond-

ing to bits j = 0, 1 of a binary asymmetric (BA)-AWGN channel. After initialization of
L(qij), we calculate L(rji) as follows:

L
(
rji
) = L

⎛
⎝ ∑

i′∈Vj\i
b′j

⎞
⎠ = L (. . .⊕ bk ⊕ bl ⊕ bm ⊕ bn . . .)

= . . . Lk + Ll + Lm + Ln + . . . (2.10)

where ⊕ denotes the modulo-2 addition, and + denotes a pairwise computation
defined by

La + Lb = sign (La) sign (Lb)min (|La|, |Lb|)+ s (La, Lb)

s (La, Lb) = log
(

1+ e−|La+Lb|
)
− log

(
1+ e−|La−Lb|

)
. (2.11)
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The term s(La, Lb) is the correction term and can be implemented as a lookup table
(LUT). Upon calculation of L(rji), we update

L
(
qij

) = L (vi)+
∑

j′∈Ci\j
L
(
rj′i

)
, L (Qi) = L (vi)+

∑
j∈Ci

L
(
rji
)
. (2.12)

Finally, the decision step is as follows:

v̂i =
{

1, L(Qi) < 0

0, otherwise.
(2.13)

If the syndrome equation v̂HT = 0 is satisfied or the maximum number of iterations is
reached, we stop, otherwise, we recalculate L(rji) and update L(qij) and L(Qi) and check
again. It is important to set the number of iterations high enough to ensure that most
of the codewords are decoded correctly and low enough not to affect the processing
time.

2.3 Coded-MIMO free-space optical communication

The performance of FSO communication systems can be improved by using MIMO
communication techniques [14],[15],[33]–[38]. In the case of FSO communications,
the MIMO concept is realized by employing multiple optical sources at the transmit-
ter side and multiple detectors at the receiver side (this scheme can also be called
multiple lasers – multiple detectors [MLMD]). In this section we describe LDPC-
coded repetition MIMO [38],[39] as an efficient way to deal with strong atmospheric
turbulence. Although this concept is analogous to the wireless MIMO concept in
RF case, the underlying physics is different, and new optimal and sub-optimal con-
figurations for this channel are needed. Notice that space-time coding can also be
used, but since we are concerned with direct detection, the signal constellation points
cannot be negative or complex, which results in suboptimal performance. For more
details on space-time coding concept for the FSO channel an interested reader is
referred to [38].

2.3.1 LDPC-coded repetition MIMO concept

A block diagram of the LDPC-coded repetition MIMO scheme is shown in Figure 2.3.
M optical sources are all pointed toward the distant array of N photodetectors using an
expanding telescope. We assume that the beam spots on the receiver side are sufficiently
wide to illuminate a whole photodetector array. This approach might help in simpli-
fying the transmitter–receiver pointing problem. We further assume that the receiver’s
implementation is based on a p.i.n. photodetector in a Trans-impedance Amplifier (TA)
configuration.
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Figure 2.3 (a) Atmospheric optical LDPC-coded repetition MIMO system, (b) mth transmitter and receiver
array configurations, and (c) processor configuration.

The nth photodetector output can be represented by

yn (l) = x (l)
M∑

m=1

I′nm + zn (l) ; n = 1, . . . , N; x (l) ∈ {0, A} (2.14)

where A denotes the intensity of the pulse in the absence of scintillation, and x(l)
denotes data symbol at the lth time-slot; I′nm represents the intensity channel coeffi-
cient between the nth photodetector (n = 1, 2, . . . , N) and the mth (m = 1, 2, . . . , M)
optical source, which is described by the Gamma-Gamma PDF given above. The opti-
cal sources and photodetectors are positioned in such a way that different transmitted
symbols experience independent atmospheric turbulence conditions; zn denotes the
nth receiver TA thermal noise that is modeled as a zero-mean Gaussian process with
double-side power spectral density N0/2. We assume nonnegative real signalling over the
atmospheric turbulence channel with direct detection on a receiver side. Assuming that
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the receiver TA thermal noise is white-Gaussian with a double-side-power spectral den-
sity N0/2, the LLR of a symbol x(l) (at the lth time-slot) for a binary repetition MIMO
transmission is determined by

L (x (l)) = log

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N∏
n=1

1√
2π
√

N0/2
exp

[
− yn(l)2

2N0/2

]

1√
2π
√

N0/2
exp

⎡
⎢⎢⎣−

(
yn(l)−

M∑
m=1

Inm

)2

N0

⎤
⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=
N∑

n=1

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
−yn (l)2

N0
+

(
yn (l)−

M∑
m=1

Inm

)2

N0

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

. (2.15)

2.3.2 Bit-interleaved LDPC-coded pulse amplitude modulation (PAM)

The block scheme of the bit-interleaved (BI) LDPC-coded PAM technique, for a rep-
etition MIMO transmission, is shown in Figure 2.4. The source bit stream is encoded
using an (n,k) LDPC code of the code rate r = k/n (k the number of information bits, n
the codeword length). The l× L block-interleaver (L is an integer multiple of the code-
word length n), collects l code words written row-wise. The mapper accepts l bits at a
time from the interleaver column-wise and determines the corresponding symbol for the
Q-ary (Q = 2l) PAM signalling using a Gray mapping rule. The number of columns in
block-interleaver L is determined by a data rate, and temporal correlation of the channel.
The basis function is given by
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Figure 2.4 Repetition MIMO BI-LDPC-coded PAM configurations of: (a) transmitter and (b) receiver.
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φPAM (t) = 1√
T

rect (t/T) , rect (t) =
{

1, 0 ≤ t < 1
0, otherwise

(2.16)

while the signal constellation points by Aq = qd (q = 0, 1, . . . , Q − 1), where d is the
separation between two neighboring points. The average symbol energy is given by

Es = (Q− 1) (2Q− 1)

6
d2, (2.17)

and it is related to the bit-energy Eb by Es = Eb log2 Q. With this BI LDPC-coded
modulation scheme, the neighboring information bits from the same source are allocated
into different PAM symbols.

The outputs of the N receivers in the repetition MIMO, denoted as yn (n =
1, 2, . . . , N), are processed to determine the symbol reliabilities (LLRs) by

λ (q) = log

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1√
2π
√

N0/2
exp

⎡
⎢⎢⎢⎢⎣−

(
yn −map (q) d

M∑
m=1

Inm

)2

N0

⎤
⎥⎥⎥⎥⎦

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

= −
N∑

n=1

(
yn −map (q) d

M∑
m=1

Inm

)2

N0
+ log

(
1√

2π
√

N0/2

)
, (2.18)

where map(q) denotes a corresponding mapping rule. The last term in Eq. (2.18)
can be neglected in the practical implementation because it is constant for all sym-
bols. Further, denote by cj the jth bit in an observed symbol q’s binary representation
c = (c1, c2, . . . , cl). The bit reliabilities L(cj) are determined from symbol reliabilities by

L (ci) = log

∑
c:ci=0 exp

[
λ(q)

]
exp

(∑
c:cj=0,j�=i La

(
cj
))

∑
c:ci=1 exp

[
λ(q)

]
exp

(∑
c:cj=0,j�=i La

(
cj
)) , (2.19)

and forwarded to the LDPC decoder. Therefore, the ith bit reliability is calculated as
the logarithm of the ratio of a probability that ci = 0 and probability that ci = 1. In
the nominator, the summation is done over all symbols q having 0 at position i, while
in the denominator it is done over all symbols q having 1 at the position i. With La(cj)
we denoted a-priori information determined from the LDPC decoder extrinsic LLRs.
The inner summation in (2.19) is done over all bits of symbol q, selected in the outer
summation, for which cj = 0, j �= i. By iterating the extrinsic reliabilities between
the APP demapper and the LDPC decoder, the overall bit error rate (BER) perfor-
mance can be improved. The hard decisions from the LDPC decoder are delivered to the
end-user.

Other multilevel schemes, such as those based on Quadrature Amplitude-Modulation
(QAM) are also applicable. However, the use of an additional DC bias is required
because negative signals cannot be transmitted over an IM/DD system, and the power
efficiency of such schemes is low.
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To improve the BER performance, we perform the iteration of the extrinsic infor-
mation between the a-posteriori probability PAM demapper and LDPC decoder. For a
convergence behavior analysis, we perform the EXIT chart analysis [40]. To determine
the Mutual Information (MI) transfer characteristics of the demapper, we model a-priori
input LLR, LM,a, as a conditional Gaussian random variable. The MI between bit c in a
codeword and the corresponding input LLR (LM,a) is determined numerically. Similarly,
the MI ILM,e between c and LM,e is calculated numerically, but with the PDF of c and
LM,e determined from the histogram obtained by Monte Carlo simulation. By observing
the ILM,e as a function of the MI of ILM,a and receiver signal-to-noise ratio, E/N0, in dB,
the demapper EXIT characteristic (denoted as TM) is given by

ILM,e = TM
(
ILM,a , E/N0

)
. (2.20)

The EXIT characteristic of the LDPC decoder (denoted by TD) is defined in a similar
fashion as

ILD,e = TD
(
ILD,a

)
. (2.21)

The “turbo” demapping based receiver operates by passing extrinsic LLRs between
the demapper and LDPC decoder. The iterative process starts with an initial demap-
ping in which LM,a is set to zero yielding to ILM,a = 0. The demapper output LLRs,
described by

ILM,e = ILD,a

are fed to the LDPC decoder. The LDPC decoder output LLRs, described by

ILD,e = ILM,a

are fed to the APP demapper. The iterative procedure is repeated until convergence or
the maximum number of iterations has been reached. This procedure is illustrated in Fig-
ure 2.5, where the APP demapper and LDPC decoder EXIT charts are shown together
on the same graph; 4-PAM, 8-PAM, and 16-PAM are observed, as well as the natural
and Gray mapping. The EXIT curves have different slopes for different mappings. The
existence of a “tunnel” between corresponding demapping and decoder curves indicates
that the iteration between demapper and decoder will be successful. The smallest signal-
to-noise ratio at which the iterative scheme starts to converge is known as the threshold
(pinch-off) limit [40]. The threshold limit in the case of 16-PAM (Figure 2.5(b)) is about
8 dB worse as compared to 4-PAM (Figure 2.5(a)). The BER vs. electrical SNR in the
presence of scintillation (per photodetector), for a strong turbulence regime (σR = 3.0,
α = 5.485, β = 1.1156), are shown in Figure 2.6. The BER is shown for a different
number of optical sources, and photodetectors, by employing an (6419,4794) irregular
girth-6 LDPC code of a rate 0.747 designed using the concept of the pairwise-balanced-
design (PBD) [42]. The LDPC-coded repetition MIMO with M = 4, N = 1 provides
more than 14 dB improvement over LDPC-coded OOK with single optical source and
single photodetector.
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The results of simulations for bit-interleaved LDPC(6419,4794)-coded PAM are
shown in Figure 2.7 for different MIMO configurations and different number of sig-
nal constellation points employing the Gray mapping rule. Once more, excellent BER
performance improvement is obtained, about 23 dB for M = N = 4, Q = 4 over
M = N = 1, Q = 4. The comparison for different component LDPC codes is given in
Figure 2.7(a). The scheme employing a girth-6 (g-6) irregular PBD-based LDPC code of
rate 0.75 performs comparable to a girth-8 regular QC-LDPC code of the same rate. The
scheme based on a girth-8 regular balanced incomplete block design (BIBD) [42] based
LDPC code of rate 0.81 performs worse than 0.75 codes. However, the SNR difference
is becoming smaller as the constellation size grows.
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2.3.3 Bit-interleaved LDPC-coded pulse position modulation (PPM)

The LDPC-coded PAM scheme described in the previous section is not power efficient.
In this section we describe a power-efficient scheme based on Q-ary PPM. The source
bit streams are encoded using an (n, k) LDPC code whose code rate is r = k/n, where
k denotes the number of information bits, and n denotes the codeword length. The out-
put of the LDPC encoder is forwarded to an m × n block-interleaver, which collects m
code words in row-wise fashion. The mapper takes m bits at a time from the interleaver
column-wise and determines the corresponding slot for Q-ary (Q = 2m) PPM signalling
based on a Gray mapping rule. Therefore, in this scheme, the neighboring information
bits originating from the same source are allocated to different PPM symbols, which
might improve the tolerance against atmospheric turbulence. In Q-ary PPM, at each sig-
nalling interval Ts a pulse of light of duration T = Ts/Q is transmitted by a laser. Notice
that the signalling interval Ts is subdivided into Q slots of duration T . The total trans-
mitted power, denoted by Ptot, is the same regardless of the number of lasers, and the
power per laser is Ptot/M. The ith (i = 1, 2, . . . , M) laser modulated beam is projected
toward the jth (j = 1, 2, . . . , N) receiver using an expanding telescope.

The outputs of N receivers when the symbol q is transmitted, denoted as Zn,q (n =
1, 2, . . . , N; q = 1, 2, . . . , Q), are processed to determine the symbol reliabilities λ(q)
(q = 1, 2, . . . , Q) by

λ (q) = −

N∑
n=1

(
Zn,q −

√
Es

M

∑M
l=1 In,l

)2

σ 2
−

∑N
n=1

∑Q
l=1,l �=q Zn,l

σ 2
. (2.22)

In (2.22), Es denotes the symbol energy of an uncoded symbol in electrical domain (in
the absence of scintillation), which is related to the bit energy Eb by Es = Eb log2 Q;
σ 2 denotes the variance of TA thermal noise (modeled as AWGN), and it is related
to the double-side power spectral density N0 by σ 2 = N0/2; Inl denotes the intensity
of the light incident to the nth photodetector (n = 1, 2, . . . , N), originating from the
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Figure 2.8 BER performance of bit-interleaved LDPC-coded modulation against MLC for different MIMO
(MLMD) configurations.

lth (l = 1, 2, . . . , M) laser source. The results of simulations assuming the operation
under the strong turbulence regime (σR = 3.0) are shown in Figure 2.8, for different
number of lasers, photodetectors, and number of slots. The (6419,4794) irregular girth-
6 LDPC code of rate 0.747 designed using the concept of PBD [42], is employed. The
multilevel coding (MLC) scheme with spectral efficiency of 2.241 bits/symbol com-
bined with MIMO scheme employing two lasers and four photodetectors provides 21dB
improvement over LDPC-coded binary PPM employing one laser and one photode-
tector. The corresponding BICM scheme of higher spectral efficiency (3bits/symbol)
performs about 1 dB worse. The number of inner iterations in the sum-product LDPC
decoder is set to 25 in both schemes, while the number of outer iterations in the BICM
scheme is set to 10. MLC employs parallel independent LDPC decoding. Therefore, the
bit-interleaved LDPC-coded modulation scheme, although simpler to implement than
the MLC scheme has a slightly worse BER performance.

2.4 Raptor codes for temporally correlated FSO channels

A rate-less code is an error-correcting code whose code-rate can be changed accord-
ing to the time-varying channel conditions [64]–[67]. The well-known rate-less codes
are: (i) punctured codes, in which the rate is varied by puncturing the parity bits so
that the effective code rate is increased; and (ii) fountain codes, in particular Raptor
codes, in which the rate is varied by changing the codeword length. A Raptor code is
obtained by concatenating an inner error-correcting code (the pre-code), with an outer
Luby-transform (LT) code [65]. An LT Code is a sparse random linear code, with a
very simple decoding algorithm. The LT encoding can be described by the following
algorithm [65],[67]. Each encoded symbol xn is generated from the message sym-
bols s1, . . . , sK,LT as follows [67]: (i) randomly choose the degree dn from a degree
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distribution Ω(x), and (ii) choose uniformly at random dn distinct input symbols, and
set xn equal to the bitwise sum, modulo 2, of those dn symbols. LT decoding can be
described by the following algorithm. The decoder’s task is to recover s from x = sG,
where G is the matrix associated with the graph (of the pseudorandom matrix) by using
the sum-product algorithm [67]:

1. Find a check node xn that is connected to only one source symbol sk

(a) Set sk = xn.
(b) Add sk to all checks xn

′ that are connected to sk:
xn
′ := xn + sk for all n’ such that Gnk = 1.

(c) Remove all the edges connected to the source symbol sk.
2. Repeat (1) until all sk are determined.

LT codes, although simple to encode and decode, have the following two drawbacks:
dn can take any integer value up to the size of the input word, leading to a decoding
complexity O(KLT log KLT), and an error floor is observed at high SNRs. To avoid
these problems, Raptor codes are advocated in [64],[66]. A Raptor code is formed by
concatenating an inner error correcting code (the pre-code) with an outer LT code, as
illustrated below, in Figure 2.9(a). In this example, the inner code is a systematic code,
so that we can collapse the Tanner graph as illustrated in Figure 2.9(b). The joint Tanner
graph is obtained by joining the inner code parity-check nodes with LT check nodes. We
can use this graph to perform joint iterative decoding.

The LLR to be passed from check-node c to variable-node v can be calculated as
follows:

L
(
μ(t)

c,v

)
=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

2 tanh−1

[
tanh

(
L(yc)

2

) ∏
w∈Vc,w�=v

tanh

(
L
(
η(t−1)

w,c

)
2

)]
, ∀c ∈ CLT

2 tanh−1

[ ∏
w∈Vc,w�=v

tanh

(
L
(
η(t−1)

w,c

)
2

)]
, ∀c ∈ CLDPC

(2.23)

where Vc denotes the set of variable-nodes connected to check-node c, CLT denotes the
set of LT check-nodes, and CLDPC denotes the set of inner code check-nodes (in the
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Figure 2.9 (a) Tanner graph representation of a Raptor code. (b) Joint Tanner graph representation of a
raptor code.
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example above the inner code is an LDPC code). In (2.23), we use the character μ to
denote the passage of messages from c-nodes to v-nodes, and the character η to denote
the passage of messages in the opposite direction. The superscript t is used to denote the
current iteration, and (t−1) denotes the previous one; yc is the sample that corresponds to
transmitted codeword bit xv. The LLR to be passed from variable-node v to check-node
c can be calculated as follows:

L
(
η(t)

v,c

)
=

⎧⎪⎪⎨
⎪⎪⎩

∑
d∈Cv,d �=c

L
(
μ(t−1)

d,v

)
, ∀c ∈ CLT

L
(
x(t)

v

)+ ∑
d∈Cv,d �=c

L
(
μ(t−1)

d,v

)
, ∀c ∈ CLDPC

. (2.24)

The variable-node v LLR-update rule is given by

L
(

x(t)
v

)
=

∑
c∈Cv

L
(
μ(t)

c,v

)
. (2.25)

Finally, the decision step is as follows:

x̂v =
{

1, L
(
x(t)

v

)
< 0

0, otherwise
. (2.26)

If the syndrome equation x̂HT = 0 (x denotes the codeword and H is the joint parity-
check matrix) is satisfied or the maximum number of iterations is reached, we stop,
otherwise, we recalculate (2.23)–(2.26) and check again.

The system model for study of the suitability of raptor codes for use in temporally
correlated FSO channels is shown in Figure 2.10. The training sequence is used to deter-
mine the channel state information (CSI), which is feedback to the transmitter that can
be code-rate adapted according to the FSO channel conditions.

For raptor codes performance evaluation, the experimental setup shown in Figure 2.11
is used. A CW laser was used to estimate the channel conditions, the variations due to
scintillation are recorded and used to determine the histogram and autocovariance func-
tions. The raptor code is created by concatenating a regular LDPC(495,433) (MacKay)
code of rate 0.87 and an LT code. The user bit sequence is fed into a buffer that stores
40 words of kC = 433 bits each, which are encoded using the LDPC code above. The
LT number of information bits is therefore determined by kLT = 19800 (= 40× 495).

The results of Monte Carlo integration, used to determine the information rates as
described in [55], are shown in Figure 2.12. The comparison is performed with respect
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Figure 2.10 FSO system with feedback channel.
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to the corresponding punctured LDPC code. We see that at high SNRs, the punctured
LDPC code outperforms the raptor code described above. However, in the regime of
low SNRs the punctured LDPC code cannot be used at all. Another interesting point to
notice is that the raptor code faces insignificant information rate degradation when the
CSI is imperfect. The degradation of information rates in the strong turbulence regime
is small compared to the weak turbulence regime. Therefore, the raptor codes can be
used to enable communication under the strong turbulence regime. Another interesting
approach to enable communication under the strong turbulence regime is to use the
adaptive modulation and coding [68]–[71], which is described in the next section.

2.5 Adaptive modulation and coding (AMC) for FSO communications

Adaptive modulation and coding, already in use in wireless channels, enables robust
and spectrally efficient transmission over the time-varying channels [68]. The key idea
behind AMC is to estimate the channel conditions at the receiver side and feed the
channel estimates back to the transmitter using an RF feedback channel, so that the
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feedback, (b) hybrid FSO-RF communication system.

transmitter can be adapted relative to the channel conditions [69]–[71]. Because the
FSO communication systems already use RF for the backup channel, this approach
does not increase complexity that much. We describe several different AMC scenarios
including: (i) channel inversion, (ii) truncated channel inversion, and (iii) variable-rate
variable-power adaptation. We also study the improvements through hybrid FSO-RF
communication in which RF and FSO subsystem cooperate to maximize the throughput.
The adaptive FSO communication system with RF feedback, shown in Figure 2.13(a),
consists of a transmitter, propagation path through the atmosphere, and a receiver. The
optical transmitter includes a semiconductor laser of high launch power, an adaptive
modulation and coding block, and a power control block. To reduce the system cost, the
direct modulation of a laser diode is used. The modulated beam is projected toward the
distant receiver by using an expanding telescope assembly. Along the propagation path
through the atmosphere, the light beam experiences absorption, scattering, and atmo-
spheric turbulence, which cause attenuation, random variations in amplitude and phase,
and beam wandering. At the receiver side, an optical system collects the incoming light
and focuses it onto a detector, which generates an electrical current proportional to
the incoming power. The intensity channel estimate is transmitted back to the trans-
mitter by using an RF feedback channel. Because the atmospheric turbulence changes
slowly, with a correlation time ranging from 10 μs to 10 ms, this is a plausible sce-
nario for FSO channels with data rates in the order of Gb/s. Given the fact that systems
integrating RF and FSO technologies have recently been reported [83] and data rates
needed for RF feedback are low, this system is a promising candidate for future FSO
systems.

There are many parameters that can be varied at the transmitter side relative to the
FSO channel intensity gain; including data rate, power, coding rate, and combinations
of different adaptation parameters. Transmitter power adaptation, similar to wireless
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communications, can be used to compensate for SNR variation due to atmospheric
turbulence, with the aim to maintain a desired BER. The power adaptation therefore
“inverts” the FSO channel scintillation so that the FSO channel behaves similarly as an
AWGN channel to the receiver. The power adaptation policy for FSO channel inversion
is similar to that for wireless links [68], and is defined by

P (it) = C/i2t , (2.27)

where C = P/E[1/i2t ] and it is the irradiance at time instance t; P(it) is the instanta-
neous power, and P is the average power. The FSO channel, upon channel inversion,
appears to the transmitter as a standard AWGN channel with SNR = �0/E[1/i2t ], where
�0 = Es/N0 is the signal-to-noise ratio in the absence of scintillation, with Es being the
symbol energy and N0/2 being the double-side power spectral density of AWGN related
to variance by σ2 = N0/2.

The channel inversion can be detrimental when it → 0 because the factor E[1/i2t ]
tends to infinity. To avoid this problem the truncated channel inversion policy from wire-
less communications [68] can be adopted, in which the channel inversion is performed
only when the irradiance is above the certain threshold itsh > 0; that is

P (it) =
{

C/i2t , it ≥ itsh

0, it < itsh
. (2.28)

The threshold irradiance is to be chosen in such a way to maximize channel capacity. In
variable data-rate adaptation, we change the signal constellation size for the fixed sym-
bol rate depending on FSO channel conditions. When the FSO channel conditions are
favorable we increase the constellation size, decrease it when channel conditions are not
favorable, and do not transmit at all when the intensity channel coefficients are below
the irradiance threshold. In the optimum power-variable data-rate adaptive scheme, we
adapt the launch power and data rate so that the spectral efficiency is maximized. With
this adaptation policy, more power and higher data rates are transmitted when FSO
channel conditions are good, less power and lower data rates are transmitted when
FSO channel is bad, and nothing is transmitted when the FSO irradiance falls below
the threshold. For more details on optimum adaptation scheme an interested reader is
referred to [71].

The second AMC scheme, the adaptive hybrid FSO-RF communication system,
shown in Figure 2.13(b), consists of two parallel FSO and RF channels. The LDPC
encoded data stream is partially transmitted over FSO and partially over RF channel.
The operating symbol rate of the FSO channel is commonly many times higher than that
of the RF channel. The FSO channel comprises an FSO transmitter, propagation path
through the atmosphere, and an FSO receiver. The optical transmitter includes a semi-
conductor laser of high launch power, an adaptive mapper, and a power control block. To
reduce the system cost, direct modulation of laser diode is used. The modulated beam is
projected toward the distant receiver by using an expanding telescope assembly. Along
the propagation path through the atmosphere, the light beam experiences absorption,
scattering, and atmospheric turbulence, which cause attenuation, and random variations
in amplitude and phase. The RF channel comprises adaptive RF mapper, RF power
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control, RF transmitter (Tx), transmitting antenna, wireless propagation path, receiver
antenna, and RF receiver (Rx). The RF channel estimates and FSO irradiance estimates
are transmitted back to transmitters using the same RF feedback channel. The data rates
and powers in both channels are varied in accordance with the channel conditions. The
symbol rates on both channels are kept fixed while the signal constellation sizes are
varied based on channel conditions. When the FSO (RF) channel condition is favorable
larger constellation size is used, when the FSO (RF) channel condition is poor, smaller
constellation sizes are used, and when the FSO (RF) channel SNR falls below threshold
the signal is not transmitted at all. Both the subsystems (FSO and RF) are designed to
achieve the same target bit error probability (Pb). The optimum power adaptation policy
for hybrid RF-FSO channel is the water-filling policy [70]:

KFSOPFSO (it)

P
=

{
1

�tsh
− 1

�FSO , �FSO ≥ �tsh

0, �FSO < �tsh
, �FSO = �FSO

0 i2t

KRFPRF (h)

P
=

{
1

�tsh
− 1

�RF , �RF ≥ �tsh

0, �RF < �tsh
, �RF = �RF

0 h2

(2.29)

where �tsh is the threshold SNR, which is common to both channels; KFSO =
−1.85\ ln (5Pb), KRF = −1.5\ ln (5Pb) (with Pb being the target BER) and h is the
RF fading coefficient; PFSO (PRF) denotes the portion of the power allocated to the FSO
(RF) channel. Equation (2.29) allows us optimally to allocate the powers between FSO
and RF channels depending on channel conditions.

In Figure 2.14, which is related to the FSO with RF feedback system, we show spec-
tral efficiencies that can be achieved using optimum power and rate adaptation and
M-ary pulse-amplitude modulation (MPAM) for different target bit error probabilities,
and both: (a) weak turbulence regime (σR = 0.2, α = 51.913, β = 49.113), and
(b) strong turbulence regime (σR = 2, α = 4.3407, β = 1.3088). For example, the
spectral efficiency R/B of 2 bits/s/Hz at Pb = 10−9 is achieved for symbol SNR of
23.3 dB in weak turbulence regime, and 26.2 dB in strong turbulence regime. In the
same figure, we also report spectral efficiencies that can be achieved by employing the
simple channel inversion power adaptation scheme. Interestingly, in the weak turbu-
lence regime (Figure 2.14(a)) this performs comparable to the optimum adaptive-power
adaptive-rate scheme. However, in the strong turbulence regime (see Figure 2.14(b))
this scheme faces significant performance degradation. Therefore, in the strong turbu-
lence regime we have to employ the truncated channel inversion scheme, instead. In
Figure 2.14, we also report spectral efficiencies that can be achieved by employing the
truncated channel inversion. This scheme performs comparable to the optimum adap-
tation scheme in the weak turbulence regime, while at Pb = 10−9 and for spectral
efficiency of 2 bits/s/Hz it performs 3.7 dB worse, but significantly better than the simple
channel inversion scheme.

By using trellis coded modulation (TCM), introduced by Ungerboeck [72], in com-
bination with convolutional codes or by using coset codes, introduced by Forney [73],
in combination with block codes, we can separate the encoding and modulation process
(see [68] for more details). However, to keep the complexity of this approach reasonably
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Figure 2.14 Feedback FSO system spectral efficiencies against symbol SNR for different target bit
probabilities of error: (a) adaptive modulation in weak turbulence regime, and (b) adaptive
modulation in strong turbulence regime. (After ref. [71]; c©IEEE 2010; reprinted with
permission.)

low the convolutional or block codes should be simple and short. Those codes are in
principle of low rate and weak so that coding gains are moderate. For example, the
adaptive coding scheme based on TCM proposed in [68] is about 5 dB away from chan-
nel capacity. Instead, we have recently proposed [70],[71] to implement adaptive coding
based on LDPC-coded modulation. The input data are LDPC encoded and written to a
buffer. Based on FSO channel irradiance, it, m(it) bits are taken at a time from a buffer
and used to select the corresponding point from PAM signal constellation. The number
of bits to be taken from the buffer is determined by one of three methods described
above.

In Figure 2.15(a), which is also related to the FSO with RF feedback system, we show
the spectral efficiency performance of adaptive LDPC(16935,13550)-coded MPAM for
different adaptation scenarios. Given the fact that the channel capacity of the FSO chan-
nel under atmospheric turbulence is an open problem, we show in the same figure an
upper bound in the absence of atmospheric turbulence (AWGN channel capacity) from
[74]. The coding gain over adaptive modulation at Pb = 10−6 for R/B = 4 bits/s/Hz is
7.2 dB in both (weak and strong) turbulence regimes. Larger coding gains are expected at
lower BERs, and for higher spectral efficiencies. Further improvements can be obtained
by increasing the girth of LDPC codes, and employing better modulation formats.
The increase in codeword length to 100,515 does not improve R/B performance that
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Figure 2.15 Spectral efficiencies against symbol SNR for adaptive LDPC-coded modulation: (a) FSO with
RF feedback only, and (b) hybrid FSO-RF system.

much as shown in Figure 2.15(a). It is interesting to notice that by employing adaptive
coding, the communication under saturation regime (σ 2

R � 1) is possible, as shown
in Figure 2.15(a). Moreover, for the variable-rate variable-power scheme there is no
degradation in saturation regime compared to strong turbulence regime, while small
degradation was found for channel inversion scheme. Overall improvement from adap-
tive modulation and coding for R/B = 4 bits/s/Hz at Pb = 10−6 over non-adaptive
uncoded modulation ranges from 10.5 dB (3.3 dB from adaptive modulation and 7.2 dB
from coding) in weak turbulence regime and 38.9 dB in strong turbulence regime
(31.7 dB from adaptive modulation and 7.2 dB from coding).

In Figure 2.15(b), we show the R/B performance of a hybrid FSO-RF system with
adaptive LDPC(16935,13550)-coded modulation (PAM is used in FSO subsystem and
QAM in RF subsystem) for different adaptation scenarios. For a spectral efficiency of
4 bits/s/Hz at a BER of 10−6, the improvement of the hybrid FSO-RF system over the
FSO system is 5.25 dB in Rayleigh fading (α = 2, μ = 1), 5.51 dB in Nakagami m = 2
fading (α = 2, μ = 2) and 5.63 dB in α = 3, μ = 2 fading (see [70] for the definition of
(α, μ)-fading). For spectral efficiency of 2 bits/s/Hz at the same BER, the improvement
of hybrid FSO-RF system over the FSO system is 3.32 dB in Rayleigh fading, 3.72 dB
in Nakagami m = 2 fading, and 3.86 dB in α = 3, μ = 2 fading.
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2.6 Multidimensional coded modulation for FSO communications

In order to satisfy high-bandwidth demands of future optical networks and solve inter-
operability problems, while keeping the system cost and power consumption reasonably
low, the use of multidimensional coded modulation schemes, initially proposed for
fiber-optic networks [75],[84] is described in this section. The key idea behind this
approach is to exploit various degrees of freedom already available for the conveyance
of information on a photon such as frequency, time, phase, amplitude, and polari-
zation to improve the photon efficiency, while keeping the system cost reasonably
low. This scheme was called generalized hybrid subcarrier/amplitude/phase/polarization
(GH-SAPP) modulation in [80]. The GH-SAPP is composed of three or more hybrid
amplitude/phase/polarization (HAPP) subsystems modulated with different subcarriers
that are multiplexed together. At any symbol rate and code rate, GH-SAPP is capable of
achieving the aggregate rate of the individual HAPP systems it is composed of, without
introducing any BER performance degradation, as long as orthogonality among sub-
carriers is preserved. In this section, coding is done using QC LDPC codes, described
in Section 2.2. The QC LDPC codes are chosen to simplify decoder implementation,
and to reduce the encoding complexity in comparison to the random codes, as encoding
is done using linear shift register circuitry. This technique is demonstrated by 32-GH-
SAPP, which in combination with commercially available 10 Gb/s equipment achieves
the aggregate data rate of 110 Gb/s, thus representing the 100G Ethernet enabling FSO
technology.

In a GH-SAPP system, N input bit streams from different information sources are
divided into L groups of bit streams with Nl streams for the lth group. The selection
process for N1, N2, . . . , NL is governed by two factors, the required aggregate rate, and
the polyhedron of choice. Each of the Nl streams in the lth group is then used as input to
an HAPP transmitter, where it is modulated with a unique subcarrier. The outputs of the
L HAPP transmitters are then forwarded to a power combiner in order to be sent over
the FSO channel. At the receiver side, the signal is split into L branches and forwarded
to the L HAPP receivers. Figure 2.16(a) shows, without loss of generality, the block
diagram of the 32-H-SAPP system configuration where N = 11 and L = 4; N1, N2, N3

and N4 are 4, 2, 2, and 3 respectively; N1 and N2 represent a dodecahedron of 20 vertices
and 12 faces, and N3 and N4 represent the dual icosahedron of 12 vertices. Figure 2.16(b)
shows the block diagram of the coded HAPP transmitter: Nl input bit streams from l
different information sources, pass through identical encoders that use structured LDPC
codes with code rate r = k/n where k represents the number of information bits, and
n represents the codeword length. As shown in the figure, the outputs of the encoders
are interleaved by an Nl × n bit-interleaver where the sequences are written row-wise
and read column-wise. The output of the interleaver is sent, Nl bits at a time instant
i, to a mapper. The mapper maps each Nl bits into a 2Nl -ary signal constellation point
on a vertex of a polyhedron inscribed in a Poincaré sphere based on a lookup table
(LUT). The ensemble of all the vertices of the HAPP systems forms the vertices of
the regular polyhedron and its dual in GH-SAPP. The signal is then modulated by the
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HAPP modulator. The HAPP modulator, shown in Figure 2.16(c), is composed of two
amplitude modulators and one phase modulator. The three voltages (f1,i,f2,i,f3,i) needed
to control these modulators are defined in an LUT based on Equation (2.30),

s1 = a2
x − a2

y , s2 = 2axay cos δ, s3 = 2axay sin δ, δ = φx − φy, (2.30)

where

Ex (t) = ax (t) ej[ωt+φx(t)], Ey (t) = ay (t) ej[ωt+φy(t)]. (2.31)

Since the designed polyhedrons are inscribed in a Poincaré sphere, Stokes parame-
ters are used to define the coordinates of the vertices. The Stokes parameters shown
in Equation (2.30), are then converted into amplitude and phase parameters according
to Equation (2.31). Without loss of generality, we can assume that φx = 0 and hence
δ = −φy. This yields a system of three equations with three unknowns that can easily
be solved. Figure 2.16(d) shows the block diagram of the HAPP receiver. The signal
from the FSO channel is passed into two coherent detectors as shown in the figure,
the four outputs of the detectors provide all the information needed for the amplitudes
and phases for both polarizations. These outputs are then demodulated by the subcarrier
specified for the corresponding HAPP receiver, then sampled at the symbol rate to be
forwarded to the APP demapper. The output of the APP demapper is then forwarded
to the bit LLRs calculator which provides the LLRs required for the LDPC decoding
process. The extrinsic information is then iterated back and forth between the LDPC
decoder and the APP demapper to improve BER performance.
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Figure 2.17 32-GH-SAPP constellation points corresponding to: (a) dodecahedron and (b) icosahedron.

The 32-GH-SAPP constellation diagram, shown in Figure 2.17, has constella-
tion points placed in vertices of a dodecahedron (Figure 2.17(a)) and its dual
(Figure 2.17(b)). This configuration utilizes four subcarriers; the first two subcarriers are
used to modulate the points of the dodecahedron vertices, and the other two subcarriers
are used for the vertices of the dual (icosahedron). The 32-GH-SAPP uses 11-bitstream
input, grouped into four groups. The first group maps the input from the first four bit-
streams onto 16 points of the 20 of the dodecahedron. The second group maps the input
of two bitstreams onto the four vertices that form a tetrahedron. The selection of ver-
tices for a subcarrier is done to maximize the distance between the points on the same
subcarrier. The third group maps the input from the two bitstreams onto 4 points of the
12 of the icosahedron, while the fourth group maps the input of the remaining three bit-
streams onto the remaining 8 vertices. By using 11 different 9.1 Gb/s data streams the
aggregate rate of 100.1 Gb/s can be achieved, and 100 G Ethernet can be delivered to
different nodes in the FSO network.

In Figure 2.18, we show the BER performance of the 32-GH-HAPP scheme in weak,
medium, and strong atmospheric turbulence regimes. This scheme is compared against
32-QAM and polarization-multiplexed (PolMUX) 16-QAM. It is interesting to notice
(see Figure 2.18(a)) that both 32-QAM and PolMUX 16-QAM exhibit BER floor phe-
nomenon even in the weak turbulence regime, while the 32-GH-HAPP scheme does
not exhibit the error floor in the observed region of SNRs (up to 35 dB) even under
strong turbulence regime. Notice that for symbol rate of 10 Giga symbols/s (10 GS/s),
the aggregate rate of 32-QAM is RD = 50 Gb/s, the aggregate rate of PolMUX
16-QAM is 80 Gb/s, while the aggregate rate of 32-GH-SAPP is 110 Gb/s. The compar-
ison of the proposed scheme was done with conventional modulation schemes having
the same number of constellation points, so that the comparison is fair with respect
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to the atmospheric turbulence influence. Therefore, only the 32-GH-HAPP scheme is
compatible with 100 G Ethernet while employing commercially mature 10 Gb/s tech-
nology. In Figure 2.18(b), we provide simulation results for the LDPC-coded case,
obtained for 25 LDPC decoder iterations and 3 APP demapper-LDPC decoder itera-
tions. The 32-GH-HAPP scheme is able to operate in any atmospheric turbulence regime
(ranging from weak to strong), PolMUX 16-QAM can only operate in weak turbulence
regime, while 32-QAM cannot operate even in weak turbulence regime due to error floor
phenomenon.

The GH-SAPP scheme can be used to solve various problems that current optical
networking is facing. It can be used to: (i) enable ultra-high-speed transmission to end-
users, (ii) allow interoperability of various RF and optical technologies, (iii) reduce
installation costs, (iv) reduce deployment time, and (v) improve the energy efficiency of
a communication link. The 32-GH-SAPP modulation, which employs mature 10 Gb/s
optical technology, is 100 G Ethernet enabling technology. This scheme can operate
under various atmospheric turbulence regimes (ranging from weak to strong), as indi-
cated above, while still enabling 100 Gb/s traffic. The corresponding PolMUX 16-QAM
scheme can only operate under the weak turbulence regime with aggregate data rate of
80 Gb/s.

2.7 Free-space optical OFDM communication

Optical OFDM systems can support high data rates by splitting a high-rate data stream
into a number of low-rate data streams and transmitting these over a number of nar-
rowband subcarriers [44]–[53]. The narrowband subcarrier data streams experience
smaller distortions than high-speed ones and require no equalization. Moreover, most
of the required signal processing is performed in the RF domain. This is advantageous
because microwave devices are much more mature than their optical counterparts and
because the frequency selectivity of microwave filters and the frequency stability of
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microwave oscillators are significantly better than that of corresponding optical devices.
Furthermore, the phase noise levels of microwave oscillators are significantly lower
than that of distributed feedback (DFB) laser diodes, which means that RF coherent
detection is easier to implement than optical coherent detection. This, in turn, allows
a system architect to directly apply the most advanced coherent modulation formats
already developed for wireless communication. The basic FSO-OFDM transmitter and
receiver configurations are shown in Figure 2.19(a) and (b) respectively. The corre-
sponding FSO link is shown in Figure 2.19(c). The input high-speed data-stream is
de-multiplexed into lower data rate streams, each encoded by identical LDPC encoders,
so that it can be implemented in currently existing hardware. The LDPC encoded outputs
are further demultiplexed, and parsed into groups of B bits. The B bits in each group
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(frame) are subdivided into K subgroups with the ith subgroup containing bi bits. The bi

bits from the ith subgroup are mapped into a complex-valued signal from a 2bi-point sig-
nal constellation such as QAM. The complex-valued signal points from K subchannels
are considered to be the values of the discrete Fourier transform (DFT) of a multicarrier
OFDM signal. Therefore, the symbol length (the time between two consecutive OFDM
symbols) in an OFDM system is T = KTs, where Ts is the symbol-interval length in an
equivalent single-carrier system.

The transmitted OFDM signal can be written as

s (t) = sOFDM (t)+ D, (2.32)

where D is DC bias and

sOFDM (t) = Re

⎧⎨
⎩

∞∑
k=−∞

w (t − kT)
NFFT/2−1∑

i=−NFFT/2

Xi,k · ej2π i
TFFT

·(t−kT)
ej2π fRFt

⎫⎬
⎭ , (2.33)

which is defined for kT − TG/2 − Twin ≤ t ≤ kT + TFFT + TG/2 + Twin. In the
above expression Xi,k denotes the kth OFDM symbol in the ith subcarrier, w(t) is the
window function, and fRF is the RF carrier frequency. The duration of the OFDM symbol
is denoted by T , while TFFT is the FFT sequence duration, TG is the guard interval
duration (the duration of cyclic extension), and Twin is the length of the windowing
interval.

The details of the resulting OFDM symbol are shown in Figure 2.19(d)–(e). The
symbols are generated as follows. NQAM(= K) consecutive input QAM symbols are
zero-padded to obtain NFFT(= 2m, m > 1) input samples for inverse fast Fourier trans-
form (IFFT), then NG samples are inserted to create the guard interval TG and finally the
OFDM symbol is multiplied by the window function (raised cosine function is used in
[47], but the Kaiser, Blackman–Harris and other window functions are also applicable).
The purpose of the cyclic extension is to preserve the orthogonality among subcarri-
ers when the neighboring OFDM symbols partially overlap, and the purpose of the
windowing is to reduce the out-of-band spectrum. The cyclic extension, illustrated in
Figure 2.19(d), is performed by repeating the last NG/2 samples of the FFT frame (of
duration TFFT with NFFT samples) as the prefix, and repeating the first NG/2 samples
(out of NFFT) as the suffix. After a D/A conversion and RF up-conversion, we convert
the RF signal to the optical domain using one of two options: (i) for symbol rates up
to 10 Gsymbols/s the OFDM signal directly modulates the DFB laser, and (ii) for sym-
bol rates above 10 Gsymbols/s the OFDM signal drives the dual-drive Mach-Zehnder
modulator (MZM). The DC component (D in Eq. (2.32)) is inserted to enable inco-
herent recovery of the QAM symbols. In the remainder of this section, three different
OFDM schemes are described. The first scheme is based on intensity modulation, and
shall be referred to as the “biased-OFDM” (B-OFDM) scheme. Because bipolar sig-
nals cannot be transmitted over an IM/DD link, it is assumed that the bias component
D is sufficiently large so that when added to sOFDM(t) the resulting sum is non nega-
tive. The main disadvantage of the B-OFDM scheme is the poor power efficiency. To
improve the power efficiency we describe two alternative schemes [45]. The first of
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these, which we shall refer to as the “clipped-OFDM” (C-OFDM) scheme, is based on
single-side band (SSB) transmission, with clipping of the negative portion of the OFDM
signal after bias addition. The bias is varied to find the optimum one for fixed optical
launched power. It was found that the optimum case is one in which ∼50% of the total
electrical signal energy before clipping is allocated for transmission of a carrier. To
convert the signal from double-side band (DSB) to SSB, we have two options: (i) to
use Hilbert transformation of the in-phase signal as the quadrature signal in electrical
domain, and (ii) to perform DSB to SSB transformation by an optical filter. The second
power-efficient scheme, which we shall refer to as the “unclipped-OFDM” (U-OFDM)
scheme, is based on SSB transmission employing LiNbO3 MZM. To avoid distortion
due to clipping, the information-bearing signal is transmitted by modulating the elec-
trical field (instead of intensity modulation employed in the B-OFDM and C-OFDM
schemes) so that the negative part of the OFDM signal is transmitted to the photode-
tector. Distortion introduced by the photodetector, caused by squaring, is successfully
eliminated by proper filtering, and the recovered signal distortion is insignificant. Notice
that U-OFDM is less power efficient than C-OFDM because the negative portion of
the OFDM signal is transmitted and then discarded. For U-OFDM the detector non-
linearity is compensated by post-detection filters that reject (potentially useful) signal
energy and compromise power efficiency. Despite this drawback we find that U-OFDM
is still significantly more power efficient than B-OFDM. Note that the DC bias shifts
the average of the C-OFDM signal towards positive values, while in the case of B-
OFDM a much larger bias is needed to completely eliminate the negative portion of the
signal.

The point-to-point FSO system considered here, shown in Figure 2.19(c), consists
of an FSO-OFDM transmitter, propagation medium and an FSO-OFDM receiver. The
modulated beam is projected toward the receiver using the expanding telescope. At
the receiver, an optical system collects the light, and focuses it onto a detector, which
delivers an electrical signal proportional to the incoming optical power. The receiver
commonly employs the transimpedance design, which is a good compromise between
noise and bandwidth. A PIN photodiode plus preamplifier or an avalanche photodi-
ode are typically used as optical detectors. During propagation through the air, the
optical beam experiences amplitude and phase variations caused by scattering, refrac-
tion caused by atmospheric turbulence, absorption, and building sway. The photodiode
output current can be written as

i (t) = RPD |a (t) sOFDM (t)+ a (t)D|2

= RPD

[
|a (t) sOFDM (t)|2 + |a (t)D|2 + 2Re

{
a (t) sOFDM (t) a∗ (t)D

}]
, (2.34)

where |a(t)|2 denotes the intensity fluctuation due to atmospheric turbulence, and RPD

denotes the photodiode responsivity.
After RF down-conversion, the A/D conversion and cyclic extension removal, the

transmitted signal is demodulated by the FFT algorithm. The soft outputs of the FFT
demodulator are used to estimate the bit reliabilities that are fed to four identical LDPC
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iterative decoders based on the sum-product algorithm. The parameters of the over-
all OFDM-FSO system must be carefully chosen so that the reconstructed sequence
constellation diagram suffers minimal distortion in a back-to-back configuration. LDPC
codes have been shown to significantly outperform turbo-product codes in bursty-error
prone channels such as the fiber-optics channel in the presence of intrachannel nonlin-
ear effects [54]. The quasi-cyclic LDPC codes similar to those described in Section 2.2
are employed here. In FSO communications the receiver electronics noise is commonly
modeled as a Gaussian noise (see e.g., [44]–[46],[55]). If rI is the in-phase demodu-
lator sample, and rQ is the quadrature demodulator sample, then the symbol LLRs are
calculated by

λ
(
s = (

sI, sQ
)) = − (rI − sI)

2

2σ 2
−

(
rQ − sQ

)
2σ 2

, (2.35)

where sI and sQ are the coordinates of a transmitted signal constellation point and the
AWGN variance (σ 2) is determined from the required electrical signal-to-noise ratio
(SNR) per bit Eb/No

Eb

No
= E

{
si,k

}
log2 M

Po

σ 2
. (2.36)

Po is the normalized received power, and si,k denotes the QAM symbol in the kth sub-
carrier channel of the ith OFDM frame. (With M we denote the number of points in
the corresponding constellation diagram.) Notice that the definition of electrical SNR
per bit, common in digital communications (see [47],[56],[57]), is different from that
used in [1]. The Gaussian assumption in Eq. (2.35) may lead to BER performance
degradation because the joint distribution is actually a convolution of a Gaussian and
a gamma-gamma PDF. In order to reduce complexity, we use the Gaussian approxi-
mation in the calculation of symbol reliabilities. Nevertheless, a dramatic performance
improvement of an LDPC-coded FSO-OFDM system over an LDPC-coded FSO OOK
system is obtained.

Simulation results of an LDPC-coded SSB U-OFDM system for two different turbu-
lence strengths, and zero inner scale, are shown in Figure 2.20. For BPSK and QPSK,
the coding gain improvement of an LDPC-encoded FSO-OFDM system over an LDPC-
encoded FSO OOK system increases as the turbulence strength increases. However, the
16-QAM FSO-OFDM system is not able to operate in the regime of strong turbulence
because the required SNR is too high to be of practical importance. For weak turbu-
lence (σR = 0.6) (see Figure 2.20(a)) the coding gain improvement of LDPC-coded
FSO-OFDM system with 64 subcarriers over the LDPC-encoded FSO OOK system
is 8.47 dB for QPSK and 9.66 dB for BPSK, at the BER of 10−5. For strong turbu-
lence (σR = 3.0) (see Figure 2.20(b)) the coding gain improvement of the LDPC-coded
FSO-OFDM system over the LDPC coded FSO OOK system is 20.24 dB for QPSK
and 23.38 dB for BPSK. In both cases, the QC-LDPC (4320,3242) [58] of rate 0.75 is
employed.
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Figure 2.20 BER performance of LDPC-coded SSB U-OFDM system with 64-subcarriers under: (a) the
weak turbulence (σR = 0.6), and (b) strong turbulence (σR = 3.0).

2.8 Heterogeneous optical networks (HONs)

Internet traffic has continued its rapid growth over the last few years due to the increased
popularity of the Internet. Other major contributors to this growth are the new appli-
cations that are emerging, and continuing the demand for higher bandwidths [16],
such as VoIP, YouTube, IPTV, and HDTV. For instance, a single uncompressed HDTV
stream (1080i) requires a data rate of about 1.5 Gb/s [76]. Such data rates are too high
for conventional wireless LAN systems. This bottleneck can be solved by employing
ultra wideband (UWB) communications operating in 3.1–10.6 GHz range [77] or more
recently proposed 60 GHz radio operating in 57–64 GHz range (in North America) [76].
Combining transmission of UWB/60GHz signal over fiber optical links by employing
radio-over-fiber (RoF) is a promising technology for extending the coverage of UWB/60
GHz radios. However, this approach requires expensive optical components in addi-
tion to frequent electrical-to-optical (E-O) and optical-to-electrical (O-E) conversions.
It is also inefficient in terms of optical bandwidth utilization, as it transmits low-speed
wireless signals over high-bandwidth optical channel. Another approach to deliver high-
speed signal to an end-user is through the use of passive optical networks (PONs) [78].
In order to reduce the system cost of PONs and speed up the installation cost, we pro-
posed recently the use of heterogeneous optical networking (HON) [48],[49]. The HON
can provide high-bandwidth and solve interoperability problems of future optical net-
works, while keeping the system cost and power consumption reasonably low. With
HON, we can deliver a high-speed optical signal, i.e. 40 Gb/s and beyond, to an end-user
by using free-space optical (FSO), plastic optical fiber (POF)/multimode fiber (MMF)
and indoor optical wireless communication (OWC) links (also known as IR links). The
HON scheme provides solutions to two major obstacles; bandwidth limitation and atmo-
spheric turbulence. To deal with bandwidth limitations of POF/MMF and OWC links we
employ power-variable rate-adaptive LDPC-coded OFDM. On the other hand, to deal
with atmospheric turbulence we utilize the spatial diversity.
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Various applications of interest of the proposed heterogeneous optical networking
scenario, depicted in Figure 2.21, include: (i) in cellular systems to establish the con-
nection between mobile telephone switching office (MTSO) and base stations (BSs)
(see Figure 2.21(a)), (ii) in WiMAX to extend the coverage and reliability by connect-
ing WiMAX BSs with FSO, hybrid (FSO-RF) or heterogeneous (FSO-POF/MMF) links
(see Figure 2.21(b)), (iii) in UWB communications to extend the wireless coverage
range by using radio over FSO/fiber technologies (see Figure 2.21(c)), (iv) in access
networks (Figure 2.21(d)) to increase data rate and reduce system cost and deployment
time, (v) in ground-to-satellite/satellite-to-ground FSO communications to increase the
data rate (Figure 2.21(e)), (vi) in intersatellite FSO communications (Figure 2.21(e)),
and (vii) in aircraft-to-satellite/satellite-to-aircraft communications (Figure 2.21(e)). In
order to reduce system installation and maintenance costs for indoor applications, the
POFs or MMFs can be used from residential gateway to either fixed or mobile wireless
units inside the building. The HON schemes offer many advantages over wireless net-
works such as low attenuation loss, large bandwidth, improved security, reduced power
consumption, and easy installation and maintenance. The heterogeneous communica-
tion system is also an excellent candidate to be used instead of PON applications, to
substitute various MMF or SMF links, while reducing system cost and speeding up the
installation process. With the FSO link being used as the transmission media, free-space
optical access networks (FSO-ANs) can offer much higher bandwidth and better energy
efficiency, while supporting various communication services. Instead of optical couplers
used in PONs we can use amplify-and-forward (AF) FSO relays based on semiconductor
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Figure 2.21 Heterogeneous optical networking: (a) cellular network, (b) WiMAX network, (c) indoor optical
network, (d) optical access network, and (e) satellite-to-ground/ground-to-satellite, inter-satellite,
and satellite-to-aircraft/aircraft-to-satellite FSO communications. OLT: optical line terminal,
ONU: optical network unit, CS: central station.
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optical amplifiers. FSO-ANs have many advantages compared to other conventional
copper-based access technologies. For example, FSO-ANs offer an improved band-
width while supporting various communication services. In combination with OFDM,
FSO-ANs have unique flexibility in dealing with bandwidth resource sharing and vir-
tualization, in addition to protocol independence, service transparency, scalability, and
cost-effectiveness. Namely, in OFDM based FSO-ANs we assign to every particular
optical network unit (ONU) a subset of subcarriers. This subset of subcarriers can
employ different QAM constellation sizes depending on channel SNR. Differentiated
quality of service (QoS) can easily be achieved by assigning high-quality subcarriers
(with high SNR) to higher priority users. Moreover, this OFDM scheme can operate
with simple medium access control (MAC) with low overhead.

Figure 2.22 shows the block diagram of the heterogeneous optical communication
system (one possible link from Figure 2.21(d)). In this setup, the LDPC encoded data
enters the buffer in the adaptive OFDM block. Depending on the ith subcarrier signal-to-
noise ratio (SNR), mi bits are taken from the buffer. The mapper that follows the buffer
selects a corresponding constellation point from 2mi -QAM constellation diagram. After
pilot insertion and serial-to-parallel (S/P) conversion, the inverse FFT (IFFT) is per-
formed. The cyclic extension is performed by repeating the NG/2 samples (of IFFT
frame) as prefix and the first NG/2 samples as suffix. The DC bias is added so that
real-valued OFDM signal can be transmitted over the FSO system with direct detection.
The modulated beam is projected toward the distant receiver array by using an expand-
ing telescope assembly. By providing that the aperture diameter of each receiver is
smaller than spatial correlation width of the irradiance function, the array elements will
be sufficiently separated so that they act independently. Possible FSO spatial diversity
techniques include: equal gain combining (EGC), maximum gain combining (MGC),

Adaptive LDPC-coded
OFDM transmitter

MZM
Adaptive LDPC-coded

OFDM transmitter MZM
Input
data

LDDC bias

Expanding
telescope

Detector 1

TA

Receiver array

Detector M

…
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SGC
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POF/MMF

PD

OFDM receiver
+

LDPC decoder

Output

data
SLD/

VCSEL
IR/WOC

link
PD

Atmospheric
turbulent
channel

Figure 2.22 Block diagram of possible heterogeneous access optical communication systems. LD: laser
diode, PD: photodetector, TA: transimpedance amplifier.
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and selection gain combining (SGC). The signal is then re-modulated and transmitted
either over MMF or POF. Upon photodetection at the end of the MMF/POF link, the
signal is re-transmitted over the indoor OWC/IR link using either a super-luminescent
diode (SLD) or VCSEL. If MMF is used instead of POF, it might be possible to trans-
mit the signal from OLT to an end-user even without any intermediate O-E and E-O
conversions.

We have recently proposed in [48] to use the adaptive “water-filling” algorithm [81]
as a means to deal with the limited bandwidth of POF/MMF and OWC links, while to
deal with atmospheric turbulence to use spatial receiver diversity is recommended as
illustrated in Figure 2.22. This algorithm is used to determine the optimum power to be
allocated to the ith subcarrier Pi as follows

Pi/P =
{

1/γtsh − 1/γi, γi ≥ γtsh

0, otherwise.
(2.37)

In Eq. (2.37) P denotes the total available power, and γi denotes the signal-to-noise
ratio (SNR) in the ith subcarrier. This SNR is defined as γi = |H(i)|2P/N0 where
H(i) = HPOF(i)HOWC(i) denotes the transfer function of the ith subcarrier obtained
by the product of the transfer functions of POF, HPOF(i), (as defined by Yabre [82]) and
OWC links, HOWC(i); N0 denotes the power spectral density of the receiver electronics
noise. The variable-rate adaptation can be achieved by choosing the maximum product
of integer mi, corresponding to the number of bits per ith subcarrier, and code rate R of
the corresponding LDPC code as follows,

miR ≤ K log2 (γi/γtsh) = Ci, (2.38)

where Ci (bits/channel use) denotes the channel capacity of the ith subcarrier, and K is
the constant dependent on modulation format being used. The rate-adaptive LDPC code
is designed using the quasi-cyclic or progressive edge growth (PEG) code design [79].
The BER performance of a rate-adaptive LDPC code of codeword length 16 935 with
possible code rates {0.9,0.875,0.85,0.8,0.75,0.7} is shown in Figure 2.23.

Figure 2.24 shows the spectral efficiencies of the proposed heterogeneous FSO-
POF-OWC system, corresponding to OFDM signal bandwidth of 7.5 GHz with 128
subcarriers. We report the corresponding plots for 100 m of GIPOF50 (from Thorlabs)
at 1330 nm and for different FSO turbulence strengths. The OWC link typically con-
tains LOS and diffuse components. In Figure 2.24, we observe the worst-case scenario,
where only the diffuse component is present (see Figure 2.21(c)). The diffuse compo-
nent is commonly modeled as the low pass filter [16] of bandwidth BOWC. To model
the propagation of signal over the POF links we employ a comprehensive model due
to Yabre [82]. This model includes mode coupling and mode attenuation. We see that
beyond 40 Gb/s transmission over the proposed heterogeneous optical system is possi-
ble for M = 2 FSO receivers and EGC at moderate SNRs. To concentrate on channel
distortions only, we assumed that MZM, LD, and SLD/VCSEL modulation character-
istics are ideal. In Figure 2.24(a), we provide the aggregate data rates for various FSO
spatial diversity techniques (MGC, EGC, and SGC) under the strong turbulence regime
( σ 2

R = 4). For sufficient OWC link bandwidth MGC and EGC perform comparably
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and slightly outperform SGC. However, when the OWC link bandwidth is significantly
lower than the OFDM signal bandwidth, EGC is more robust compared to MGC. In sim-
ulations, we do not employ any optical amplifier, so that the major contributor to noise
effects is thermal noise of the TA in the final receiver stage. The SNR in Figure 2.24
is, therefore, defined in the electrical domain upon photodetection in the last receiver
stage.

In Figure 2.24(b), we provide a comparison between single FSO receiver and EGC
with M = 2 FSO receivers for various turbulence regimes for fixed OWC link band-
width of BOWC = 2.5 GHz. For EGC and M = 2 FSO receivers the aggregate data rate
of 40 Gb/s can be achieved at medium SNRs, while for single FSO receiver only for high
SNR values. It is interesting to notice that communication even in the FSO saturation
regime is possible with the heterogeneous communication scheme. In Figure 2.25(c) we
compare the channel capacity derived aggregate data rates against LDPC-coded OFDM
with QAM. For an aggregate data rate of 40 Gb/s under saturation regime when two
FSO receivers are used and EGC we are 2.27 dB away from channel capacity when
LDPC code of rate 0.875 is used. Finally, in Figure 2.24(d) we compare the aggregate
data rates under the saturation regime for various code rates. When an LDPC code of
rate 0.75 is used, for an aggregate rate of 40 Gb/s, we are 1.33 dB away from channel
capacity; while for the R = 0.7 code we are only 1.04 dB away from channel capacity.
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2.9 Summary

In this chapter, we described several coded-modulation concepts enabling communi-
cation over strong atmospheric turbulence channels including coded-MIMO, raptor
coding, adaptive modulation and coding, multidimensional coded modulation, and
coded-OFDM. We have shown that deep fades due to scintillation can be tolerated by
these different approaches. In Section 2.1, we described the uncorrelated gamma-gamma
distribution model valid under different turbulence regimes. Section 2.2 was devoted to
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different codes on graphs suitable for use in FSO communications. In Section 2.3, we
described coded-MIMO, and have shown that the repetition MIMO can be used to deal
with scintillation. In Section 2.4, we described the use of raptor codes as a means of
enabling the communication over temporal correlated FSO channels. Section 2.5 was
devoted to adaptive modulation and coding. Two AMC schemes were described: AMC
with RF feedback and a hybrid FSO-RF AMC scheme. Both schemes enable communi-
cation under strong atmospheric turbulence. The possibility of using multidimensional
coded modulation schemes to enable ultra-high-speed optical communication was dis-
cussed in Section 2.6. In Section 2.7, we have shown that deep fades due to atmospheric
turbulence can be tolerated by using the coded-OFDM in combination with interleaving.
In Section 2.8, we discussed the possibility of implementation of heterogeneous optical
networks, composed of various optical links (SMF, MMF, POF, and FSO links).
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3 Wireless optical CDMA
communication systems
Jawad A. Salehi, Babak M. Ghaffari, and Mehdi D. Matinfar

3.1 Introduction

Amidst revolutionary communication technologies of recent decades such as optical
fiber and wireless systems other forms of communication technologies are popping up
in order to complete or complement the ever-increasing and insatiable need for com-
munications links in today’s society. Among many such niche technologies optical
wireless communication technology, in particular, is begining to enjoy a wide range
of applications and attention from many industries for short-range interchip applica-
tions to interplanetary space applications. Furthermore, optical wireless systems have
attracted even further considerable growth in research and development since they can
be appropriate alternatives for wireless or fiber-optic communication systems in some
specific applications. Indoor wireless LANs, atmospheric optical links, and submarine
optical wireless systems have grown in importance where lightwave communications is
preferred to radio communications. This preference in various applications can be orig-
inated from security requirements, radio interference avoidance, no need for reserving
frequency bands and cost of development [1]–[9].

In this chapter we study and analyze a particular and advanced form of optical wire-
less communication systems namely optical code-division multiple-access (OCDMA)
in the context of wireless optical systems. As wireless optical communication systems
get more mature and become viable for multi-user communication systems, advanced
multiple-access techniques become more important and attractive in such systems.
Among all multiple-access techniques in optical domain, OCDMA is of utmost interest
because of its flexibility, ease of implementation, no need for synchronization among
many users, and soft traffic handling capability.

Intensity modulation/direct detection (IM/DD) schemes are widely used in wireless
optical applications. The interest in using IM/DD schemes stems from the fact that they
can be easily implemented in transmitter and receiver sides. For instance, in optical
wireless indoor systems design a portion of a wireless OCDMA transmitter and receiver
based on IM/DD can be established easily using existing and off-the-shelf technology.
On the other hand it is shown that in the optical scatter channels it is more efficient
to employ incoherent optical modulations [1]. In these cases system structure can be
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designed based on on–off keying (OOK) or pulse position modulations (PPM) family
[2]. Optical orthogonal codes (OOC), that have been introduced for use in OCDMA
systems are binary unipolar codes that have been shown to be optimum in OCDMA
systems by means of limiting the multiple-access interference (MAI) noise [10]–[13].
By employing OOC in the OCDMA systems, each user transmits its corresponding data
bits on a sparse sequence of optical pulses which constitute its dedicated code. Such
a pulsing scheme allows users to communicate simultaneously on the shared channel
without the requirement to be synchronized among each other. On the other hand in this
case the maximum allowable peak power of optical pulses can be greater than ordinary
systems due to multiple pulse OOC structure. This feature is effective in optical wireless
systems where the peak power is limited due to the eye safety conditions.

In this chapter we study deployment of OCDMA communication systems in both
indoor and outdoor (free-space optical link) environments. In applications where elec-
tromagnetic interference is to be avoided, optical networks are preferred to radio
networks. The networks inside passenger planes and hospitals are categorized into such
group applications. Intra-satellite networks for small scientific spacecrafts is another
example that follows this rule too. Employing infrared communications as the intra-
satellite network not only prevents electromagnetic interference but also reduces the
volume and the weight of the spacecraft. This point is critical since there are several
hundreds of wire bundles and connectors, and about one half are dedicated to data trans-
mission [14]. Usually there are several transmit/receive nodes in these networks that
need moderate bit rate. Employing a multiple-access technique in this case in order
to support communications in the shared physical channel is necessary. OCDMA is
an excellent choice since the implementation of the receiver is simple and all optical
devices operate on the same wavelength and there is no need to synchronize various
nodes.

Free-space optical (FSO) links are extremely important in many applications espe-
cially when installation of fiber between various nodes is expensive or is not feasible for
various reasons. In fact an FSO link can be part of a bigger optical network that is using
OCDMA as the multiple-access technique. We study and investigate the performance
of an OCDMA FSO link. In our analysis we consider a realistic model that has been
implemented recently. We use 1550 nm wavelength in order to integrate FSO link with
high-speed fiber optic network. At this wavelength, EDFA is a good choice to use as the
post- and (or) pre-amplifier. However in the case that the amplifier gain is high enough,
employing high power post-amplifier (booster) can be more efficient than pre-amplifier
since post-amplifier only amplifies the signal but not the noise as the pre-amplifier does.

In what follows we study OCDMA principles along with the structure of OOC and
follow up with the introduction of two receiver structures for wireless OCDMA systems.

3.2 OCDMA system description

In OCDMA systems each user transmits its corresponding data bits by its correspond-
ing code. The codes in optical systems may be constructed in different domains such as
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Figure 3.1 OCDMA general block diagram.

time, wavelength, polarization, space, or a combination of them [15]. Due to special
conditions of wireless optical channels such as scintilation and phase fluctuations,
employing temporal codes in wireless OCDMA system in the context of intensity modu-
lation and direct detection is shown to be the most attractive [17]–[19]. Hence from
now on we consider wireless OCDMA systems with their user codes designed in time
domain. In such systems a data bit is mapped on a sequence of ‘0’ and ‘1’s in time
domain which constitute the corresponding code. The codes are designed such that they
are semi-orthogonal. In this case the correlation at the receiver side can distinguish
data bits belonging to different users. We have shown the general block diagram of
an OCDMA system with N users in Figure 3.1. For each user at the transmitter there is
an encoder which generates the coded data stream. We assume optical orthogonal codes
(OOC) as the signature sequence in the system. Data stream of users are combined, i.e.,
added, in the shared media. At the receiver side for each user there is a decoder that
attempts to regenerate the data bit of the corresponding user among all users’ data bits.

3.2.1 OOC

Optical orthogonal codes (OOC) are a family of (0,1)-sequences with good auto-
and cross-correlation properties providing asynchronous multiple-access communica-
tions with easy synchronization and efficient performance in OCDMA communication
networks.

An optical orthogonal code (L, w, λa, λc) is a family C of (0, 1)-sequences of length L
with constant Hamming-weight w satisfying the following two properties:

1. Auto-correlation property: for any codeword x = (x0, x1, ..., xL−1) ∈ C, the inequality∑L−1
i=0 xixi⊕τ ≤ λa holds for any integer τ �≡ 0 (mod L)

2. Cross-correlation property: for any two distinct codewords x, y ∈ C, the inequality∑L−1
i=0 xiyi⊕τ ≤ λc holds for any integer τ ,

where the notation ⊕ denotes the modulo-L addition [20]. The small value for λa

and λc guarantees easy synchronization (of each transmitter–receiver pair) and lim-
ited multiple-access noise, respectively. When λa = λc = λ, we denote the OOC by
(L, w, λ) for simplicity. The number of codewords in a family is called the size of the



Wireless optical CDMA communication systems 57

optical orthogonal code. From a practical point of view, a code with large size is desired
[11]. To find the best possible codes, we need to determine an upper bound on the size
of an OOC family with the given parameters. Let �(L, w, λa, λc) be the largest pos-
sible size of an (L, w, λa, λc)-OOC. It is easy to show that if w(w − 1) > λa(L − 1)
then �(L, w, λa, λc) = 0 and if w2 > λcL then �(L, w, λa, λc) ≤ 1 [21]. However,
based on the Johnson bound for constant-weight error-correcting codes [22], we have
the following bound [20],

�(L, w, λ) ≤
⌊

1

w

⌊
L− 1

w− 1

⌊
L− 2

w− 2

⌊
...

⌊
L− λ+ 1

w− λ+ 1

⌊
L− λ

w− λ

⌋⌋
...

⌋⌋⌋⌋
(3.1)

where the notation �� denotes the integer floor function. Also, it is clear from the
definition that �(L, w, λa, λc) ≤ �(L, w, λ) where λ = max { λa , λc }[20].

From the mutual interference point of view, the most desirable on–off signature
sequences are OOCs with λc = 1. However, when we look at the system with a small
number of users interacting on each other’s OOCs λc = 1 is not necessarily the optimum
case. The main reason being that there is a trade-off between the code weight, w and λc.
Larger λc allows more interference between users but on the other hand allows having
larger code weight which by itself increases the coding gain hence decreasing the total
interference. Briefly, the number of users in the network, receiver structure, and target
bit error rate define the optimum values of OOC parameters [12].

In what follows we study two main structures for OCDMA receiver and investigate
their characteristics in an optical channel.

3.2.2 Correlator structure

The simplest structure for an OCDMA receiver, namely, correlator includes a matched
filter, corresponding to its code pattern, and an integrate and dump circuit. We have
shown the structure of a OCDMA transmitter including encoder, and the correlator
receiver in Figure 3.2. In this block diagram the decoder is matched to the corresponding
code generated by the encoder. In fiber-optic CDMA systems the matched filter can be
implemented by fiber tapped-delay lines at the receiver side. Delay lines in each branch
serve to compensate for the corresponding delays induced at the encoder which consti-
tute the corresponding OOC. The properly delayed replicas add to construct the output
correlator which is then fed to the photodetector, integrate, dump, and thresholder elec-
tronic circuit. In Figure 3.2 the white pulses at the input of the desired decoder are the
received signal from undesired users. The major advantage of the correlator structure
is that the limiting high-speed chip time decoding operation is done passively and opti-
cally. On the other hand in digital electronic implementation, delays can be generated by
employing flip flops. If we assume the sampling rate per chip equal to ns, nsL flip flops
are sufficient to construct the matched filter of the corresponding OOC code [18]. If we
denote the code length, the weight and the chip duration by L, w, and Tc respectively, and
if the positions of the pulsed mark chips corresponding to the code sequence is c1,c2,. . . ,
and cw, then the optical matched filter (passive optical tapped-delay line) consists of w
fiber delay lines each of which make a delay equal to (L − c1)Tc, (L − c2)Tc,. . . , and
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(L − cw)Tc respectively. Considering only one bit duration, the output of the matched
filter which is the combination of all w lines of the output signal has a peak at the time
LTc if the transmitted bit is on. However, when the number of interfering users is equal
to or greater than w, we may observe such a peak in the absence of the desired user’s
signal, i.e., the transmitted bit is off, and this causes an error.

Although the correlator receiver seems trivial, in the sense that it is the optimum
receiver in the case of single user communication with no interference, it can be much
improved taking into account other interfering users using some other OOC codes on
the same optical channel.

3.2.3 Chip-level AND logic gate structure

The correlator structure is not resistant enough against multi-access interference since it
accumulates all the received energy from the marked chips independent of the number of
interfering pulses on each specified marked chip. The first improvement to the correlator
structure was suggested in [11]. The idea was further studied in depth in [23] and [24].
In this method in every definite chip time just that amount of intensity transmitted for a
“1” bit may carry information and any excess intensity is due to interference. Thus an
optical hard-limiter, which limits such excessive amount of intensity, if placed prior to
the conventional correlator receiver will block some interfering patterns from causing
errors and improve the system performance by at least two orders of magnitude. This
implies that we first decide on the marked chips by placing the hard-limiter. In the second
stage, the receiver bases its decision on the transmitted bit based on the detected marked
chips. One possible scheme for the decision is that we decide on bit “1” if all the marked
chips are detected as pulse present, and bit “0” is detected otherwise. Interestingly, this
is the best method for bit detection in many cases. The reason is that the dominant noise
in OCDMA systems is MAI which converts chips “0” to “1” but not the reverse, i.e.,
“1” to “0”. Since all marked chips are needed to be detected as “1” or pulse present in
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order to result to the detection of bit “1”, we call such receiver structure as chip-level
AND logic gate and that can be implemented by AND gate logically. We have shown
the receiver structure in Figure 3.3.

3.3 Indoor wireless optical CDMA LAN

In this section a typical wireless OCDMA Local Area Network (LAN) is investigated. A
typical wireless OCDMA communication system with a small number of stations com-
municating to a single base station through the optical channel is considered. Usually it
is difficult to implement an irregular and ad hoc network architecture for a wireless opti-
cal LAN due to the limitations of an optical wave’s propagation properties. Especially,
one or more base stations are needed to act as a bridge when a local network needs to
be connected to a global network such as the Internet. To perform the communication
of multi-users in a single share channel there is a need for a multiple-access technique
such as OCDMA.

Figure 3.4 shows a typical system architecture which includes one base station, with
a single pair of optical transmitter and receiver, and N user stations, each having a pair
of optical transmitter and receiver. With respect to the maximum number of permitted
active users in the network and the desired code length, a set of OOCs is defined and
each code is assigned to each active user. In this system each active user is assigned
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a signature sequence from a set of OOC which is specified by (L, w, λa, λc). All
active users send their data bits asynchronously on the common channel. Therefore,
the received signal is comprised of the analog summation of all users’ optical intensity
transmitted signals. Hence, the received signal can be written as follows,

Y (t) =
N∑

k=1

y(k) (t − τk) (3.2)

where, y(k)(t) is the received signal due to the kth user and τk indicates its delay time
with respect to the base station reference clock and can be written as follows,

y(k) (t) =
∞∑

i=−∞

L∑
j=1

u(k)i c(k)j PTc (t − iTb − jTc) (3.3)

where
{

u(k)
i

}
i

is the bit stream of user k,
{

c(k)
j

}L

j=1
denotes the kth OOC code pattern,

and PTc (t) is the pulse function with a duration equal to Tc.
In the design of any wireless CDMA communication network the near-far problem

needs to be addressed [26]. The near-far problem in wireless OCDMA LAN requires
specific algorithms to mitigate its effect such as the use of a proper automatic gain
control (AGC) circuit. Hence, in this section it is assumed the existence of power con-
trol algorithms. Therefore we can safely ignore the near-far problem such that all users
have equal power in the uplink channel. In what follows we discuss the transmitter and
two viable and relevant receiver structures for a wireless OCDMA system. Further we
discuss the pros and cons of such transmitter and receiver structures in the context of
their digital design and their implementation. Finally their performance is obtained and
discussed.

3.3.1 Wireless OCDMA transmitter

In an OCDMA network, using OOC, the network’s active users transmit their cor-
responding data bits asynchronously. But at the receiver side prior to detecting data
bits it is first essential to obtain bit-level synchronization between the corresponding
transmitter–receiver pair. OOC coding takes place in the physical layer. So by adding
some redundant bits, namely training sequence, to information data bits prior to coding,
the receiver will be able to synchronize its code with its corresponding transmitted code
using the knowledge of the training bits pattern.

3.3.2 Wireless OCDMA receiver

In the design of the receiver and its implementation more complexity is encountered
when compared to the transmitter especially in the synchronization module. Similar to
radio CDMA systems, synchronization in OCDMA receivers precedes the data detection
block and it is applied in two stages namely acquisition and tracking. In a typical syn-
chronization process prior to tracking state, the received data is first passed through the
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acquisition stage. Following acquisition, the receiver is synchronized to the spreading
code with an accuracy which is within one-half of chip duration.

The tracking circuit performs more precise timing using, as its input, the synchro-
nized code from the acquisition block. Note that the acquisition circuit is active only at
the startup phase or when the receiver exits the synchronization state, while the tracking
loop remains online at all times. The correct phase code produced by the synchronization
block is forwarded to the detection block. Prior to studying the synchronization algo-
rithms it is more suitable to investigate the two viable and relevant receiver structures
for the detection block of a wireless OCDMA system. In our analysis of the perfor-
mance of the receiver detection scheme it is assumed that the synchronization has been
established successfully.

Correlator
The correlator receiver is the most propounded structure for OCDMA systems. In this
structure, a decision is made based on the sum or the accumulation of the received
energy in all marked chips of the corresponding OOC code.

From an implementation point of view this simple receiver involves a matched filter,
corresponding to its code pattern, and an integrator followed by a sampler. In optical
fiber CDMA systems the matched filter can be implemented by fiber tapped-delay lines
at their receivers. However, in a typical wireless OCDMA LAN system where the speed
of operation is not very high and the distances are relatively short, correlation may take
place after the photodetection at the receiver. In such a receiver the signal at the output
of the receiver’s photodetector is sampled by an analog-to-digital converter (ADC) at
a rate equal to ns times the OOC chip rate, i.e., 1/Tc, as shown in Figure 3.5(a). The
correlation of the received signal with the desired users’ code can be evaluated by the
summation of wns samples of the received signal in all the marked pulsed chips of one
bit duration using a simple adder. A buffer after the ADC operation saves the results of
addition at each sampling time instant and resets at the end of the bit time. At the end of
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Figure 3.5 Digital structures for an optical CDMA receiver (a) correlator (b) chip-level AND logic gate.
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the bit duration, the accumulated value that is saved in the buffer, i.e., correlation value,
is compared with an optimum threshold.

Chip-level AND logic gate structure
In this structure, there are two levels or stages of decision. In the first stage, the receiver
decides on the marked chips, one by one. In the second stage, a decision on the transmit-
ted bit is made based on the first stage decisions. It is shown that multi-user interference
effects can be reduced using this method which can be implemented simply by an optical
hard-limiter and optical AND logic gate in a fiber-optic CDMA receiver using unipolar
codes such as OOCs, [12, 19]. Using a simple hard-limiter for chip-level decision not
only mitigates the undesirable effect of MAI but also reduces the sensitivity of system
to power control. In a typical wireless OCDMA LAN receiver, the hard-limiter on the
marked chips can be placed after the photodetector instead of being placed before the
photodetector. A simple hard-limiting takes place using an analog circuit as shown in
Figure 3.5(b). Thus, each sample from wns samples has a binary value at the sampler
output. The remaining operations are similar to the correlator receiver. In this structure,
due to hard-limiting, the effect of MAI is substantially reduced. From a digital design
and implementation point of view, it simplifies the implementation since the sampling
operation can be done along with other processes for example in a field programmable
gate array (FPGA) without using a separate ADC circuitry.

BER analysis
The BER analysis is studied separately for the two above-mentioned receiver structures
and BER expressions for an OCDMA LAN using an OOC family with λc = 1 as the
signature sequence is studied. The wireless channel is considered to be LOS and is
modeled with the DC loss imposed on the transmitted power signal (we assume that
the communication rate is chosen properly so as not to cause pulse dispersion due to
multipath effect). The maximum number of codes in an OOC set with λa = λc = 1
which limits the network capacity is obtained from (3.1).

In the digital receiver structure which is considered in this section, a lowpass filter
followed by an ADC is placed after the receiver photodetector, as described in the pre-
vious section. Assuming the lowpass filter as a square shape response equal to PTf (t),
Tf = Tc/ns, the digital receiver acts as an integrate and dump circuit. Although, for chip-
synchronous multi-user interference pattern, ns = 1 is sufficient for a proper detection,
for implementation reasons and for tracking circuit more samples per chip are required
as will be discussed in the tracking section. Hereafter, for BER analysis the value for ns

is assumed to be equal to one, i.e., ns = 1.
The vector �α = (α1,α2, ...,αw) is considered as the interference pattern occurred on

the marked chips. In other word αj is the number of interferences on the jth marked chip.
a. Correlator Structure
In a correlator structure, the signal generated by an integrate and dump circuit has a

Poisson distribution function with a mean equal to md,

md(l) = [(wd + l)γs + wγb]Tc (3.4)
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where d ∈ {0, 1} indicates transmitted data bit, l = ∑w
j=1 αj denotes the total num-

ber of interferences that occured on the pulsed mark chips of the desired OOC code,

γs
�=( 2L

w )Pav
η
hν and γb

�=Pb
η
hν + idc

q . Pav is the average received power on the photode-
tector area, Pb is ambient noise power, idc and η are the photodetector dark current
and quantum efficiency, respectively. Also q, ν, λ, h indicate electron charge, optical
frequency, optical wavelength, and Planck constant, respectively.

The probability of error for the correlator structure conditioned on l is obtained as
follows [27],

P(E|l) = 1

2

th∑
n=0

e−m1(l) (m1(l))n

n! + 1

2

∞∑
n=th

e−m0(l) (m0(l))n

n! (3.5)

since the received energy is considered to have Poisson distribution. In the above equa-
tion th is an optimum threshold that minimizes the total probability of error. The total
probability of error, PE is computed by averaging over l as follows,

PE =
N−1∑
l=0

pl(l)P(E|l) (3.6)

where l has a Bionomial distribution [27].

pl(l) =
(

N − 1

l

)(
w2

2F

)l (
1− w2

2F

)N−1−l

(3.7)

b. Chip-level AND logic gate structure
For chip-level AND logic gate receiver, probability of error depends on interference

pattern in addition to their accumulation. We can write the conditional error probability
as follows,

P(E|l,−→α ) = 1/2

⎧⎨
⎩

∑
|�n|=w

w∏
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p0
(
αj
)nj

[
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(
αj
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+1−
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w∏
j=1

p1
(
αj
)nj

[
1− p1

(
αj
)](1−nj)

⎫⎬
⎭

(3.8)

where �n is the binary vector (detected after hard-limiter) caused on w marked chips, |�n|
is the Hamming weight of �n and we have,

md(αj) =
[
(d + αj)γs + γb

]
Tc , d ∈ {0, 1}

md(αj) denotes the average number of incident photons on the jth pulsed mark chip
assuming data bit d ∈ {0, 1}, and we have defined:

p0
(
αj
) = ∞∑

n=TH

e−m0(αj)
(
m0(αj)

)n

n! , p1
(
αj
) = TH∑

n=0

e−m1(αj)
(
m1(αj)

)n

n!
where TH is the threshold of hard-limiter and �α indicates the interference pattern caused
on the corresponding OOC’s marked chips.
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The probability of error for chip-level AND logic gate structure is computed as
follows,

PE =
N−1∑
l=0

∑
∑w

j=1 αj=l

P(l, �α)P(E|l, �α) (3.9)

where P (l, �α), the probability to have l active interfering users with the interference
pattern �α, is obtained as follows [27],

P(l, �α) = (N − 1)!
wl(N − 1− l)!∏w

j=1(αj)!
(

w2

2L

)l (
1− w2

2L

)N−1−l

. (3.10)

Using the typical values L = 128, w = 5, N = 6 as the OOC code parameters
and λ = 870 nm, Ib = 100 μW/cm2, id = 10 nA respectively as the light wavelength,
background light irradiance, and photodetector dark current and η = 0.8, Ad = 1cm2 as
the photodetector quantum efficiency and area respectively, the performance of the two
above receiver structures is sketched in Figure 3.6.

Acquisition algorithms
In order to extract data bits properly from a spread stream of pulses, which constitutes
the desired OOC receiver, one needs to know the correct initial reference time or the
phase of the specified code pattern that carries the desired information bit.

Assuming a chip-synchronous scenario, the receiver encounters an ambiguity equal to
L cells, each corresponding to one possible cyclic shift of the indicated OOC code. At the
end of the acquisition level the correct cell, or equivalently the correct shift is found. This
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can be obtained for example by using training bits which are inserted at the beginning
of each frame. Some algorithms are suggested to be used in acquisition state. For each
algorithm, a different number of training bits is required to meet acquisition with a
probability near 1. It is evident that the less training bits required the more efficient the
algorithm in use will be. In the following, three recently suggested algorithms for OOC
based OCDMA are presented.

a. Simple serial-search method
In this approach, one cell is randomly selected and it is assumed to be the correct cell.

A correlation between the received data and the selected code over a bit time duration
(dwell time) is obtained and the outcome is compared with an optimum threshold. If the
output of the correlation is greater than the optimum threshold, then the first randomly
selected cell is the correct cell [28]. Otherwise, the next cell is examined. By next cell it
is implied a chip-sized rotation replica of the initial cell or phase of the specified code.
So by continuing this algorithm and in maximum L stages the correct cell is obtained in
the ideal case. This method is relatively slow but its implementation in ultra-fast fiber
optic systems is viable.

b. Multiple-shift method
To reduce the average time of acquisition, the multiple-shift method was proposed

recently [29]. In this method L cells are divided into Q groups each containing M cells.
In the first stage of the algorithm, all M cells of group 1 are examined simultaneously.
If the output of the correlation is greater than a predetermined optimum threshold then
it will proceed to the second stage, otherwise it will proceed to examine cells which
belong to group 2. In continuing this process and from [29] in maximum Q steps the
true group is obtained. In the second stage the M possible cells will be examined one by
one similar to the simple serial-search method. So in the ideal case the corrected cell can
be found in maximum Q+M stages. So acquisition time is reduced considerably when
compared to the simple serial search method from maximum L stages to 2

√
L stages.

c. Matched filter method
Assume a matched filter containing w delay lines. Each, delay line value is propor-

tional to the position of pulsed chips corresponding to its respective OOC. When training
bits enter the matched filter then the output signal is a periodic training pulse with a
width equal to Tc and a period equal to Tb. This implies that in one bit duration the peak
correlation of the incident signal and code pattern can be observed without any knowl-
edge of the correct initial time reference. As an example the digital implementation of
a matched filter is depicted for an OOC stream with w = 3 in Figure 3.7. Considering
this idea, matched filtering automatically searches all the L cells within one bit dura-
tion instead of L bits duration as in the simple serial-search method. This method is
extremely fast and can be easily implemented in wireless OCDMA systems that have
been implemented in digital electronics.

Tracking circuit
The tracking circuit performs two key operations in a typical OCDMA receiver. In gen-
eral, the received code from acquisition block has an ambiguity in phase or initial time
reference which is less than Tc/2. The first task of the tracking circuit is to minimize this
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Figure 3.7 An example of a digital matched filter for an OOC stream with w = 3.

ambiguity. The second task for the tracking circuit is to alarm the out of synchronization
state to the acquisition block. Early-late method is typically used for implementation
of the tracking circuit [30]. In this method two separate early and late replica of the
reference code, which is produced by the acquisition block, is generated by the track-
ing block. If c (t) denotes the reference code, then c (t + Tc/2) and c (t − Tc/2) are the
corresponding early and late codes, respectively. Now, correlation action takes place
between the training bit stream and the early and late codes. If the output of both early
and late correlators are less than a threshold determined by the detection block that is
computed such that (3.6) is minimized for L sequential bits, then out of synchronization
state is activated. This signal is passed to the acquisition block to switch on the acqui-
sition state. To track the original code, the values of early and late correlator outputs are
subtracted, and three actions may be initiated based on the subtraction result. Selecting
a proper threshold, say thc, then a shifted replica to the early correlator is selected as the
new reference code if the subtraction result is greater than thc. A shifted replica to the
late correlator is selected if the subtraction result is less than −thc, otherwise the main
code is selected. To select the proper threshold value, thc, two main issues need to be
considered: (1) thc value must not be so low to cause the tracking circuit to oscillate
and (2) not so high in order for the tracking circuit not to be able to follow the phase
shifts fluctuations. Figure 3.8 shows the impact of this parameter in the performance of
the correlator receiver structure [18]. By increasing the number of samples per chip, the
performance improves at the cost of increasing the complexity.

Power budget
In what follows we discuss the methodologies used to obtain the minimum power level
of an optical transmitter that guarantees proper operation of a typical short range wire-
less OCDMA receiver in the presence of multi-user interference signal. Power budget
is obtained under two conditions. First, we consider IEC’s class A standard to meet eye
safety conditions as proposition [31]. Second, in the worst case misalignment for Tx-Rx
from the ideal line of sight in the presence of all interfering users while the system must
operate at a BER less than a predefined value for instance 10−9. Received optical power
can be considered as follows [5],
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Pr =
(

PtR (θ ,φ)

d2

)
Aeff (3.11)

where Pt and d are transmitted optical power and Tx-Rx distance, respectively; Aeff

indicates lens effective area and R(θ ,ϕ) is the propagation pattern function of the optical
transmitter; θ and ϕ are the elevation and azimuth angles, respectively. The propagation
function of a Lambertian source with order m is defined as [5],

R (θ ,φ) = m+ 1

2π
cosm θ . (3.12)

If the propagation half-angle of an optical transmitter is equal to θ1/2 then m is obtained
as follows,

m = ln (1/2)

ln
(
cos θ1/2

) . (3.13)

As an example for a practical indoor environment and for a chip-level AND logic gate
receiver structure to obtain a BER less than 10−7, the received optical power Pr needs
to be at least −52 dBm referring to Figure 3.6 results. If the distance of transmitter
and receiver is assumed to be equal to 3 meters and the divergence angle of optical
transmitter θ = 30◦, then for the worst-case scenario, transmitter–receiver distance and
misalignment are obtained to be d = 3 m and θ = 30◦ respectively. For such parameters
it can be deduced that θ1/2 = 15◦ and using (3.13) Lambertian order m is equal to 20.
Using (3.12) R(θ ,ϕ) = 0.188 for the worst case. From (3.11) the transmitted average
power per bit is obtained as Pt = 3.01 mW. Using the results of [31], it can be observed
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that the maximum allowable transmission power for a typical optical transmitter oper-
ating at 870 nm and a 15◦ propagation half angle is equal to 28 mW. The optical power
for each OOC chip pulse in an infrared CDMA transmitter is obtained as follows,

Pt/OOC chip pulse = 2L

w
Pt. (3.14)

For typical values of an OOC set with L = 128, w = 5, N = 6, the peak power of optical
pulses can be as high as 1.433 W. This shows that in wireless OCDMA systems the peak
power can become higher than ordinary OOK systems for around one to two order(s)
of magnitude. One can improve the system performance especially for chip-level AND

logic gate structure by increasing the SNR.

3.4 Free-space optical CDMA systems

In optical CDMA systems, an asynchronous communication between users of the net-
work, usually in an all-optical structure, is established. The coded optical signal may be
carried out by various waveguides such as optical fibers or a free-space optical (FSO)
link. The network structure may consist of fiber and free-space links simultaneously.
The structure of the free-space link(s) can be a point-to-point or a mesh or ring network
[7, 32]. However in the performance analysis of physical layer it is fairly sufficient to
consider a single point-to-point link.

We have shown the structure of a typical FSO-CDMA link in Figure 3.9. The dis-
tance between two nodes for a typical FSO link can be in order of a few hundred meters
up to a few kilometers. To support such ranges it is required to use relatively high-
power lasers or optical amplifiers. Employing erbium doped fiber amplifier (EDFA) as
the post-amplifier at the transmitter side can be a very attractive option in this appli-
cation. One reason for this attractiveness is that there are various kinds of EDFA with
different desired gains in the market. In this case by employing just one high-power
EDFA at the transmitter side, it can support the link budget for ranges that can extend to
a few kilometers. On the other hand using 1550 nm wavelength can easily integrate the
FSO link with the other part of the network that probably uses optical fibers and other
available devices working in the same wavelength band [33, 34].

At the receiver side a telescope with high enough aperture size is employed to mitigate
the channel losses due to the transmitted beam divergence. To analyze the performance
of a FSO-CDMA link, the channel characteristics should be considered as well as the
inherent characteristics of a typical OCDMA system. In this part we repeat our study on
two different structures namely correlator and chip-level AND logic gate structure in the
context of FSO-CDMA systems.

It is usually necessary to employ adaptive power control (APC) for FSO-CDMA sys-
tems. Employing APC in such systems guarantees that the power budget of the link is
in the desired range and on the other hand in clear weather EDFA transmits at a lower
power level. Furthermore in this case the performance of the receiver is less sensitive to
the threshold set for detecting optical chips (in chip-level structure) or bits (correlator
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Figure 3.9 Typical FSO-CDMA system with N users: (a) transmitter part, (b) receiver part.

structure). To implement APC one assigns a dedicated OOC code for transmitting low
rate sampled and digitized received power in each node to the other node in the FSO
link. In node 1, the information of optical power is received by node 2 using the ded-
icated OOC assigned to APC. By using this information it is easy to tune the gain of
EDFA belonging to node 1 in order to transmit at a power level such that the received
power in node 2 is in the desired range. This scheme is performed for both directions.
The power control algorithm for evaluating the optimum EDFA gain in each node is an
iterative algorithm that reduces or increases the EDFA gain according to the received
power information corresponding to the other node in a step-by-step procedure. In fact a
desired range for the received power is defined. If the received power is higher than the
range, the EDFA gain reduces by a predefined constant value and if received power is
lower than the desired range, the EDFA gain increases by the same predefined value. As
a practical example, assume that a variable gain EDFA with maximum 30 dBm output
power is employed. For some typical commercial EDFA the third stage variable gain
lets the output power to range between 15 dBm and 30 dBm according to the external
command that sends to the amplifier via its communication port. By using the afore-
mentioned EDFA, it is possible to consider a desired range of 3 dB and to change the
EDFA output power by 1 dB in each step.

The transmitter and receiver structures are similar to the one used in indoor wireless
OCDMA system which was discussed in the earlier section. In the following subsection,
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performances of these receiver structures in the context of FSO-CDMA system are stud-
ied. Analytical solutions to the error probability for various channel models using PIN
photodetector are obtained. In the following analysis, the effects of atmospheric turbu-
lence, ambient light, thermal noise, and multi-user interference are considered in the
context of the semi-classical photon counting approach. For the sake of mathematical
simplicity, the Gaussian approximation is used for performance evaluation.

3.4.1 BER analysis

The following analysis is based on semi classical photon counting where the photon
count statistics is obtained separately in each stage. As it is shown in Figure 3.9, we
place an optical amplifier in the FSO system which is not necessarily present in indoor
wireless optical CDMA systems. High-power EDFA amplifier along with a low-power
laser source, e.g., with Pt,1 = 0dBm output power, act as a high-power laser source
at the transmitter side. Similar to indoor wireless OCDMA system OOK signalling is
employed.

Low-power laser source
The photon count in one chip duration due to low power laser is indicated by n1 which
is assumed to have a Poisson distribution. The mean photon counts of low-power laser
pulses representing zero and one are respectively, mt,0,c = 0 and mt,1,c = Pt,1Tc/hυ.
Where Pt,1, Tc, h, and υ are the peaked output power of the low-power laser source, chip
duration, Planck’s constant and optical frequency, respectively. Therefore, the moment
generating function (MGF) corresponding to the photon count of low-power laser output
with Poisson distribution is as follows,

φt,d,c (z) = exp
[
1− mt,d,c (1− z)

]
. (3.15)

Optical amplifier
The dominant noise source in optical amplifiers is ASE (Amplified Spontaneous Emis-
sion). By assuming G, K = nsp (G− 1), and M as the gain, the noise factor, and the
number of spontaneous modes, respectively, the optical amplifier output photon count,
denoted by n2, is obtained as a Laguerre distribution with parameters

(
mt,d,cG, K, M

)
[35]. Hence, the MGF corresponding to the photon count of optical amplifier output is
obtained as follows,

φEDFA,t,d,c (z) = 1

[1+ K (1− z)]M × φt,d,c

(
1− G (1− z)

1+ K (1− z)

)
. (3.16)

FSO channel model
Atmospheric channel can be simply modeled as an attenuator with random attenu-
ation coefficient. Channel attenuation can be expressed as the multiplication of two
parameters: one a deterministic parameter and another a random variable. FSO chan-
nel attenuation is caused by both molecular absorption and aerosol scattering which
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randomly affects the light intensity traversing through the channel. The deterministic
part can be written as follows [1],

a = A

π
(
θL0

2

)2
e−βL0 . (3.17)

In the above equation L0 and β are the link distance and atmospheric extinction coef-
ficient, A and θ are the telescope area and transmitted beam divergence in radians,
respectively. The random attenuation of the channel is induced by the random varia-
tions of the channel refractive index which can be modeled as a log normal distribution
e2x in which x is a normal random variable. The random term is assumed to be normal-
ized such that E

[
e2x

] = 1. So, the mean and the variance of the normal random variable
x are considered as −σ 2

x and σ 2
x , respectively. Hence, if we assume that the channel

attenuation is deterministic, i.e., condition on known x, the MGF of the photon count
due to the channel output, denoted by n3, can be written as follows,

φs,d,c (z|x) = φEDFA,t,d,c

[
1− ae2x (1− z)

]
. (3.18)

Furthermore the ambient light can also be modeled as an additive independent photon
count with Poisson distribution. So, the MGF due to the total photon count coupled into
the multi-mode fiber is obtained as follows,

φr,d,c|x (z) = φs,d,c (z|x) φa,c (z) : φa,c (z) = exp
[
1− ma,c (1− z)

]
(3.19)

where ma,c in the above equation indicates the mean photon count of the ambient light
in one chip duration and it is obtained as follows,

ma,c = W (λ)A�FOV�λTc

hυ
(3.20)

where �FOV is the receiver field of view (FOV) in steradian, �λ is the optical filter
bandwidth, and W (λ) is the spectral radiance function, defined as the power radiated at
wavelength per cycle of bandwidth in a unit solid angle per unit of source area.

Photodetector model
The photodetoctor is modeled as an attenuator with attenuation coefficient equal to its
quantum efficiency indicated by η. So, the MGF corresponding to the photo electron
count at the photodetector output is obtained as follows,

φPD,d,c (z|x) = φr,d,c [1− η (1− z) |x] . (3.21)

As it was mentioned earlier, the Gaussian approximation is employed for the BER anal-
ysis. The BER analysis is studied hereafter for two different receiver structures, namely,
simple correlator and chip-level AND logic gate.

3.4.2 Correlator receiver structure

Usually, the coherence time of fading in FSO links is on the order of several millisec-
onds [1], while usual bit durations are less than several microseconds; therefore, we can
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assume that the fading is constant during a bit period. Considering the structure of the
correlator receiver, independence of counts for different chip intervals, and the fact that
the fading is approximately constant during a bit period, mean and the variance of the
decision variable for transmitting bit “1” and “0” can be written as follows,

md =
w∑

i=1

m(i)
r,d,c , σ 2

d =
w∑

i=1

σ 2
i,r,d,c ; d = 0, 1 (3.22)

where
{

m(i)
r,d,c

}w

i=1
and

{
σ 2

i,r,d,c

}w

i=1
are the means and variances corresponding to w

marked chips. Assuming l active interfering users, in the desired user’s marked chips,
the decision variable mean md,l and variance σ 2

d,l are obtained as follows,

md,l = (d × w+ l)× mPD,d,c + w× mdc,c

σ 2
d,l = (d × w+ l)× σ 2

PD,d,c + w× mdc,c + σ 2
th d = 0, 1

(3.23)

where, mPD,d,c, σ 2
PD,d,c are the mean and variance of the phoelectrons in one chip dura-

tion; mdc,c, σ 2
th are the variance of the photodetector dark current per chip and thermal

noise photoelectron count, respectively [36],

mdc,c = idTc

q
, σ 2

th =
2KbTrTc

RLq2
(3.24)

where, Kb, Tr, and RL are Boltzman constant, receiver equivalent temperature, and the
resistance of the receiver load. Also, id, Tc, and q are the photodetector dark current,
chip time, and the electron charge, respectively. Using the aforementioned mathematical
model in each stage, the mean and variance of the photoelectron count in one chip
duration is obtained as follows,

mPD,d,c = ηma,c +
(
M × K + mt,d,c × G

)× ηae2x

σ 2
PD,d,c = ηma,c +M × K × ηae2x

(
1+ ηae2x × K

)
+mt,d,c × G× ηae2x

(
1+ 2ηae2x × K

)
.

(3.25)

Finally, using Gaussian approximation, the BER of the simple correlator receiver
structure is obtained as follows,

PE (x) =
1

2

N−1∑
l=0

(
N − 1

l

)(
w2

2L

)l (
1− w2

2L

)N−1−l [
Q

(
m1,l − th

σ1,l

)
+ Q

(
th− m0,l

σ0,l

)]
, (3.26)

where th in the above equation is the optimum threshold for the correlator that minimizes
the total error probability; Q (u) is the normalized Gaussian function defined as Q (u) =(

1/
√

2π
) ∫∞

u e
(−v2/2

)
dv. Note that the above expression evaluates the conditional error

probability given the fading coefficient x. Hence the total error probability is obtained
by averaging PE (x) over the fading coefficient x as follows,

PE =
∫ ∞

−∞
PE (x) fX (x) dx (3.27)
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where fX (x) is the pdf of the fading coefficient defined as follows,

fX(x) = 1√
2πσx

e
− (x+σ2

x )2

2σ2
x .

3.4.3 Chip level AND logic gate

The conditional error probability given the turbulence coefficient x can be evaluated
similar to the approach used in indoor wireless OCDMA section. The conditional
error probability given the interference number, the interference pattern, and the fading
coefficient is obtained as follows,

P(E|l,−→α , x) = 1
2

[∑
|�n|=w

∏w
j=1 p0

(
αj, x

)nj
(
1− p0

(
αj, x

))(1−nj)

+1−∑
|�n|=w

∏w
j=1 p1

(
αj, x

)nj
(
1− p1

(
αj, x

))(1−nj)
] (3.28)

where �n is the binary vector (detected after hard-limiter) caused on w marked chips, |�n|
is the hamming weight of �n, p0

(
αj, x

)
and p1

(
αj, x

)
are the chip level error probabilities

on the jth chip for transmitting bit ‘0’ and bit ‘1’, while �α and x are the known interfer-
ence pattern and the fading coefficient on that chip duration, respectively. Assuming the
photoelectron counts in the jth chip to be Gaussian, the error probabilities p0

(
αj, x

)
and

p1
(
αj, x

)
are obtained as follows,

p0
(
αj, x

) = Q

(
TH − m0,j

σ0,j

)
, p1

(
αj, x

) = Q

(
m1,j − TH

σ1,j

)
(3.29)

with
md,j =

(
d + αj

)× mPD,d,c + ma,c

σ 2
d,j =

(
d + αj

)× σ 2
PD,d,c + ma,c + σ 2

th, d = 0, 1

where TH is the optimum threshold for chip level detection and is obtained to minimize
the total error probability. The total error probability is obtained by averaging the error
probability P

(
E|l,αj, x

)
over the number of interfering users l, the interference pattern{

αj
}w

j=1 and the turbulence coefficient x as follows,

PE =
∫ ∞

−∞

⎡
⎢⎣N−1∑

l=0

∑
∑w

j=1 αj=l

P(l, �α)P(E|l, �α, x)

⎤
⎥⎦ fX (x) dx (3.30)

where P (l, �α), the probability to have l active interfering users with the interference
pattern �α, is obtained as follows,

P(l, �α) = (N − 1)!
wl(N − 1− l)!∏w

j=1(αj)!
(

w2

2L

)l (
1− w2

2L

)N−1−l

. (3.31)

As an example, consider FSO link with parameters listed in Table 3.1. Performances
of the aforementioned receiver structures are evaluated using the above represented
expressions for the error probabilities. The result for σ 2

x = 0.01 and σ 2
x = 0.03 as

the fading variance is shown in Figure 3.10. In a communication system the variance
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Table 3.1 Typical values for the FSO OCDMA link.

L OOC length 128
w OOC weight 5
N Active users 4
id Photodetector dark current 10nA
η Photodetector quantum efficiency 0.8
λ Optical wavelength 1550 nm
Tc Chip duration 4 ns
RL Load resistance 10K�

�λ Optical filter bandwidth 1nm
θFOV Receiver field of view angle 5mrad
θ Transmitter beam divergence 1mrad
G EDFA gain 30dB (1000)
nsp Spontaneous emission parameter 1.1
Tr Receiver temperature 300◦K
L0 Channel length 3Km
β Attenuation coefficient for clear air 0.1Km−1
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Figure 3.10 Performance comparison of simple correlator with chip level AND logic gate receiver structures
for FSO-CDMA link.

of an interference or noise signal is a measure of its strength. For this reason increasing
the fading variance, BER increases as depicted in (Figure 3.10). The figure compares
the performance of simple correlator receiver and chip level AND logic gate receiver.
As it is shown in this figure, simple correlator outperforms the chip level AND logic



Wireless optical CDMA communication systems 75

gate structures in low power regions because, the system is shot noise limited. As the
transmitted power increases the system becomes interference limited. So, chip level
AND logic gate structure outperforms the simple correlator.

3.5 Modulation

With the advent of wireless and fiber-optic OCDMA technology, a large body of
research activity has been carried out on finding powerful code structures and effective
modulations and signallings that can enhance such systems’ performance and capacity.
In particular, we introduced one such powerful code structure, namely, OOC. On the
other hand for effective modulation on–off keying (OOK) and pulse position modula-
tion (PPM) are among the most desired and employed modulation techniques in typical
intensity modulation/direct detection (IM/DD) optical communication systems. The
immense interest in OOK and PPM modulations stems from two basic facts, namely, the
ease with which they can be transmitted and received (implementation), and secondly
it is shown that by invoking divergence theorem in a typical optical channel (Poisson
channel) the aforementioned signal modulations are optimum [2].

In OOK-OCDMA systems bit ‘1’ is mapped on to L (code length) sequential chips
in which w (code weight) chip positions that are determined by the code structure are
on and the remaining L − w chips are off. Furthermore bit ‘0’ is mapped on to L zero
sequential chips. The implementation of this modulation is simple and the performance
is acceptable in most applications. Computing the optimum threshold in the correlator
structure is a necessity for OOK modulation. This implies that after the correlator a
hard-limiter should decide on the transmitted bit by comparing the detected energy to
an optimum threshold. It is shown that in some applications the performance of the
receiver is very sensitive to the threshold especially in such cases that the received power
is not high enough. As an example in free-space optical links there is a considerable
performance difference of systems with and without adaptive thresholding [37].

In M-ary PPM, the other propounded modulation in IM/ DD optical communication
systems, optical pulses are transmitted in smaller time durations and in different symbols
that are distinguished by separating the time domain. Inherently M-ary PPM is more
efficient in energy but less efficient in bandwidth when compared to OOK. To implement
M-ary PPM in a typical OCDMA system, each user’s symbol interval (slot) is divided
into M spreading intervals where each interval could contain the corresponding OOC.
To send the mth symbol the OOC of the corresponding user is placed in the mth interval
and the remaining intervals remain off as shown in Figure 3.11. At the receiver end the
correlated energy in each symbol duration is obtained and the maximum is selected as
the transmitted symbol. So if at the receiver side we use correlator structure there is no
need to compute an optimum threshold.

In general the use of M-ary PPM, which is among the class of energy-efficient but
bandwidth-inefficient modulation methods, reduces the system throughput. However its
use in conjunction with OOC-based OCDMA could effectively reduce the multiaccess
interference thereby enhancing the performance of a typical OCDMA system.
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Figure 3.11 M-ary PPM OCDMA symbols, M = 4.
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Figure 3.12 OPPM OCDMA symbols.

To mitigate the degradation in throughput efficiency of M-ary PPM, Overlapping
PPM (OPPM) was suggested for optical systems [40]–[42]. Figure 3.12 shows a typ-
ical OPPM OCDMA system modulation. In this modulation, adjacent symbols are not
completely disjoint in time domain but they are overlapped. The amount of the over-
lap is defined by the modulation parameter. The greater this parameter the better the
throughput efficiency, but, on the other hand, there is more interference between sym-
bols. Therefore one can make a trade-off between throughput efficiency and interference
level in this modulation. In OPPM similar to M-ary PPM there is no need for thresh-
old setting in the correlator receiver. M-ary PPM can be considered as a special case of
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OPPM if we set the modulation parameter to unity. Here if we consider an OOC code
with length L and given laser pulse duration Tc, PPM multiplicity M, and index of over-
lap γ , we divide a spreading interval of duration τ = LTc into γ smaller subintervals
with width τ/γ and define OPPM modulator unit delay as LTc/γ . In a single OPPM
frame each spreading interval is located at a unit delay with respect to the previous one.
Thus adjacent spreading intervals have (1-1/γ )τ seconds overlap and since there are in
total M symbols, an OPPM frame length equals in seconds:

T = (M − 1)
τ

γ
+ τ = (M − 1+ γ )

L

γ
Tc. (3.32)

Note that in order to fit unit delay properly in the symbol interval, the following
constraint should be met

τ

γ
= integer× Tc or

L

γ
= integer. (3.33)

One should note that M-arry PPM is a special case of M-ary OPPM signalling in which
the index of overlap, γ , equals 1 that means that there is no overlap between the adjacent
spreading intervals. As shown in Figure 3.12, to send the mth symbol we place the OOC
of the desired user in the mth spreading interval and make all remaining chips off in the
corresponding frame of information. Considering ni as the number of collected photons
in the ith spreading interval, the receiver detects the mth symbol if for all i, 0 ≤ i ≤ M−1
and i �= m we have nm > ni .

Studying the performance of OPPM in OCDMA systems will lead us to different
results than typical optical systems. It can be shown that using OPPM in OOC-based
OCDMA systems improves the performance in both throughput and energy efficiency.
To explain the reason intuitively we can say that OOC codes are typically sparse.
Therefore they allow us to overlap the codes without increasing the inter-symbol inter-
ference by much. Furthermore it is shown that by choosing proper parameters for the
modulation, OPPM outperforms OOK and M-ary PPM [43].

To compare the performance of the three mentioned modulations in OCDMA systems
it is sufficient to consider the case of interference limited (high enough SNR) and the
chip-level AND logic gate receiver structure.

3.5.1 Performance analysis

An upper bound on the error probability of the above-mentioned modulations in
OCDMA systems using OOC codes and chip-level AND logic gate as the receiver struc-
ture is obtained. For the performance evaluation we only consider MAI noise in order
to obtain the limits or the floor on the performance for different modulation OOC-based
OCDMA systems.

For a system with N users where each user is assigned an OOC with code weight w,
code length L, and cross-correlation coefficient λ = 1 the probability of error for OOK
modulation can be found as follows [12],



78 Jawad A. Salehi, Babak M. Ghaffari, and Mehdi D. Matinfar

Pe/OOK = 1

2

[
1+

w∑
k=1

(−1)k
(

w

k

)(
1− k

w

2L

)N−1
]

. (3.34)

For M-ary PPM modulations the upper bound of error probability can be written as
follows:

Pe/M−PPM ≤ M

2

[
1+

w∑
k=1

(−1)k
(

w

k

)(
1− k

w

ML

)N−1
]

(3.35)

and for OPPM with some approximation the following expression can be obtained [43]:

Pe/OPPM ≤ M

2

[
1+

w∑
k=1

(−1)k
(

w

k

)(
1− k

γw

(M − 1+ γ )L

)N−1
]

. (3.36)

To compare the performance of OOK and PPM systems assume a fixed value for chip
duration, i.e., Tc. Also for a fair comparison assume that for all systems, the amount of
information per chip that each user carries is constant. If this value is shown by R0 then
R0 = 1/2LOOK bits/chip for OOK, R0 = log2 M/MLPPM bits/chip for M-ary PPM and
R0 = γ log2 M/(M − 1 + γ )LOPPM bits/chip for OPPM. R0 is directly related to the
physical throughput of the system. We obtain the total throughput of the modulation by
R0 × N.

For comparing the probability of error R0 = 0.002 is kept constant for all modulation.
The results are plotted in Figure 3.13 where the cross-correlation value is λ = 1 for
the OOC and M = 16 and γ = 16 for PPM modulations. Results show that OPPM
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Figure 3.13 BER versus number of users for OOK, M-ary PPM, and OPPM.
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outperforms the other modulations by means of decreasing the error probability of the
system, i.e., accommodating more users.

3.5.2 Generalized OOC

The first attempt to define and establish optical orthogonal codes was based on mini-
mizing the amount of interference between each two codes in such a way that there is
no need for network synchronization. In this case it is evident that the minimum amount
of interference or cross-correlation between each two unipolar binary streams is 1 when
there is no timing reference. This is the best case when one is looking at the mutual inter-
ference. However, in this case the value of code weight is restricted by the number of
codes according to the Johnson bound. From a throughput efficiency point of view it is
desired that the code length be as short as possible. So in the case of strict OOC (λ = 1),
the product of users and throughput per user of the system is limited. To increase the
value of users × throughput one can relax the cross-correlation coefficient. It can be
seen from the Johnson bound that by increasing λ the cardinality of codes will increase
if we keep the code weight as before. In the first view one can deduce that by increas-
ing λ, the multiple-access interference increases and the system performance degrades.
But this is not necessarily true since in this case we can increase the code weight which
in itself could improve the performance by increasing the coding gain. Briefly, there
is a trade-off between λ and w and there is an optimum point for the code parameters
according to the system conditions.

There are many studies on using generalized OOC in OCDMA systems and finding
their performance in different conditions. In [12], [16], [44], attempts were made to
explore the performance of OCDMA systems that employ OOCs with λ ≥ 1. In par-
ticular, in [16], by obtaining lower and upper bounds on the system’s performance, it
was hinted that OOCs with λ = 2 could, under certain conditions, outperform OCDMA
employing OOCs with λ = 1, with a cardinality that could be a hundred to a thousand
times longer. Similarly, using a structure based on a frame time-hopping ultra-wideband
CDMA system, it was shown that the system’s performance degrades gradually with
respect to OOCs with 1 ≤ λ < w, while offering many possible signature sequences. In
[12] performance analysis of generalized OOC in an OCDMA system with chip-level
AND logic gate receiver structure was obtained. It was shown that the optimum value
for λ is between 1 and 3 depending on the design criteria.

To compare the performance of OOCs in OCDMA systems as a function of the code’s
cross-correlation coefficient we follow the approach presented in [12]. One can assume
that the probability of interference of an undesired code on the ith specified marked chip
positions of the desired OOC is pi. It is obvious that the value of pi directly depends on
the code set and the position of the marked chips belonging to the desired and interfering
codes. However, as an approximation we assume that pi is the same for all interfering
codes. In this case we have,

λ∑
i=1

i

(
w

i

)
pi = w2

2L
. (3.37)
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The probability of error caused by MAI is obtained as follows,

Pe = 1

2
Pr (error|1)+ 1

2
Pr (error|0) . (3.38)

Neglecting shot noise the first term on the right-hand side of the above equation is equal
to zero. However an error occurs by MAI noise only when the transmitted bit is 0. If we
show the number of interference on the ith marked chip of the desired OOC by αi then
the probability of error is as follows [12],

Pe = 1

2
Pr (error|0) = 1

2
Pr (α1 > 0, α2 > 0, ...., αw > 0)

= 1− Pr (α1 = 0 or α2 = 0 or .... or αw = 0 )

= 1+
w∑

k=1

(−1)k
(

w

k

)
Pr (α1 = α2 = .... = αk = 0) . (3.39)

The λ events that are related to p1, p2, ..., and pλ are disjoint. Furthermore all N − 1
interfering users are independent and hence we can write:

Pr (α1 = α2 = .... = αk = 0) =
[

1+
λ∑

l=1

(−1)l
(

k

l

)
ρl

]N−1

(3.40)

where ρl is defined as:

ρl = Pr (α1 = α2 = .... = αl = 1 | one interfering user)

= pl +
(

w− l

1

)
pl+1 + ...+

(
w− l

λ− l

)
pλ =

λ∑
i=l

(
w− l

i− l

)
pi. (3.41)

Substituting (3.41) in (3.40) and using (3.39) we can rewrite (3.38) as follows:

Pe = 1

2

⎧⎨
⎩1+

w∑
k=1

(−1)k
(

w

k

)[
1+

λ∑
l=1

λ∑
i=l

(−1)l
(

k

l

)(
w− l

i− l

)
pi

]N−1
⎫⎬
⎭ . (3.42)

However, it is shown that if OOC codes are chosen such that pk = 0 for 1 ≤ k ≤ λ− 1
and thus only pλ �= 0, we obtain an upper bound on the performance of such an OCDMA
system with generalized OOCs.

To analyze the effect of cross-correlation of codes on the system performance we
obtain the maximum achievable throughput of the system versus number of users in the
case which the bit error rate does not exceed a predefined value, e.g., 10−9. The goal
is to find the minimum value for the code length, assuming a fixed value for number
of users by finding the optimum value for cross-correlation and code weight using the
Johnson bound. The results have been sketched in Figure 3.14 where it can be seen that
the optimum value for λ varies between 2 and 3. It is noteworthy that for λ > 1 we
consider the worst case, i.e., pk = 0 for 1 ≤ k ≤ λ − 1 and pλ = w2/2Lλ

(w
λ

)
. Such

codes may not necessarily exist but from a mathematical point of view it gives an upper
bound on the performance of all possible and existing codes.
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Figure 3.14 Maximum achievable throughput vs. number of users for OCDMA chip-level AND logic gate
receiver.

3.6 Experimental prototypes

3.6.1 Indoor wireless optical CDMA LAN

We have shown the implemented block diagram of wireless OCDMA indoor prototype
in Figure 3.15 [19]. In the transmitter side we have used dual port memory in which
the training bits and matched pattern are put in the header section. Data bit stream is
written in the remaining section of the memory while to generate the whole frame,
including data bits and header, data is read from the first to last cell of memory. The
relation between the speed of the read and write clocks is equal to the relation of the
total length of frame to the payload part of frame. The corresponding OOC is loaded in
a shift register. The chip rate clock feeds the shift register. The output of the shift register
is combined with the output of the memory through an AND gate. This structure simply
generates the coded bits.

The outcome of the digital part of the transmitter feeds the analog part of the trans-
mitter that includes fast transistors as the driver prior to the LEDs operating in infrared
wavelength (here 870 nm).

In the receiver part we have used PIN photodiode following by a three-stage amplifier
circuit. The gains of the three stages are computed such that they support the nomi-
nal parameters of the system. In the implemented indoor system we have designed the
analog circuit in the receiver such that it supports the distance range of transmitter and
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Figure 3.15 Transmitter/receiver block diagram of wireless indoor OCDMA system.

FPGA Rx analog

PIN P.D.

LED

Tx analog
EPROM

Serial data
port

Figure 3.16 The electronic board designed for the base station, supporting up to four serial data terminals.

receiver 0.5 to 3.0 meters and half-angle of LED equal to 10◦. The second stage of
amplifier acts as the hardlimiter, i.e., clips the received pulses from the first stage. The
third stage amplifies the pulses coming from the second stage to the proper level for the
digital part, i.e., FPGA.

Binary detected chips go to the digital section where we have acquisition, tracking,
and detection blocks. We described the operation of digital blocks in the previous sec-
tions. A simple de-frame block extract data bits from the frame. We have shown the
implemented prototype in Figure 3.16.
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Table 3.2 Specifications of FSO link

Parameter Specification

Operating wavelength 1550 nm
Telescope aperture size 11.25 inch
Diversity in transmitter 2 or 4
EDFA output power 15-30 dBm
Coupling in receiver MMF
Beam divergence ±0.4 mrad

Transmitter (1, 2)

Transmitter (3,4)

FinderReceiver

Figure 3.17 Prototype of FS-OCDMA system.

3.6.2 FSO-CDMA link

The block diagram of the implemented prototype of the FSO system is shown in
Figure 3.9. In the transmitter side we have used ordinary high-speed SFP laser modules
operating at 1550 nm wavelength. The laser is modulated by the data stream coming
from another digital board. A high power EDFA with variable adjustable gain amplifies
the power of laser to the desired power level. The maximum output of EDFA in the
prototype is 30 dBm. However, we use the range 15 dBm to 30 dBm using the proposed
power control schema. The output of EDFA is split to four branches, by employing
passive SMF couplers, in order to use diversity in the transmitter side.

To support distance of 5 Km we employ an 11.25 inch telescope in the receiver side.
The received light is coupled in a multimode fiber and then goes for further processes in
the following blocks. The system supports fast and gigabit Ethernet as well as STM1. It
also supports E1-4E1 with OCDMA and different QoS. A photograph of the prototype
is shown in Figure 3.17 and the system specifications are given in Table 3.2.
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4 Pointing error statistics
Shlomi Arnon

Optical wireless communication transceivers use in many cases very narrow laser beam
divergence and very narrow field of view receiver telescope. The laser transmitter uses
narrow laser beam divergence in order to minimize the transmitter power while the
receiver uses very narrow field of view telescope in order to reduce background radi-
ation noise [1–7]. As a result the pointing between the transmitter and the receiver is
complicated and in order to establish optical communication between two transceivers,
the line of sight of their optics must be aligned during the entire communication time.
Optical acquisition and tracking system is used to keep line of sight of the transceivers.
However, from time to time due to electronic noise, and mechanical vibration (e.g. wind
in an urban system [2, 3] or jitter of antenna of a satellite [8, 9]) error in pointing direc-
tion occurs. In the following we present a simple model that describes the effect of the
statistic of the pointing error on the performance of the communication system.

We assume that the orthogonal direction of error pointing angle models are based
on a normal distribution [1]. In that case the elevation pointing error angle is normally
distributed with a probability density

f (θV ) = 1√
2πσV

exp

(
− θ2

V

2σ 2
V

)
, (4.1)

where σv and θv are elevation pointing standard deviation and elevation pointing
respectively.

The azimuth pointing error angle is normally distributed with probability density

f (θH) = 1√
2πσH

exp

(
− θH

2

2σ 2
H

)
, (4.2)

where σH and θH are azimuth pointing standard deviation and azimuth pointing angle,
respectively.

The radial pointing error angle is the root square sum of the azimuth and elevation
angles

θ =
√
θ2

V + θ2
H . (4.3)
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Based on symmetry we can assume that

σV = σH = σ. (4.4)

We assume that the azimuth and elevation processesare independent and identi-
cally distributed so the radial pointing error angle model is Rayleigh distributed with
probability density

f (θ) = θ

σ 2
exp

(
− θ2

2σ 2

)
. (4.5)

Now, we derive a model that relates the transmitted optical signal from the transmitter
to the receiver. The distance between the transmitter and the receiver satellite is z meters.
The instantaneous received power as a function of pointing direction error angle θ is

PR (θ) = PTηTηR

(
λ

4πz

)2

GTGR exp(−GT · θ2) (4.6)

where ηR, ηT , and GR =
(

πDR
λ

)2
and GT =

(
2πW
λ

)2
are the optical efficiencies and

the telescope gain of the receiver and the transmitter respectively. And where DR is
the receiver aperture diameter, W is Gaussian rms width at the transmitter aperture, the
wavelength of the laser transmitter is λ, and PT is the optical laser transmitter power.

The received signal is given by

μ (θ) = R · PR (θ) . (4.7)

The signal-to-noise ratio (SNR) model is

SNR =
∞∫

0

μ (θ)

σ
f (θ) · dθ , (4.8)

where σn is the noise variance variance. The receiver is assumed to include an optical
detector in direct detection mode. In such systems the instantaneous error probability is
given by

BER (θ) ≈ 1

2

(
erfc

(
μ (θ)√
2 (2σn)

))
, (4.9)

where the complementary error function is given by

erfc(x) = 1− 2√
π

x∫
0

exp
(
−y2

)
dy. (4.10)

The average bit error probability is given

BER =
∞∫

0

BER (θ) · f (θ) · dθ . (4.11)
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5 Equalization and Markov chains
in cloud channel
Mohsen Kavehrad

Abstract: Free-space optical (FSO) communications is a practical solution for creat-
ing a three-dimensional global broadband communications grid, offering bandwidths
far beyond those possible in Radio Frequency (RF) range. However, attributes of
atmospheric turbulence and obscurants such as clouds impose perennial limitations on
availability and reliability of optical links. To design and evaluate optimum transmission
techniques that operate under realistic atmospheric conditions, a good understanding of
the channel behavior is necessary.

In some prior works, the Monte Carlo ray tracing (MCRT) algorithm has been used to
analyze the channel behavior. This task is quite numerically intensive. The focus of this
chapter is on investigating the possibility of simplifying this task by a direct extraction
of state transition matrices associated with standard Markov modeling from the MCRT
computer simulations programs. We show that by tracing a photon’s trajectory in space
via a Markov chain model, the angular distribution can be calculated by simple matrix
multiplications. We also demonstrate that the new approach produces results that are
close to those obtained by MCRT and other known methods. Furthermore, consider-
ing the fact that angular, spatial, and temporal distributions of energy are interrelated,
mixing time of Monte Carlo Markov chain (MCMC) for different types of aerosols is
calculated based on eigen-analysis of the state transition matrix and possibility of com-
munications in scattering media is investigated. We also consider in this chapter signal
processing techniques for airborne FSO wireless communications through clouds. The
FSO channel is known to be accompanied by multi-scattering, which causes severe inter-
symbol interference in digital transmissions at high data rates. The chapter investigates
the feasibility of digital signal processing schemes applied to FSO communications. By
having a channel shortening equalizer (CSE) or time equalization (TEQ) at the transmit-
ter and a Viterbi equalizer at the receiver, reliable communication at low-to-mid level
optical thickness values is shown to be feasible. We also suggest how existing TEQ
algorithms can be modified to fit into TEQ-in-transmitter configurations. Performance is
evaluated in average bit error rate (BER), and compared with conventional equalization
techniques.
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Key words – angular dispersion, channel modeling, Markov chain, Monte Carlo ray
tracing, multi-scattering, second largest eigen modulus (SLEM), channel-shortening,
Viterbi algorithm,

5.1 Introduction

Free-space optical (FSO) communications is the only practical solution for creating a
broadband three-dimensional global communications grid among ground and airborne
nodes, due to its ease of deployment, enormous available bandwidth, possibility of band-
width reuse, and inherent security at physical layer, as laser beams are normally spatially
confined and cannot be tapped [1, 2]. In ideal free-space, the total loss due to absorp-
tion and scattering is virtually zero. This is because of the spatial confinement of laser
beams. However, atmospheric obscurants such as fog, haze, smoke, dust, and clouds
turn the propagation environment into a multiple scattering medium and hence introduce
laser pulse broadening in space and time. Moreover, even in clear weather, turbulence
due to refractive index fluctuations in layers of atmosphere causes wavefront distortion,
introducing both random phase and intensity fluctuations across the transmitted light
beam [3, 4]. In presence of multi-scattering, both availability and capacity of optical
link degrade, significantly.

Turbulent air creates small-scale fluctuations of the refractive index along a wave-
form propagation path causing random amplitude, phase, and angle-of-arrival variations
known as “turbulence.”

Turbulence distorts an optical beam cross-section spatially, causing random beam
dancing, phase-front distortion, etc., in imaging. These spatial adverse effects contribute
to image blurring. In transmissions or communications using simple Intensity Modula-
tion/Direct Detection, turbulence lends itself approximately to a multiplicative Lognor-
mal fading coefficient (flat fading) – known as scintillation which is a temporal effect.
Where there is moisture, turbulent air can create an upward motion of moist air particles
and this is a prerequisite in formation of clouds. Once a cloud is formed, light beam
photons traveling through along a propagation path are scattered due to Mie scattering.
Received optical power loss associated with light beam passing through clouds, for the
most part, is a loss to scattering rather than absorption, in parts of the infrared range.

The focus of this section is on deleterious effects of multi-scatterings and aerosols.
Turbulence-induced effects are not further discussed in this work, as sufficient link
power budget and diversity can overcome this shortfall [3].

In some applications, transmit power is limited, in order to observe eye and skin safety
regulations and on the other hand, sensitivity of optical receivers is affected by the shot
noise caused by background light [5]. Hence, link budget management becomes very
critical and challenging. Furthermore, multi-path delay spreading limits the achievable
bit rates [5]. In digital FSO communications, one is usually interested in the peak power
of received waveform in order to distinguish the signal from steady background radiation
[6, 7]. In a receiver unequipped with appropriate countermeasure techniques, overlap-
ping of pulse tails on adjacent symbol intervals introduces intersymbol-interference
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(ISI), and thus limits the achievable bit rate. As a result, the receiver should have a small
field-of-view (FOV) and has to resort to line-of-sight (LOS) photons, known as ballistic,
and/or near LOS (snake) photons which are highly forward scattered. However, if due to
thickness and/or particle density of obscurants, a light pulse enters the diffusion regime,
spatial distribution approaches a normal distribution and angular distribution becomes
isotropic [8]. In this case, a receiver of small FOV may fail to maintain the desired link
margin.

To answer the fundamental question of optical communications feasibility in pres-
ence of clouds, one has to accurately model atmospheric optical channel and estimate
parameters such as angular, spatial, and temporal dispersions.

As a collimated laser beam propagates through clouds, it spreads and after traveling
some distance, it reaches a steady state of being defocused and diffused. The rate of con-
vergence to this steady state determines feasibility of communications through various
clouds of different optical thickness values. Optical thickness τ is the average number of
scatterings over a given length of cloud whose value is a number with no physical unit. It
is defined by multiplying the scattering coefficient (km−1), βsca, of cloud by the physical
cloud length, L, in kilometer. We will elaborate on this issue more, in Section 5.2.

So far, Monte-Carlo ray tracing (MCRT) has been used to calculate the channel
parameters [ 6, 9, and 10– 12]. This method requires a high computational capacity and
a long execution time. In [8], authors find spatial and angular distribution by a statistical
approach. However, their results are limited to the first two moments of multiple scatter-
ing. Finding angular distribution is of great importance in computer graphics, as well.
In [13], a single-scatter impulse response is defined and then the result is generalized
to multiple scattering via convolution. Since this impulse response is three dimensional,
the convolution process is quite cumbersome. In this work, angular distribution evolu-
tion of a laser beam in a multiple scattering medium is characterized by extracting the
corresponding simplified Markov chain information from the MCRT algorithm. By cal-
culating the state transition matrix, one can find the probability distribution function of
scattering angle after any number of scatterings. We show that the Markov chain model
produces values that are close to MCRT results and other proposed analytical methods,
yet need much less time to produce the results. Since angular, spatial, and temporal dis-
tributions of received power are inter-related, useful information can be extracted from
angular distribution about the behavior of the entire system. The remainder of this chap-
ter is organized as follows. In Section 5.2, channel propagation modeling is reviewed.
Section 5.3 details our modeling results and eigen-analyses of the state transition matrix
for the cloud channel. This is followed by an investigation of advance digital signal
processing techniques, in particular, channel shortening algorithms as apply to cloud
channel models. Finally Section 5.5 presents a summary and concludes the chapter.

5.2 Channel propagation modeling

When propagating through clouds or fog, a laser beam interacts with medium particles,
which are mostly water droplets of sizes comparable to the optical wavelength values.
Hence, we need Mie theory to explain these interactions. This theory is the application
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of Maxwell’s equation to the problem of a homogeneous sphere radiated by a plane wave
from a single direction [14]. Knowing the particle size distribution of the medium, one
can determine absorption, extinction, and scattering coefficients as well as phase func-
tion, using this theory. Assuming that particles are homogeneously distributed in space,
distance between two successive scatters turns out to be an exponential random variable
with a mean value of Dave = 1

βsca
where βsca is the scattering coefficient. Furthermore,

absorption, extinction, and scattering coefficients are related as: βsca + βabs = βext,
where βabs and βext are absorption and extinction coefficients, respectively. Addition-
ally, the ratio of the scattered energy to the total energy is determined by single scatter
albedo, � = βsca/βext.

According to Mie theory, one can define the scatter direction via a three-dimensional
probability distribution function (PDF) known as the Phase Function. In other words,
Phase Function is the PDF of the solid angle � = (θ ,φ) [14–16]. For example, in [15]
we find that:

∫
Over 4π

P(θ )d� =
π∫

0

2π∫
0

P(θ ) sin(θ )dθdϕ = 4π (5.1)

and where P(θ ) in Eq. (5.1) is referred to as the (un-normalized) scattering phase
function in the literature.

Figure 5.1 demonstrates the scattering phase function for different types of clouds.
These functions are obtained by substituting the modified gamma distribution for radius
density of cloud particles in equations extracted from Mie theory for the poly-dispersed
phase function [14, 17]. It is clear from this figure that all these phase functions are
highly peaked in the forward direction. Actually, since the azimuth scattering angle, ϕ,
is uniformly distributed in [0, 2π ], the Phase Function can be plotted only against the
polar scattering angle, θ . Scattering phase function can also be interpreted as the PDF
of cos(θ ) [9, 16].

In order to find suitable probabilities to inject into a Monte Carlo model, one needs
the probability density function of θ , not the plotted scattering phase functions. The
normalized phase function, as generally used in the literature, is normalized so that its
integration over all possible scatter angles (4π steradians) is unity, thus qualifying it to
be a PDF. With no ϕ dependence of P(θ ), the integration over ϕ simply contributes a
factor of 2π. This leads to the normalization definition for P(θ ) of:

2π ·
∫ π

0

P(θ )

4π
· sin(θ )dθ =

∫ π

0
P(θ ) · sin(θ )

2
· dθ = 1.

Thus, the PDF of θ can be extracted from the normalized phase function and be
expressed as:

f (θ ) = P(θ ) · sin(θ )

2
. (5.2)

Unfortunately, expressing the phase function versus θ has caused a great deal of confu-
sion in the published literature [18, 19]. More specifically, several authors have mistaken
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Figure 5.1 Phase functions for different types of clouds.

the phase function for the PDF of θ and obtained an extremely forward-directed angular
distribution of scattered beams, which is incorrect. For example, in the case of isotropic
scattering, by mistaking the phase function for PDF of θ , one may think that θ is uni-
formly distributed in [0, π]. However, it is the phase function (PDF of solid angle �)
that is uniform and θ is distributed as f (θ ) = P(θ ) · sin(θ )

2 [16, 18, 19].
In order to obtain a better understanding of multiple scattering mechanisms, one may

wish to use an approximate phase function that can be easily characterized and is more
convenient to use than Mie series [6]. The most popular approximate phase function is
the Henyey–Greenstein (HG) scattering function [20] and is given by:

P(θ ) = (1− g2)

2π(1− 2g cos θ + g2)3/2
.

This approximate phase function is completely characterized by the parameter g, which
is the average value of cos(θ ), and is also called the asymmetric parameter. As we see
later in this chapter, the asymmetric parameter is of great importance since it deter-
mines the convergence rate of the Markov chain associated with density evolution of
polar angle, θ . For most clouds, cos(θ ) ≈ 0.85, and for more forward-scattering clouds,
cos(θ ) ≈ 0.995 as stated in [8].

Mie theory, although very useful in describing single scattering phenomena, does not
provide sufficient insight into the multiple scattering problems by itself. Instead, one
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should exploit this theory along with a powerful tool to explain laser beam propagation
in a multi-scattering medium. MCRT is one such method that is based on brute-force
tracking of all photons’ trajectories in a three-dimensional space. As a result, it is quite
numerically intensive.

We describe the new approach of channel modeling, which is based on direct extrac-
tion of state transition matrices associated with standard Markov modeling from the
MCRT computer simulations programs. We can model photon trajectory as a random
walk using Markov chain, and investigate evolution of angular beam spreading. If we
consider a laser beam to be composed of a large body of coherent photons travel-
ing in the same direction, by tracking these photons, one can account for laser beam
propagation in a multiple scattering medium. The MCRT algorithm implements this
brute-force tracking. Figure 5.2 shows the geometry of multiple scattering. Note that,
the notion of photon simply refers to a packet of energy (or a very small portion of the
beam) in the MCRT context and we are not dealing with quantum mechanical aspects of
photons.

To describe the MCRT algorithm and our Markov chain model, first we clarify our
notations and terminologies. In MCRT, the kth state of a photon, i.e. a photon’s posi-
tion and directions in a global coordinate system right before the (k + 1)th scattering
event, is specified by [xk, yk, zk, θk,ϕk], where (θk,ϕk) represent the traveling direction in
global spherical coordinates and (xk, yk, zk, ) stands for position in global Cartesian coor-
dinates. Note that, direction can also be expressed by directional cosines (μx,μy,μz) in
the global Cartesian coordinate system [16]; however, we choose the former notation
because it requires only two variables and fits better in our simplified Markov chain
model. After the (k+1)th collision, a photon is deflected with angles (θ ,ϕ) in local coor-
dinates, (i.e. pre-collision traveling direction is the local z axis) and travels a distance d,
until it goes through the next scattering event. Hence, the (k + 1)th state of this photon

z

θ

θk

θk  − 1

x

y

Scattered photon

Incident photon

z’

Figure 5.2 Relationship between θk−1, θ , and θk.
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can be determined using its previous state and the new input to the system, which is
the 3-tuples (d, θ ,ϕ). We have dropped the index and prime of this 3-tuple for sim-
plicity, as we need the indices to specify the states. Note that, some authors [8] use a
different notation in that they index the input 3-tuples (d, θ ,ϕ) measured with respect
to the local coordinate system, however, in order to define the Markov chain model, we
choose to index the states, which are measured with respect to the global coordinate
system. MCRT calculates channel parameters such as angular, spatial, and temporal
dispersions using statistics of photons reaching the receiver plane in a post-processing
stage.

In the Markov chain of MCRT, variables associated with the position of a photon
in a three-dimensional space are neither finite, nor countable. However, if we limit our
attention to the photons’ direction in spherical coordinates, and quantize θ , a finite state
Markov chain is obtained. Note that, due to symmetry, the azimuth traveling direction,
ϕ, is always uniformly distributed in [0, 2π ]. Furthermore, if it is assumed that the laser
beam is traveling in a homogeneous medium, the phase function will not change from
one state to the next. Thus, a Markov chain with a time-invariant state transition matrix
can represent the angular distribution evolution of a laser beam, while it is traveling
through a multiple scattering medium.

We claim that the angular dispersion, defined as the average cosine of the incidence
angle on the receiver plane, can be calculated by modeling the photon trajectory in a 3D
space by a random walk. Moreover, this method provides us with the complete angu-
lar distribution, rather than just the moments. Also, it is superior to MCRT since due
to its analytical nature, it is more tractable. Furthermore, in MCRT, a large number of
photons are sent into the scattering medium with the hope of finding the distribution
of photons on the receiver plane. Hence, to account for all possible paths and angles,
a large amount of processing is required that may not be desirable. While the compu-
tational complexity of MCRT is very high and computer simulation programs need a
large execution time, this analytical method can provide us with results for angular dis-
tribution through simple matrix multiplications. The details of the proof can be found in
reference [3].

Now, we can form a matrix with its rows corresponding to incident angles and
its columns corresponding to scattering angles. This matrix can be used as the state
transition matrix of the Markov process. Equation (5.3) illustrates this matrix:

P =

⎡
⎢⎢⎢⎢⎢⎣

P(θk = 0|θk−1 = 0) . . . P(θk = π |θk−1 = 0)
.
.
.

. . .

.

.

.
P(θk = 0|θk−1 = π ) . . . P(θk = π |θk−1 = π )

⎤
⎥⎥⎥⎥⎥⎦ . (5.3)

If one wishes to know distribution of a photon’s direction after the kth scattering event,
knowing that it was initially traveling in the z direction, one has to calculate
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Pk(θ ) = (PK)T

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1
0
.
.
.
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (5.4)

The first row of the state transition matrix is P(θ ) sin(θ )/2. Hence, we can find the phase
function resulting from k scattering events from the first row of the kth power of the
state transition matrix, simply by taking out the sin(θ )/2 factor.

Figure 5.3 shows the state transition matrix for cumulus cloud at a wavelength of
1.55 μm. We have calculated the state transition matrix with a resolution of π/300. In
other words, P is a 300 × 300 matrix. We observed that by increasing the resolution to
π/1000, our simulation results do not change. The forward scattering property of cumu-
lus cloud is clear from this picture. That is, the state transition matrix is very close to an
identity matrix. Figure 5.4 shows P15 which clarifies transition probabilities at an opti-
cal thickness value of 15. Here, the value 15 is chosen since for this value, there are less
line-of-sight (LOS) photons, and most of the photons that may reach the receiver have
gone through multiple scatterings. From Figure 5.4, one can see that after 15 scattering
events, the phase surface is very close to the shape of sin(θ )/2. This corresponds to an
isotropic scattering.
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Figure 5.3 State transition matrix of cumulus clouds at a wavelength = 1.55 μm.



98 Mohsen Kavehrad

0.5

0.4

0.3

0.2

0.1

0

150

100

50

0 0

50

100

150

θk  + 15

θk 

P
ro

ba
bi

lit
y 

de
ns

ity
 fu

nc
tio

n

Figure 5.4 State transition matrix of cumulus cloud, raised to 15th power, at a wavelength = 1.55 μm.
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Figure 5.5 State transition matrix of cumulus cloud, raised to 50th power, at a wavelength = 1.55 μm.

Figure 5.5 shows P50, that is, the phase surface after 50 scattering events. This figure
clearly illustrates isotropic radiation after 50 scattering events. It can be inferred that
after 50 scattering events, irrespective of the initial incident angle value, the scatter-
ing angle is distributed as sin(θ )/2. This is consistent with Bucher’s [5] observation of
uniform brightness of the cloud bottom.
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5.3 Modeling results and eigen analyses

As mentioned earlier, application of Markov chain in MCRT cloud modeling is a short-
cut for calculating the angular distribution of energy in space for any arbitrary optical
thickness. In this section, we compare the results of our Markov chain model with those
of MCRT and another analytical method, which we call the moment technique [8]. To
make a fair comparison, we note that while both the MCRT and Markov chain model
produce a complete distribution, the moment technique only comes up with the first two
moments. Furthermore, MCRT can provide us with the distribution of photons on the
receiver plane. However, both the Markov chain model and moment technique generate
angular distribution in a three-dimensional space, i.e. on a sphere. Hence, to compare
the Markov chain model with MCRT, we should only consider the forward part of the
distribution, i.e., 0 < θ < π/2. Moreover, we should take into account the projected
area correction factor of cos(θ ) for mapping from a 3D distribution on a sphere onto a
2D distribution on the receiver plane [6].

Given a photon at the cloud exit plane has been subject to scattering k times over a
cloud length L, its angular distribution would be Pk(θ ) as in Eq. (5.4). To calculate the
unconditional angular distribution, we note that the probability of a photon undergoing
exactly k scatterings over L is Poisson distributed with a mean τ , where τ is the optical
thickness, as defined earlier. That is:

P(K(τ ) = k) = τ k

k! e
−τ . (5.5)

Hence, the angular distribution for this optical thickness value is:

P(θ ) =
∞∑

k=0

τ k

k! e
−τ .Pk(θ ). (5.6)

Using Eq. (5.6), angular distribution is calculated for optical thickness values of 1 to 15.
Figure 5.6 shows the cumulative distribution function (CDF) of incident angle obtained
from the Markov chain model and MCRT, where we have applied the above-mentioned
measures in order to make the comparison fair. From Figure 5.6, one can see that the
curves obtained from the Markov chain model and MCRT are quite close in numerical
values. Furthermore, as optical thickness value increases, angular dispersion increases.
One important measure of angular dispersion is the average cosine of incident angle,
cos(θ ). Variance of cosine of incident angle is also considered as a measure of angu-
lar dispersion in the literature. The moment technique provides us with the first two
moments of cos(θ ) in a three-dimensional space. However, MCRT provides the com-
plete distribution on the receiver plane. Then, one can find the first two moments of
cos(θ ) using this distribution. The Markov chain model, in its original shape, produces
the same mean and variance as those of the moment technique. However, as mentioned
earlier, it can be truncated and modified to provide the distribution on the receiver plane.

Finally, the time required for each method to generate the results in different opti-
cal thickness values is tabulated in Table 5.1. Computer programs were executed on
a 3.40 GHz Pentium-4 CPU, with 2.00 GB of RAM. It is clear from this table that
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Table 5.1 Running time of three methods for different optical
thickness values.

Optical thickness MCRT Markov Moments

1 656 s 33 s 0.06 s
5 767 s 33 s 0.06 s
10 948 s 33 s 0.06 s
15 1212 s 33 s 0.06 s

6040200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

80

Scattering angle, θ, in degrees

CDF of incident angle

C
u

m
u

la
ti

ve
 d

is
tr

ib
u

ti
o

n
 f

u
n

ct
io

n

100 120 140 160

τ =1, MCRT
τ =2, MCRT
τ =5, MCRT
τ =7, MCRT
τ =10, MCRT
τ =15, MCRT
τ =1, Markov
τ =2, Markov
τ =5, Markov
τ =7, Markov
τ =10, Markov
τ =15, Markov

180

Figure 5.6 Comparison of CDF curves for angular distribution.

the computation time for MCRT increases with the optical thickness value. However,
neither the Markov chain model, nor the moment techniques show much variability in
the computation times, for different optical thickness values. We also note that the exe-
cution time required for the Markov chain model is significantly less than MCRT but
much more than moment technique. However, moment technique gives only the first
two moments, and not the complete distribution. Thus, the Markov chain model is able
to demonstrate a more complete picture.

Note that, running time of MCRT increases exponentially with the optical thickness
of the scattering medium. For large optical thickness values, the running time will no
longer be reasonable. Furthermore, running time of MCRT also depends on the number
of photons, the positions and directions of which at each scattering location have to be
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recorded. Again, by increasing the number of these photons, running time increases.
The program is terminated when the number of received photons is large enough so that
the statistical variations at receiving plane become negligible.

The main point of this chapter is not to substitute (or compete with) the compre-
hensive Monte Carlo method by the less time-consuming Markov chain model. We are
seeking new insight into the problem of laser beam propagation in scattering media.
The trend of how fast a collimated laser beam diverges into a completely diffuse light
source is more easily observed using the proposed Markov chain model. Also, the con-
cept of eigenvalues of this Markov chain process is better understood this way. These
are critical facts from a communications point of view; pulse broadening in space and
time is and will continue to be the major limitation for high-speed communications in
scattering media.

The state transition matrix, P, has no zero entries, and hence is regular. In other words,
it is possible to go to all the states from any arbitrary state. It is a well-known fact that
for a regular Markov chain, as n approaches infinity, Pn → �, where � is a matrix of
the form [ν, ν, . . ., ν], with ν being a constant vector. From the previous discussions,
we see that this is true about the state transition matrix of our Markov chain P, and as
n increases, all the rows of the state transition matrix become identical and proportional
to sin(θ )/2. Now, the question is whether it is possible to predict ν, and thus �, without
using the limits and the answer is affirmative. In fact, � satisfies the equation:

�P = �. (5.7)

Notice that, from the Perron–Frobenius theorem [21], ν is the first left eigenvector of
P, corresponding to the unique largest eigenvalue, λ0 = 1. By examining the first left
eigenvector of matrix P, we realize that it is proportional to sin(θ )/2. Hence, we could
have predicted the diffuse behavior of light at the bottom of cloud, just by looking at the
left eigen vector of the state transition matrix, to start with.

Convergence of Pk elements means that it becomes more and more difficult to guess k,
from pij

k (the element in the ith row and the jth column of Pk). That is, the chain forgets
the length of its history [21]. The fact that limit of Pk has identical rows suggests that
the Markov chain forgets the initial direction. When a Markov chain converges to this
steady-state, the traveling direction of photons becomes rather isotropic, as opposed to
forward-scatter in the initial steps. This suggests that the laser beam is spatially diffused
and irrespective of initial traveling direction, photons escape almost uniformly from all
boundaries of the cloud. In this case, spatial confinement of transmitted energy is no
longer preserved and loss (mostly attributed to scattering) is rather large.

In some applications, due to eye-safety regulations, there is restriction on increasing
the transmit power level beyond a certain maximum. Under such circumstances, the
receiver may not see much forward scatter (snake) photons and must resort to only the
LOS (ballistic) photons, that is, the non-diffused part of the intensity, which is attenuated
according to the Beer–Lambert law as:

Icoh = I0e−τ . (5.8)
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Needless to say, by using ultra-short laser pulses and cascade amplifiers, this component
can be amplified, significantly. In Eq. (5.8), τ is the optical thickness of cloud, as defined
earlier.

The number of steps required for the Markov chain to converge to the equilibrium
state is of great importance since it determines the depth up to which the laser beam can
penetrate before becoming spatially diffused. From [3], one can see that:

cos(θk) = cos(θk−1)× cos(θ ) = gcos(θk−1) = gk. (5.9)

In other words, the asymmetric parameter, g, determines the convergence rate of Markov
chain. On the other hand, from the Markov chain theory [22], we know that the Second
Largest Eigenvalue Modulus (SLEM) determines the “Mixing Rate” of a Markov chain.
In other words, the smaller the SLEM is, the faster the spatial memory-loss happens.
Hence, “Mixing-Time” of a Markov chain is given by:

T = 1

log
(

1
λ∗

) (5.10)

where T is the number of steps over which deviation from equilibrium state decreases
by a factor e, and λ∗ is the SLEM. By examining the eigenvalues of P (state transition
matrix of cumulus cloud) we realize that the second largest eigenvalue is indeed the
asymmetric parameter g.

Table 5.2 lists the SLEM for Markov chains associated with the Henyey–Greenstein
(HG) phase functions [20] of different asymmetric parameters as well as full Mie series
phase function for different types of clouds. This table also contains the mixing time
and the average distance between two successive scattering events for each cloud. Aver-
age distance, Dave, between two successive scattering events is used to convert optical
thickness of a specific scattering medium to its physical thickness and vice versa. It also
corresponds to the inverse of scattering coefficient, expressed in km−1, which can be
obtained by substituting the cloud particle size distribution in equations extracted from
Mie theory for poly-dispersed extinction coefficient [17, 23].

Table 5.2 Asymmetric parameter and SLEM for different clouds at a
wavelength = 1.55 μm.

Cloud SLEM g Mixing time Dave

Thin Cirrus 0.82 0.82 5 11.3 km
Cirrus 0.87 0.87 7 984 m
Alto Stratus 0.83 0.83 5.4 10.5 m
Nimbo Stratus 0.85 0.85 6.2 12.3 m
Stratocumulus 0.82 0.82 5 26.5 m
Stratus 0.83 0.83 5.4 17.5 m
Cumulus 0.85 0.85 6.2 7.5 m
Low altitude haze 0.73 0.73 3.2 817.8 m
Medium altitude haze 0.78 0.78 4 238.8 m
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From Table 5.2 we see that the second largest eigenvalue is equal to g for all of these
phase functions. That is why asymmetric parameter is important in calculating the
moments of multiple scattering and channel parameters [6, 8]. Since angular, spatial,
and temporal distributions of energy are interrelated, isotropic angular distribution sug-
gests that spatial distribution in transverse coordinates (x and y directions) is Gaussian.
Furthermore, spatial memory-loss of Markov chain associated with angular distribu-
tion after several scattering events implies that the entire Monte Carlo Markov chain
(MCMC) has converged to the equilibrium state. This suggests that the pulse is so broad-
ened in space and time that use of equalization on the pulse might be difficult, unless
there is no constraint on the optical transmitted peak power level.

Examining the parameters of Table 5.2, we realize that mixing time is rather short
for clouds and haze and a large link margin is necessary, in order to have reliable
communications through clouds of optical thickness values much larger than 10 to 15.
However, this rather small optical thickness value may translate into a long physical
thickness for clouds such as thin Cirrus due to the long average distance between two
successive scatterings for these clouds [17]. Note that, all the results presented in this
chapter assume a homogeneous body of clouds. In reality, as a waveform moves through
clouds, the dynamics are far more rapidly varying. Hence, the predictions in this section
are on the conservative side.

5.4 Equalization related issues

A cloudy or foggy optical channel is usually characterized by severe intersymbol inter-
ference (ISI) at high data rates, due to multi-scattering. In Section 5.3, we investigated
the feasibility of high data rate FSO transmission through a cloud channel. Results sug-
gest that beyond a certain cloud thickness, pulses are broadened in space and time
to the extent that use of equalization to counter intersymbol interference (ISI) might
be difficult. In this section, we will try to examine the level of challenge and seek
ways of countering the severe channel ISI by various equalization techniques. The sub-
ject has been of research interest for some time now [24–29]. As it should be clear,
unlike RF communications where spectrum is costly and scarce, the availability of wide
bandwidth light beams enable reliable wireless communications at very high data rates
with enhanced security via direct beams. One way to enhance the link performance in
ISI is through linear minimum mean-squared error (LMMSE) equalization or through
decision-feedback equalization (DFE).

In this section, as an alternative, we propose an FSO system for through-cloud com-
munications consisting of a channel shortening equalizer (CSE) [30–32] followed by
a Viterbi equalizer [33]. Time-domain equalization (TEQ) was originally proposed to
reduce the length of the discrete channel impulse response (CIR) in channels such
as digital subscriber loop (DSL) or cable. In FSO through clouds, in the same sense,
use of TEQ can be justified in the context of heavy scattering dispersion. The ensuing
Maximum-likelihood sequential detection (MLSD) scheme is known to be the optimal
equalization algorithm, compared with linear minimum mean-squared error (LMMSE)
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equalization or Minimum-mean-squared error (MMSE)-DFE, but its complexity con-
straint and memory requirements indeed require a short channel length, thus further
justifying our use of shortened channel TEQ. On the other hand, since the use of TEQ at
the receiver after sampling causes colored noise, we cannot use a Viterbi equalizer in the
strict sense, even though this problem is bypassed in the existing literature by assuming
that we still have white Gaussian noise after the TEQ. This can be solved by placing the
TEQ at the transmitter, and can be understood as a discrete-equivalent to the ultra-short
FSO scheme proposed in the analog domain in [34].

In this section, we will use two well-known CIR shortening algorithms, maximum
shortened signal-to-noise ratio (MSSNR) [30, 31] and MMSE [32], followed by the
MLSD algorithm to evaluate error performance of FSO links over an air-to-ground
through-cloud channel. FSO channel model reported in [2] will be adopted. Also, in
order to adopt the existing channel shortening TEQ solutions to our case of TEQ-in-the-
transmitter configuration, we show how the existing solutions’ framework can be further
adjusted to fit the problem at hand. These approaches have recently been investigated
extensively in [29].

Figure 5.7 shows an optical communication system model based on intensity
modulation/direct detection (IM/DD). Wireless optical links transmit information by
modulating the instantaneous optical intensity I(t) in response to an input electrical cur-
rent x(t), with two constraints in non-negativity and power satisfied, as in Eqs. (5.11)
and (5.12).

I(t) ≥ 0, ∀t ∈ R. (5.11)

lim
T→∞

1

2T

∫ T

−T
I(t)dt ≤ P. (5.12)

The modulated signal x(t) can be expressed by Eq. (5.13), where xDC is a DC
bias term added by bias adjustment (BA) block to ensure non-negativity constraint of
Eq. (5.11):

x(t) =
∑

k

IkgT (t − kTs)+ xDC, Ts : symbol period, Ik: [0, 1], (5.13)

gT (t): a transmit pulse shaping function; square-root raised cosine filter assumed.
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g

Figure 5.7 A system model for the optical communication system based on IM/DD. IM: intensity
modulator, c(t): channel model, n(t): electrical additive noise, BA: bias adjustment, PD:
photo-detector.
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Denoting the optical gain of electrical-optical conversion by g, the optical intensity
modulated signal can be represented by Eq. (5.14):

I(t) = gx(t). (5.14)

Referring to the impulse response due to multi-scattering by c(t), the received signal at
the receiver front end after photo-detection can be represented by a baseband electrical
model as in Eq. (5.15). In our notations, for simplicity, we will assume rg = 1.

y(t) = rI(t)⊗ c(t)+ n(t) = r g x(t)⊗ c(t)+ n(t),

r: photo-detector sensitivity, [A · m2/W], n(t): AWGN.
(5.15)

Finally, using a receive filter gR(t) = gT (t), y(t) is filtered to z(t) = y(t) ⊗ gR(t). The
z(t) can be mathematically derived in further detail as in Eq. (5.16), using definitions
of Eqs. (5.17), (5.18), and (5.19). Alternatively, the equivalent discrete-time impulse
response can be expressed by Eq. (5.20), yielding Eq. (5.21).

z(t) = y(t)⊗ gR(t) = [x(t)⊗ c(t)+ n(t)]⊗ gR(t) =
∑

k

Ikf (t − kTs)+ α xDC + v(t).

(5.16)

f (t) = gT (t)⊗ c(t)⊗ gR(t). (5.17)

α =
∫

(c(t)⊗ gR(t)) dt. (5.18)

v(t) = n(t)⊗ gR(t). (5.19)

fk = f (t −�)
∣∣
t=kTs

, � : synchronization delay. (5.20)

zn =
∑

k

Ikfn−k + α xDC + vn. (5.21)

Most of the existing DSP techniques such as equalization depend on the autocorre-
lation property of transmitted symbols. In case of an OOK modulation which does not
satisfy Eq. (5.22), one good way is to adjust the DC at the receiver.

E(InIm) =
{

0, n �= m
σ 2

I , n = m

}
, In, Im: transmit symbols. (5.22)

At the receiver, the BA block can first work on Eq. (5.21) to remove the DC term α xDC.
Furthermore, assuming a frame-by-frame transmission of frame length FR (>> L), and
the finite-length discrete-time channel fk, k = 0 . . . L, one can further adjust the DC
level. In Eq. (5.23), the transmit symbol constellation is changed from [0, 1] to [1/2,
−1/2]. However, for some portions of the received frame,

∑m2
m1

fkIavg is time-varying.
Thus, the frame structure needs a preamble longer than L + 1 and a post-amble longer
than L. One point to note is that Iavg in Eq. (5.23) was used as a part of the detection
scheme with channel state information at the receiver (CSIR) assumed, whereas the DC
term xDC in Eq. (5.16) was used to ensure non-negativity condition at the transmitter.

un =
m2∑

k=m1

fkIn−k −
m2∑

k=m1

fkIavg + vn =
m2∑

k=m1

fk(In−k − Iavg)+ vn =
m2∑

k=m1

fkDn−k + vn

(5.23)
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where Dk: [−1/2 1/2], Iavg = E(In) and

(1) if 0 ≤ n ≤ L, then m1 = 0, m2 = n, and
∑m2

m1
fkIavg is time-varying

(2) if L+ 1 ≤ n ≤ FR− 1, then m1 = 0, m2 = L, and
∑m2

m1
fkIavg is constant

(3) if FR ≤ n ≤ FR + L − 1, then m1 = n − FR + 1, m2 = L, and
∑m2

m1
fkIavg is time

varying.

In short, unlike traditional OOK-based FSO systems, the modulation needs the non-
negativity constraint of Eq. (5.11) on the optical signal path, and DC bias adjustment on
the electrical signal path to facilitate DSP techniques, which hold as long as we send in
a frame structure of long-enough length.

5.4.1 Review of channel shortening algorithms

Conventionally, equalizers can be categorized into linear equalizers (LE) such as zero-
forcing (ZF) equalizer or MMSE equalizer, and nonlinear equalizers (NLE) such as DFE
or MLSD equalizer. DFE suffers more in low SNR due to error propagation than LE.
MLSD is known to be optimal, but its complexity grows exponentially with the length
of the delay spread, and is thus prohibitively costly in channels of long delay spreads.
The philosophy of the conventional linear equalization is to minimize MSE defined as
J = E[Ik − Îk]2. For MMSE equalization to yield a good error performance, under
the constraint of equalizer tap numbers, it expects an equalized CIR that is close to the
ideal CIR, or, a Dirac delta function δ(t), such that the Euclidean distance between the
transmitted symbol and the equalized symbol is somehow minimized.

As an alternative, we focus on the channel-shortening equalizer in this work
(Figure 5.8). This was originally suggested as a way to relieve the computational burden
of MLSD equalization [30]. In the 1990s, channel-shortening TEQ was further applied
to time-domain equalizations of discrete multi-tone (DMT) multi-carrier modulation
[31] or orthogonal frequency division multiplexing (OFDM) systems. Both for MLSD
based single-carrier systems and for multi-carrier modulation based systems. The idea
here is not to bring back the CIR gradually close to a single tap Dirac delta function,

(a)

delay Δ

xl

nl

nl

yl, wyl

dl

zl

xl

xl

(b)

(c)
c

h w
+

+

Σ

Σ

−
b

Figure 5.8 Block diagram for MMSE-TEQ: (a) a discrete-time model with TEQ (b) delay � and TIR b
(c) equalized channel, l: index of time instants, xl: transmit sequence from the transmitter, h:
channel impulse response, nl: Gaussian noise, yl: received sequence, w: channel shortening
equalizer, �: delay in discrete-time domain, b: target impulse response, c: equalized channel
impulse response (or shortened channel impulse response).
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but rather to shorten it to a few taps, such that either multi-carrier-based systems or
MLSD can handle this shortened channel impulse response (SCIR). One problem in
channel shortening is that it causes colored noise. Originally, the MLSD algorithm was
proposed under the assumption that we have a white Gaussian noise sequence. If we
have a colored noise sequence, then depending on the correlation, we can still use the
Viterbi equalizer, but the BER is no longer minimum, on the average. In the case of
FSO link, we need TEQs of considerable lengths in order to shorten the CIR, rendering
the use of Viterbi equalizer in colored noise far from optimal. If we place a whiten-
ing filter at the receiver, it would nullify what the TEQ had done. One way around this
dilemma is to place the TEQ at the transmitter, while keeping the Viterbi equalizer at the
receiver. For this configuration to work, we need to provide channel state information
(CSI) from the receiver to the transmitter, but until we have established a secure FSO
link, we can benefit from a separate RF link to deliver CSI. A lengthy discussion of
various optimization algorithms to perform these tasks has been provided in [29]. We
now present some results applying these techniques.

5.4.2 Channel shortening algorithms: results

Here we will base the results on the channel models presented in [2], and we present
some snapshots of the discrete channel model based on the single-gamma function.
Since our interest is in application of shortening equalizers for low-to-mid optical thick-
ness values, we consider τ values of 5, 7, 8, 9, 10, 11, 12, 13, 14 and 15, and present a
snapshot corresponding to τ = 10 in Figure 5.9. Our discrete channel snapshots consist
of 5, 8, 16, 24, 34, 44, 55, 67, 81, and 95 taps for the aforementioned τ values, when
99.9% of the total energy was considered. We also mention that, since we approach FSO
in the equalization context, we adopt a channel model with no attenuation considered,
assuming that attenuation has been somehow compensated for by power control.

In TEQ design, first, it needs to be considered that the time span length T , the target
impulse response (TIR) length v + 1, and the SCIR length give rise to computational
complexity of TEQ and MLSD equalizer, respectively. Also, considering the MLSD
stage following TEQ and its memory requirements, v + 1 should not exceed some rea-
sonable length. In this context, we adopt an inequality constraint such as T ≤ 100,
T ≤ 200, or T ≤ 400, depending on the optical thickness value and an equality con-
straint of v+ 1 ≤ 20, and search through the quadratic MSE, or MSSNRn space for the
candidate points consisting of T and v + 1. Second, even though we set v + 1 ≤ 20, it
does not always guarantee that the evaluated SCIR is of MLSD-equalizable length. In
particular, in some cases when the CSE algorithm cannot afford to constrain the SCIR
energy into v+ 1 taps, (mostly encountered in extremely dispersive channel cases), we
may end up with a major lobe of v+ 1 taps, followed by one or more minor lobes after
some distance from the main lobe. In this case, one cannot implement a Viterbi equal-
izer, even though the main energy of the SCIR falls within several main taps of v + 1
length. Thus, we numerically calculate the effective SCIR length by counting in only
taps of 99.9% energy and mask out the MSE or maximum shortening-SNR (MSSNRn)
space such that only MLSD-equalizable points can be considered. In this section, we
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Figure 5.9 A discrete-time channel model at τ = 10 with sampling interval of 0.18751 nsec (a) 3D MSE
space (b) distribution of 99.9% effective length of SCIR (c) 3D MSE space with
Viterbi-equalizable points.

arbitrarily pick only resulting SCIR values that do not exceed 14 taps in 99.9% energy
criterion as Viterbi-equalizable SCIR values.

Figure 5.10 shows MMSE with unit energy criterion (UEC) TEQ performance in 3D
MSE space, effective SCIR length space in 99.9% energy criterion, and in 3D MSE
space with only Viterbi-equalizable points. One may make several observations. First, T
naturally needs to be of some length longer than the CIR, and v+ 1 need to be of some
reasonable value, such that MSE can be enhanced. Second, in Figure 5.10(b), similar to
our findings in Figure 5.10(a), the effective length distribution depends on both T and
v + 1. If we have T and v + 1 of beyond some lengths, then the effective SCIR length
increases linearly with v+ 1, but not as much with T . If we take the Viterbi-equalizable
points from Figure 5.10(b) and project the 2D space of the Viterbi-equalizable points
onto the 3D MSE space of Figure 5.10(a), then we obtain Figure 5.10(c) where we
verified that we could obtain 38.50% out of the 2D space of {T : T ≤ 100} ∩ {v :
v + 1 ≤ 20}, as the equalizable points. We can choose T = 80 and v + 1 = 6 as the
MMSE-UEC-TEQ setting for average BER evaluations, for its advantages in both MSE
and effective SCIR length. We further evaluated the performance at even higher optical
thickness of τ = 12 with the constraints of {T : T ≤ 200} ∩ {v : v + 1 ≤ 20} where,
out of a total of 400 points, we could get 4 equalizable points at (T = 80, v+ 1 = 11),
(T = 90, v+ 1 = 11), (T = 100, v+ 1 = 11), and (T = 110, v+ 1 = 11). For τ values
of 13 and higher, we could not find any equalizable point in a similar space.

Likewise, similar tests were performed by the MSSNRn-TEQ algorithm, under the
same constraints per τ as before. We can make several observations. First, Figure 5.11(a)
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Figure 5.10 MMSE-UEC TEQ, τ = 10, SNR = 30 dB, T ≤ 100, ν + 1 ≤ 20. (a) 3D SSNR space
(b) Distribution of 99.9% effective length of SCIR (c) 3D SSNRn space with
Viterbi-equalizable points.

shows that the 3D SSNRn space shows dependence on both T and v + 1. Second,
Figure 5.11(a) shows that, to some extent, complexity in terms of T and v + 1 are
exchangeable, although the TEQ’s complexity is linear with T whereas the Viterbi equal-
ization’s complexity grows exponentially with v+ 1 in true sense. However, in so far as
we employ TEQ of enough length and aim at SCIR of beyond a certain length, MSSNR
space shows a flat response. Third, Figure 5.11(b) shows that in so far as T and v+1 are
larger than some values, SCIR’s effective length grows linearly with v+ 1 as expected,
but almost independent of T . Fourth, Figure 5.11(c) shows that out of the total of 200
points, we obtained 50.3% Viterbi-equalizable points. We chose T = 100 and v+1 = 15
as the point for BER evaluation.

At even more dispersive channel with τ = 15, out of a total space of 400 points in
{T : T ≤ 200}∩ {v : v+1 ≤ 20}, we could obtain 67 equalizable points confined within
{T : 105 ≤ T ≤ 200} ∩ {v : 8 ≤ v + 1 ≤ 14}. At τ = 20, however, out of 400 points
in {T : T ≤ 400} ∩ {v : v + 1 ≤ 20}, we could not find any equalizable point by the
MSSNRn algorithm. To summarize, we can make several observations by considering
Figure 5.10 and Figure 5.11. We can use both MMSE-UEC and the MSSNRn algorithms
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Figure 5.11 MSSNRn TEQ, τ = 10, SNR = 30dB, T ≤ 100, ν + 1 ≤ 20.

for moderate optical thickness values around τ = 10. However, for τ = 15, MSSNRn is
a better choice, since MMSE-UEC does not yield a Viterbi-equalizable SCIR, whereas
MSSNRn can still return SCIR’s of moderate length.

We now incorporate a Viterbi equalizer at the receiver. As for the T and v+ 1 values,
we first analyzed the results of 3D MSE and MSSNRn spaces, and then chose one of
the points with satisfactory performance and with short SCIR length. Figure 5.12 and
Figure 5.13 show average BER curves for several τ values for the MMSE-UEC and
the MSSNRn algorithms obtained from Monte Carlo simulations. We can make several
observations. First, if we compare these at a BER of 1E-4, even though both algorithms
show similar performance at τ values of 5, the MMSE-UEC algorithm outperforms the
MSSNRn algorithm at higher τ values of 8 ∼ 12. This is due to the fact that MMSE-
UEC returned shorter SCIR than MSSNRn at these higher τ values. Second, however,
since we cannot run MMSE-UEC for τ ≥ 15, we conclude that both algorithms have
highs and lows. Third, due to limits in computational capability, verifications for smaller
BER values than those depicted were not possible. In particular, for the τ value of 12, it
is unclear whether the MSSNRn can still enhance the performance or not, by increasing
the SNR value. However, at least, MMSE-UEC TEQ still works fine at a τ value of 12.
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Figure 5.14 LMMSE equalization at τ = 5, 8, and MMSE DFE equalization at τ = 5, 8, 10, 12. We fixed
NFB (number of feedback taps) to be as long as the channel length, and set NFF (number of
feed-forward taps) correspondingly, such that performance of LE and DFE can be compared with
equal tap numbers assumed.

We further compared these results with LMMSE and DFE BER curves shown in
Figure 5.14. The figure shows that LMMSE does not work for τ values of 8 and higher.
Also, one can see that unlike LE, one still can equalize reliably with DFE, even though
a high SNR value is needed. However, if one makes a comparison at a BER of 1E-4,
both MSSNRn and MMSE-UEC outperform DFE curves. This enhancement comes at
the cost of heavier computational intensity and memory requirements of the suggested
transceiver architecture.

5.5 Summary and conclusions

To answer the fundamental question of feasibility of optical communications in a scat-
tering medium, one has to accurately model atmospheric optical channel and estimate
parameters such as angular, spatial, and temporal dispersions. As a collimated laser
beam propagates through aerosols and cloud particles, it spreads after traveling some
optical thickness value and approaches a steady-state condition of being nearly spa-
tially diffuse. The rate of convergence to this steady-state determines the feasibility
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of communications through various types of clouds and aerosols with different optical
thickness values. Average distance between two successive scattering events is used to
convert optical thickness of a specific scattering medium into its physical thickness and
vice versa.

By directly applying the Markov chain model to angular distribution evolution of
a laser beam in a scattering medium, and considering the fact that angular, spatial,
and temporal distributions of energy are inter-related, the mixing rate of Monte-Carlo
Markov Chain (MCMC) is found for different types of scattering media. Mixing time is
introduced as the number of steps over which deviation from equilibrium state decreases
by a factor e. This indicates the rate by which the energy distribution approaches being
spatially isotropic.

Examining parameters of Table 5.2, we realize that mixing time is rather short for
clouds and haze. That is, when coherent light is traveling through clouds, its spatial
coherence rapidly degrades. However, it may take a much larger cloud length value
for the coherence bandwidth of the medium to vanish. In the latter case, optical pulses
broaden extensively in time and restoring them by signal processing might be difficult.

In this chapter, we also investigated the feasibility of applying TEQ combined with
MLSD equalizer as a way to countermeasure severe channel ISI encountered in through-
clouds FSO channels. We investigated the channel-shortening characteristics of two
TEQ designs, in terms of SSNRn and MSE versus TEQ length and TIR length. We also
provided end-to-end mathematical formulations showing feasibility of electrical equal-
ization on the FSO link. By Monte Carlo simulations, we conclude that, for low-to-mid
range optical thickness values, the suggested DSP techniques can work relatively well
to enhance BER performance. However, for mid-to-high range of optical thickness, we
cannot rely solely on the TEQ, since the SCIR length distribution itself relies more on
TIR length than on TEQ length.
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6 Multiple-input multiple-output
techniques for indoor optical wireless
communications
Steve Hranilovic

The popular adage, “a picture is worth a thousand words” suggests that it is often
easier to convey a large amount of information in parallel by way of an image rather
than by serial transmission of words. Indeed, this is the underlying inspiration for a
new class of indoor optical wireless (OW) channels. In these channels data are con-
veyed by coordinating the transmission of a series of transmitters and receivers. So
called, multiple-input multiple-output (MIMO) OW systems employ a number of optical
sources as transmitters and a collection of photodiodes as receivers. The arrange-
ment of emitters and detectors varies depending on application and implementation
technology.

The use of MIMO techniques in radio channels is a long-standing topic of interest.
It has been shown that by increasing the number of antennae in a radio system that a
diversity gain can be achieved, i.e., an improvement in the reliability of the system can
be had. Alternatively, it has been demonstrated that multiple transmitting and receiving
antennae can be used to provide a boost in rate, i.e. a multiplexing gain. In fact, a formal
trade-off between diversity and multiplexing gain in MIMO radio channels has been
established [1].

The OW MIMO systems discussed in this chapter differ fundamentally from earlier
work on radio channels. In particular, only indoor OW channels are considered here and
are free of multipath fading. In addition, the signalling constraints imposed by intensity-
modulated/direct-detection (IM/DD) systems limits the direct application of theory from
radio channels. Nonetheless, MIMO techniques have been applied to OW channels to
yield improvements in reliability and to improve data rates. This chapter starts with a
brief overview of the characteristics of indoor OW MIMO systems. Given that the appli-
cation and available gains depend on channel architecture, the balance of the chapter
considers the use of MIMO techniques in three main OW channel topologies: diffuse,
spot-diffusing and point-to-point.

Advanced Optical Wireless Communication Systems, ed. Shlomi Arnon, John R. Barry, George K.
Karagiannidis, Robert Schober, and Murat Uysal. Published by Cambridge University Press.
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6.1 Indoor OW MIMO channel characteristics

6.1.1 Channel fundamentals

Optical wireless systems use optoelectronic components to convert signals from
baseband to transmission wavelengths. Lasers and light-emitting diodes (LEDs) are
typically used to convert an electrical current signal to a time-varying optical intensity.
The transmitted signal of interest is an optical intensity which is the normalized power
in units of Watts per steradian. The receiver accepts emissions inside of its field-of-view
(FOV) and outputs a current proportional to the impinging optical power. These types
of channels are termed intensity modulated/direct-detection (IM/DD) and are found in a
vast majority of OW systems.

The quantity of interest at the transmitter is the instantaneous intensity, I(t). Data
are imposed on the instantaneous emitted optical power x(t) which is the integration
of I(t) over the solid angle of the transmitter. At the receiver, a current y(t) is output
in proportion to the power on the detector surface. The received power is simply the
integration of the irradiance, in Watts per area, over the detector surface.

The IM/DD channel imposes two primary constraints on all emitted signals. Since
x(t) represents a power it must be nonnegative, i.e.,

x(t) ≥ 0. (6.1)

International bodies impose safety limits on the permissible peak and average optical
power to ensure skin and eye-safety. For modulated laser sources faster than 55 kHz,
in most cases the average optical power constraint dominates the peak constraint [2]. A
careful study of the eye-safety of many commercial OW devices can be found in [3]. As
a result, a limit on the average emitted optical power must also be imposed for safety
reasons, i.e.,

lim
u→∞

1

2u

∫ u

−u
x(t) dt ≤ P (6.2)

where P is eye-safety limitation of average optical power. These channel constraints
must be considered in all signalling design for IM/DD OW systems.

The dominant source of noise in indoor OW systems is due to ambient lighting from
fluorescent and incandescent sources. These devices produce emissions into the infrared
which are quite detrimental to OW communications [4]. Fluorescent sources are modu-
lated at tens to hundreds of kilohertz and have significant powers in the near-infrared
band [5]. In addition, rooms with windows may allow sunlight to enter and further
corrupt OW signalling. A conventional assumption is that the ambient light is of high
intensity. This induces a Poisson shot noise with a large mean, which is well modeled
by a Gaussian distribution [6]. As a result, in most indoor OW communication studies
the noise is modeled as white, signal-independent, and Gaussian distributed [5].

6.1.2 Multiple transmitters

In indoor OW MIMO configurations, the arrangement of optical emitters into a single
transmitter is an important feature. A straightforward method is to use a series of discrete
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emitters to produce a time-varying optical intensity distribution in space. There are
many options for this role including the use of vertical-cavity surface emitted lasers
(VCSELs). In the area of optical interconnect, a 540-element array with 1080 VCSELs
was built with a data rate of over 200 Mbps per pixel [7]. Specifically for OW com-
munications, an array of integrated transceivers was constructed with a data rate of
155 Mbps per element using specially designed LEDs bonded directly to underlying
CMOS drivers [8]. Recent studies have even investigated the integration of radio and
optical transceivers together [9]. A nice overview of challenges in OW transceiver design
can be found in [10].

If a large number of elements are required in close proximity, a spatial-light modula-
tor (SLM) can be employed. In general terms, an SLM is able to produce a time-varying
optical intensity image. An example of such a device is a liquid-crystal display which
can have millions of emitters, however, each can be addressed at rates on the order
of 100 Hz. Recent, micro-electrical-mechanical systems (MEMS) known as digital
micro-mirror devices (DMD) integrate arrays of turnable mirrors with appropriate drive
electronics. Commercially available DMD devices used in high-definition displays and
projection equipment is capable of high-resolution output at switching periods as small
as 8-16 μsec [11, DLP R© HDTV].

6.1.3 Receiver architectures

A key disadvantage of single-element OW receivers is that they are unable to reject
multipath or ambient light interference. All signals in the FOV of a single element OW
receiver are integrated over the surface of the detector. This is a key disadvantage of
using such a receiver arrangement, however, single element receivers are inexpensive to
implement.

Multiple element receivers have the advantage of sampling the spatial profile of the
received optical intensity and rejecting portions which are corrupted by large amounts
of interference. There are several options to implement such a receiver. One possibility
is to use a series of discrete receivers and their optics and to orient them in different
directions. These architectures are termed angle diversity receivers [12, 13]. Progress in
this type of receiver is limited due to their large size and weight which is not appropriate
for mobile devices. A more popular architecture is the use of a single imaging optical
element (perhaps a lens) and an integrated array of receivers. These receivers are termed
imaging receivers [14]. This architecture is significantly more compact than angle diver-
sity receivers and permits the implementation of high-speed integrated transceivers [8].
Qualitatively, the lens does the operation of providing angular separation in the spatial
field while the imaging array measures the intensity at each spatial point. Recent OW
MIMO receivers have been constructed at rates of 5 Gbps with seven elements operating
in the infrared band [15]. The high-speed imaging receiver is built in commercial CMOS
technologies while the bonded photodetector array was produced in an InGaAs technol-
ogy. In [16] an interesting multi-element receiver is presented which combines image
acquisition and communications. In this way the same device can be used for imaging
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to locate the transmitter and for data communications. Using these devices a 64 × 64
element receiver is made with 10 Mbps per channel with a total of 4 data outputs.

Imaging receivers have been considered and analyzed for a number of OW chan-
nel topologies [14, 17]. As the number of elements changes from 7 to 1000, the gain
over a single-element receiver changes from 3.7 to 13 dB for a point-to-point link with
FOV=45◦. For diffuse links and for spot-diffusing links the gains are on the order of 1–7
dB and 7–13 dB respectively [14]. It was also demonstrated that maximal ratio com-
bining (MRC) and select best (SB) combining have nearly the same performance for
a small number of elements < 20, but this difference grows to about 2 dB gain as the
number increases to 1000 [14].

Imaging receivers are also used in a variety of applications outside indoor OW
communications. Arrays have been constructed for free-space optical communications
[18, 19]. Another application area is for high-speed imaging. Imagers with frame rates
near 10 kiloframes per second (kfps) with more than 105 elements have been constructed
[20, 21]. Some other examples include a 312 × 260 imager working at Mfps rates for
about 100 frames [22], and a smaller 12 × 12 imager operating at 4 Mfps for only 32
frames [23].

6.2 MIMO for diffuse OW channels

6.2.1 Diffuse channel model

In indoor settings, diffuse OW links rely on reflections of transmitted signals from
objects in the room in order to establish a link. As a result, there is no strict requirement
for a line-of-sight between transmitter and receiver [5, 24–26]. Although reflections of
the optical signal from surfaces in the room may be either specular or diffuse, a vast
majority are diffuse. This is due to the fact that the scale of surface roughness of typical
surfaces in a room (e.g., walls, ceiling, etc.) is on the order of the wavelength of light.
This generates diffuse reflections in which the angle of reflection is nearly independent
of the incident angle [27].

The intensity distribution following a diffuse reflection can be well approximated
using the Lambertian radiation

ILambertian(θ ,φ) = Pelem
n+ 1

2π
cosn(θ ),

where ILambertian(θ ,φ) is the optical intensity reflected at a polar angle θ ∈ [
0, π

2

]
and azimuthal angle φ ∈ [0, 2π), as shown in Figure 6.1. The total reflected
power by a surface element is denoted Pelem [W] and n is defined as the mode
number of the Lambertian pattern [24, 28, 29]. Notice that the reflected Lamber-
tian pattern is independent of φ due to symmetry in the azimuthal coordinate as in
Figure 6.1.

Diffuse OW communication links do not direct their emissions but rather allow them
to reflect diffusely from surfaces in the room. These unstructured emissions from the
emitter bounce from floor, ceiling, walls, and room objects and provide coverage over
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Figure 6.1 A Lambertian reflection pattern with n = 3 and normalized to unit power. The reflecting element
is in the x− y plane. (Reproduced with permission from [30].)

a wide area of the room. Thus, these links have been shown to be insensitive to both
pointing and shadowing. Most importantly, this property allows a great degree of user
mobility.

Indoor diffuse OW links are not impaired by multipath fading, as is the case with their
radio counterparts. Fundamentally, this is due to the fact that the receiver photodiode is
huge relative to the small wavelength of the light. In practice, the detector diameter
is on the order of thousands of received wavelengths. Thus, a detector can have many
variations in the received intensity which occur on the order of the wavelength of light.
As a result of the large size of the detector relative to the wavelength, these local fades
are effectively averaged out over the surface of the photodiode providing an inherent
degree of spatial diversity against multipath fading [5].

Although multipath fading is not a major impairment, multipath induced dispersion
is a major impairment in diffuse indoor links. The reception of multiple delayed and
attenuated versions of the transmitted signal can be well modeled, as seen in Figure 6.2,
as an effective lowpass channel. In addition, in order to collect sufficient power, receivers
typically have wide FOV. In addition to collecting the transmitted signal, such receivers
also collect a large amount of ambient light which, along with the large path loss,
degrades the signal-to-noise ratio (SNR) of such links.

An accurate model for indoor diffuse OW channels is the linear baseband system

y(t) = R x(t) ∗ h(t)+ z(t), (6.3)

where R [A/W] is the responsivity of the photodiode, h(t) is the impulse response,
and ∗ denotes a continuous-time convolution operator. The channel noise, z(t), is
high-intensity shot noise generated by ambient light and is modeled as being signal
independent and approximately Gaussian distributed [5, 24, 25, 29].
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Figure 6.2 An illustration of a indoor diffuse OW link. The transmitter emits radiation over a wide angle
and the receiver collects multipath components. (Reproduced with permission from [30].)

The channel impulse response is lowpass and has DC-gain defined as

H0 =
∫ ∞

−∞
h(t) dt, (6.4)

which ranges from 10−7 to 10−5 [5, 31].
To quantify the degree of multipath dispersion, often the root-mean-square (RMS)

delay spread of h(t) is reported and is defined as,

D =

√√√√√√√√
∞∫
−∞

(t − �)2 h2(t) dt

∞∫
−∞

h2(t) dt

(6.5)

where

� =

∞∫
−∞

t h2(t) dt

∞∫
−∞

h2(t) dt

is the mean delay [5, 31]. In measurements of typical room configurations, this
parameter varies in the range of 2 to 10 nanoseconds [5, 31].

There have been numerous techniques to quantify h(t) for use in simulation studies.
The most accurate are experimental measurements of test rooms [31–34], however, it is
often difficult to generalize such results. Ray-tracing techniques [28, 35], related Monte
Carlo-based ray-tracing simulations [36–38], and more recent photon-tracing simula-
tions [27] provide good results at the expense of computing time. The use of functional
modelling to estimate h(t) [39, 40] provides results which are amenable to closed-form
derivations, however, they are often quite approximate.

Two popular models for h(t) are the exponential-decay model and the ceiling-bounce
model [39]. In the exponential-decay model,
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h(t) = H0

2D exp

(−t

2D
)

U(t) ←→ H(f ) = H0

1+ j4πDf
, (6.6)

where U(t) is the unit step and H(f ) is the continuous-time Fourier transform of h(t).
The ceiling bounce model is similar to the exponential-decay model with the tail of h(t)
dropping off as t−7. The 3-dB cutoff of the channel can be easily related to the delay-
spread in the case of functional models. For example, for the exponential model (6.6)

f3dB = 1

4πD .

For this model, a D in the range of 2–10 ns [5, 31], yields a channel bandwidth of
approximately 10–40 MHz.

In any case, the impulse response depends on the specific room and on the positions
and orientation of transmitters and receivers in the room. However, for a given room and
configuration of transmitter and receiver, h(t) is considered unchanging in time [5].

6.2.2 Previous work and possibilities

There has been relatively little work done on the use of MIMO techniques for diffuse
channels. This channel is particularly challenging for MIMO systems in that the diffuse
channel (with no line-of-sight) serves to remove the structure in the spatial distribution
emitted by the transmitter through a series of reflections. This is due to the property of
the diffuse Lambertian reflections, namely that the angle of reflection is nearly inde-
pendent of the incident angle. Another way of considering the challenge is to note that
the channel matrix of gains between transmitters and receivers has low rank since the
impulse response typically does not vary much for small displacements such as those
in elements of a transmitting or receiving array. However, having multiple copies of
the same signal at the receiver is useful in providing a gain in SNR, i.e., a diversity
gain.

There have been studies on the use of diversity receivers, such as imaging and angle
diversity receivers, in diffuse settings [12, 14, 17]. As mentioned, the use of multiple
narrow-FOV receivers yields the advantage of increasing the collected optical power
while rejecting ambient light interference. However, for angle diversity systems which
are able to sample signals arriving with vastly different path lengths, the processing
algorithm must take into account the multipath spread between the branches.

An experimental OW MIMO diffuse system was reported in [41]. The popular 2× 2
Alamouti space-time code was adapted to this channel. The channel gains were assumed
known at the receiver by way of inserted pilot symbols. From the paper it seems as if
the number of reflections is minimized to ensure a well-behaved channel matrix. Similar
work was also performed at the University of Oxford, where a 2×9 MIMO configuration
was established over a range of 1 m with a single reflection [42, 43]. No coding was
employed and channel knowledge at the receiver was assumed. A pseudo-inverse of the
channel matrix was applied at the receiver to recover data, but no detailed bit error rates
(BERs) are reported under varying conditions.
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In recent work [44], a novel indoor diffuse OW MIMO technique is introduced and
termed optical spatial modulation. In this technique the room is populated with Nt

transmitters distributed on the wall and ceiling while a mobile receiver has Nr receive
elements. The key idea is that information is transmitted by selecting one of the Nt

transmitters to be on while the others are off. That is, data are sent by the sequence
of transmitters that are turned on. Given that the receiver has channel state informa-
tion, a maximum likelihood receiver is derived for this case. However, the performance
of this scheme depends greatly on the correlation between channel responses between
each transmitter and the receiver array. The authors show that in some conditions this
scheme works well when transmitter positions and orientations are optimized to ensure
low correlation among the channel response from each transmitter to the receiver array.

Thus, previous work for OW MIMO diffuse channels focuses on diversity gains rather
than multiplexing gains. The prospects for spatial multiplexing are more challenging
since diffuse reflections tend to destroy spatial information of the incident beam. By
limiting the number of reflections in the channel, diversity and multiplexing gains are
possible. This is the basic idea behind spot-diffusing and point-to-point OW MIMO
topologies which collect one or no reflected paths respectively.

6.3 Spot-diffusing OW MIMO systems

6.3.1 Channel architecture

The spot-diffusing configuration is one of the earliest examples of OW MIMO systems
for indoor networking applications. It combines the advantages of mobility from diffuse
links with the lower path loss and lower multipath distortion of line-of-sight links [35,
45–47].

Figure 6.3 presents a diagram of an indoor OW spot-diffusing system. The transmitter
illuminates the ceiling with an array of spots using a series of low-divergence beams.
Each spot on the ceiling can be thought of as a diffusely reflecting Lambertian source.
The receiver is pointed toward the ceiling and images the spot(s) to detect the data. With
proper system design, the receiver can be designed so that a small number of spots,

Ceiling

RX TX

Figure 6.3 The spot-diffusing OW MIMO architecture.
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ideally one, are imaged in any reception. Identical data are transmitted on all spots in
the room and the arrangement and number of spots are chosen to ensure that for each
position in the room that the receiver images at least one spot in its FOV. Spot-diffusing
MIMO OW links were first introduced by Yun and Kavehrad [45] using a “fly-eye”
receiver and are often termed multi-spot diffusing or quasi-diffuse links. Thus, spot-
diffusing links can be considered as MIMO systems in which a spatial repetition of data
is used to enable user mobility and to improve channel characteristics as noted below.

Notice that both diffuse links and spot-diffusing links both rely on diffuse reflections
from room surfaces to establish a link from transmitter to receiver. However, in spot-
diffusing links there is a well-defined structure to the emitted optical signals which is
exploited to provide significant gain in the link. Firstly, spot-diffusing creates a series
of spots using narrow divergence beams to the ceiling, while diffuse systems emit opti-
cal power in an unstructured manner. In this case, spot-diffusing links experience far
smaller path loss than diffuse links as little power is lost from emitter to ceiling. In addi-
tion, diffuse emitters must have a wide divergence to cover points in the room which
necessarily inherits a higher path loss.

The second major difference between diffuse and spot-diffusing links lies at the
receiver. Due to the structured nature of the optical emissions on the ceiling, spot-
diffusing systems can use narrow FOV receivers so long as a single spot is in the FOV.
These narrow FOV receivers reject a larger portion of ambient light interference and
hence reduce noise at the input of the receiver. In addition, the narrower FOV of the
receiver rejects a large component of multipath distortion improving the bandwidth of
such links. This is contrasted by the required wide FOV receivers for diffuse links which
are limited by high ambient light noise and multipath distortion.

In previous computer simulation studies [46, 48], it was demonstrated that spot-
diffusing links are not greatly impaired by multipath and have bandwidths in excess
of 2 GHz whereas the bandwidth of diffuse links is limited to 50 MHz. Figure 6.4 plots
the simulated impulse response for a spot diffusing channel in a prototypical room.
Notice that the impulse response is dominated by the line-of-sight component and that
the bandwidth is in excess of 2 GHz. Using an imaging receiver can also greatly improve
the performance of spot-diffusing links by allowing for spatial rejection of multipath
components and ambient light [17].

Spot-diffusing links permit a large degree of mobility and are robust against blockage.
As long as there are sufficient number of spots on the ceiling and the FOV is large
enough to catch at least one spot in every position, users are able to move about in a
room while maintaining a high-speed link. It has been shown that spot-diffusing systems
are robust against shadowing and that the likelihood of blockage is smaller than 2% [49].

6.3.2 Implementation challenges

Spot-diffusing links require a transmitter which is able to create a series of spots on the
ceiling. In addition, in order to establish a link there must be joint design of the receiver
FOV and the number of spots. Thus, for a given scenario, it is necessary to plan and
design the spot-diffusing system specifically for the application.
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Figure 6.4 Simulated impulse response, h(t), for a spot-diffusing system with 10× 10 spots, in a
6× 6× 3 m room. The receiver is single element with FOV=11.2◦ and AR = 1 cm2.
(Reproduced with permission from [50].)

There are a number of possible implementation techniques to implement the the trans-
mitter. The most direct approach is to use a series of emitters with narrow divergence
oriented towards the ceiling. This approach results in an emitter which is bulky and
which limits the number of spots. A preferable approach is to produce the series of
spots using a single laser source and a computer generated hologram (CGH). Examples
of this approach including the implementation of a CGH capable of producing an 8× 8
beam array can be found in [47]. The CGH is a polymer which is fabricated to distort
the wavefront of a point source (i.e., the laser) to produce the required beam pattern.
This results in a compact and inexpensive multi-element transmitter. In contrast to radio
channels, the creation of a complex beam pattern is quite simple in OW domain. In fact,
CGH have also been suggested for larger arrays with 10× 10 elements [51].

The number and position of spots on the ceiling must be optimized jointly with the
selection of receiver FOV [47, 52]. For a single detector system, a small FOV is desirable
to limit the amount of ambient light and multipath distortion. However, for a given num-
ber of spots, the FOV should be large enough so that at least one spot is always imaged
by a receiver. Imaging receivers are particularly well suited to spot-diffusing links.
They are simultaneously able to reject a large portion of ambient light and multipath
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distortion. For this particular application, they may also be useful in selecting a single
spot in the FOV to avoid any residual multipath distortion.

Alternate geometries for the arrangement of spots on the ceiling have also been
considered. For example, line strip and diamond arrangements are less complex than
previous full-array spot-diffusing systems but still provide a gain on the order of 4 dB
electrical over diffuse systems [53, 54]. An experimental prototype spot-diffusing sys-
tem has been demonstrated at 70 Mbps at a probability of error of 10−9 over a range of
4 m [12]. The specification for a spot-diffusing system operating at 100 Mbps has also
been investigated and shown to be feasible over a range of 4.5 m [14]. A recent reference
provides a nice background on implementation challenges in OW systems [10].

6.3.3 Dynamic spot diffusing architecture

The dynamic spot-diffusing (DSD) architecture is a special case of the general spot-
diffusing model [55]. Figure 6.5 presents a block diagram of the DSD channel. In this
architecture, the transmitter consists of one or a small number of spots which are trans-
lated across the ceiling in a closed path. The detector is a multi-element imaging receiver
which performs select-best combining over all elements in the array. Data are received
whenever the spot is in the FOV of the receiver and no data are received otherwise. The
key difference between DSD and conventional spot-diffusing and diffuse channels is that
the channel is time-varying, i.e., the spot motion introduces fading into the link. This
added fading in fact eases transmitter implementation, allows for adaptive transmission,
and permits larger transmit powers.

In conventional spot-diffusing techniques an array of spots is required over the ceil-
ing. The DSD system has far fewer spots and hence has lower multipath distortion.
As a result, high-speed modulators can be used to send data on the spot. In addition,
the motion of the spot relaxes eye-safety constraints and permits the instantaneous

Spot 

Ceiling 

RX 
TX 

Floor 

Spot 

Figure 6.5 A dynamic spot-diffusing link with one rotating spot on ceiling and a imaging receiver.
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emission of larger optical powers. The spot path can be adapted based on user feedback
and, unlike previous spot-diffusing techniques, allows for flexibility in defining the
distribution of optical power over the ceiling.

The DSD channel alternates between two states: a high data rate, high SNR chan-
nel when the spot is in the FOV of the receiver and a channel with near zero capacity.
Rateless codes are applied to the DSD channel in order to be able to permit reliable com-
munication. Examples of these codes are Luby transform (LT) codes and Raptor codes
and are quite robust under a variety of channel conditions. User mobility is permitted
in this channel topology and the rateless codes seamlessly adapt to the capacity of the
channel at the given location. Simulations have demonstrated that rates on the order of
440 Mbps are achievable in a room using a previously reported receiver, eye-safe power
limits, and two spots modulated at 1 Gbps. In fact, it is suggested that the bandwidth
of the DSD channel is sufficient to support even higher data rates approaching 10 Gbps
when appropriate optoelectronics become available [50, 55].

6.4 Point-to-Point OW MIMO communications

The most common topology for OW MIMO link is a point-to-point configuration where
a line of sight exists between transmitter and receiver. This configuration exploits the
spatial degrees of freedom supplied by arrays of emitters and receivers to achieve a
gain in spectral efficiency via multiplexing. The receiver is typically an array of pho-
todetectors which samples the spatial distribution of optical intensity at the receiver
plane.

Whereas spot-diffusing links transmit identical data in all spatial directions to permit
user mobility, point-to-point OW MIMO systems use spatio-temporal coding in order to
convey more data over the channel. Thus, the signalling problem in point-to-point OW
MIMO channels is equivalent to finding a set of time-varying images which are able to
convey a large amount of data in spite of channel impairments.

6.4.1 Channel topology and applications

There are a huge number of areas in which point-to-point OW MIMO links are
applied. With the availability of high-speed SLMs and detectors many new avenues
of application are being opened. A small list of applications include holographic data
storage systems [56–58], optical interconnects [59, 60], two-dimensional (2D) bar codes
[61, 62], and indoor OW MIMO communication systems [5, 63–65].

6.4.1.1 Holographic data storage
Holographic data storage systems store data volumetrically, i.e., as a series of pages
in a recording medium [66, 67]. This is in contrast to wide-spread magnetic storage
systems which store data areally on a medium. The theoretical storage density of some
holographic systems has been estimated to exceed 1 Tb/cm3 [68] and are expected to
have data transfer rates exceeding 10 Gbps [69, 70].
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Figure 6.6 A holographic data storage system in an example of on optical wireless MIMO system.
(Reproduced with permission from [72].)

Figure 6.6 presents a diagram of a typical holographic storage system. Binary data
bits are multiplexed spatially into 2D images. The coherent interference pattern between
the data image and a reference beam is stored in a medium such as lithium niobate. To
recover the data image, the reference beam is used to illuminate the correct orientation
of the medium and the resulting field is projected onto an array of detectors [71].

The main impairments in holographic storage systems arise due to the many sources
of noise, misalignment, and spatial inter-symbol interference (ISI) [56, 58, 73]. To
combat noise and the spatial bandwidth limitation of the holographic system, spatial
equalization techniques have been developed. Developments include an adaptation of
the Viterbi algorithm to process images [74] and the use of decision feedback tech-
niques [75]. These techniques are rather complex considering the high-data throughputs
of such systems. Constrained coding has been applied to these systems as well. These
codes take as input the data bits and output images in which certain error producing
output patterns are eliminated. In [76], a constrained code of rate 3/4 was applied to a
2D holographic data storage channel and achieved a BER on the order of 10−3 with a
coding gain of 5 dB over simple thresholding. Misalignment between transmitter and
receiver arrays can lead to a large number of output errors. Oversampling at the receive,
array is one method considered to mitigate the impact of misalignment at the expense of
more complex receiver arrays [77, 78].

6.4.1.2 Optical interconnects
Optical interconnection of printed circuit boards and chips is seen as a solution to the
bottleneck of electrical signalling in many electronic systems. Copper interconnect,
although appropriate for short links on the order of centimeters, is prone to attenuation,
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crosstalk, and EMI issues [79] and is generally limited to about 15 Gbps for moderate
length links [80]. Interconnects with rates as high as 20 Gbps have been reported [79]
and there is much interest in active optical cables which are envisioned to deliver rates
approaching a Tbps. Wireless optical interconnects have also been areas of interest in
which 2D arrangements of emitters and detectors are used to produce multiple parallel
channel for chip-to-chip, board-to-board, board-to-backplane applications.

A 4 × 4 OW interconnect has been demonstrated with a total data rate in excess of
1.7 Gbps [81]. This work was extended to a 256-channel bidirectional wireless optical
interconnect between circuit boards [82]. These interconnect systems rely on tight spa-
tial alignment between each transmitter element and each receiver. As such, they are
often termed pixel matched systems. In fact, even after an initial alignment, dynamic
forces in buildings can cause a relative motion between transmitter and receiver which
causes misalignment. Some work has also been done to develop active alignment sys-
tems for wireless optical interconnects which are able to compensate for misalignment
errors [83].

6.4.1.3 Two-dimensional barcodes
Conventional UPC barcodes are ubiquitous to label consumer and industrial products.
There has recently been growing interest to include a greater amount of data into each
barcode. Two-dimensional barcodes encode large amounts of data in the form of an
image. There exist many standards for 2D barcodes. A popular format are QR CodesTM1

which can store over 7000 numerals in a 2D bar code while a conventional 1D barcode
is limited to about 20. Figure 6.7 shows an example of such a code encoding a long text
sequence. Notice that these barcodes are also MIMO OW communication links which
communicate in time rather than space, i.e, they convey information from one time to
another rather than one place to another. Many smart phones can read 2D barcodes
using their built-in cameras and appropriate software. This functionality has been used
to exchange identity information and to transmit URLs to readers of newspapers to point
them to further content. Recent work has centered on improving the data density of such
barcodes in spite of noise, misalignment, and blurring errors. Multi-level and multi-
color barcodes have also been considered to improve data density [61, 62]. In recent
work, advanced error correcting codes have been applied to 2D barcode applications
[84, 85].

6.4.1.4 Wireless optical MIMO communications
A more straightforward application of OW MIMO systems is for indoor communica-
tions. Figure 6.8 depicts a possible embodiment of such a communication link. As
mentioned above the transmitter is an SLM which encodes data into a time-varying
optical intensity distribution, i.e., a sequence of images. The receiver samples the optical
intensity field at its aperture and outputs measurements. As in all indoor OW systems,
eye-safety standards must be satisfied for these types of links.

1 QR Code is a registered trademark of Denso Wave Inc.
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Figure 6.7 A 2D barcode is another example of a 2D OW MIMO storage channel. This QR CodeTMencodes
the quotation: “Wireless communications is indeed one of the most active and fast growing
sectors of the telecommunication industry. It has notably evolved since Guglielmo Marconi
transmitted Morse-coded signals with his radio apparatus in the late 1800s." (Generated online
from [86].) (Reproduced with permission from [30].)
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Figure 6.8 Optical Wireless MIMO point-to-point link. (Reproduced with permission from [72].)

The concept of employing multiple transmitters and receivers in this manner for
indoor OW communications was first presented in [64] where a prototype system was
implemented. The transmitter consisted of a 512× 512 pixel liquid crystal display with
256 intensity levels. The receiver was a CCD imager with 154 × 154 pixels and oper-
ating at 60 frames per second. Data were multiplexed using spatial-discrete multitone
(SDMT), to be be described in Section 6.4.3 [29, Chapter 7]. Applying low-density par-
ity check codes coupled with multi-stage coding and multi-stage decoding, they were
able to obtain a data rate of approximately 17 kbits per frame, which amounted to 76%
of estimated channel capacity [64].

In order to simplify the transmitter, binary-level SLMs were considered for point-
to-point OW MIMO links. Halftoned-SDMT (HSDMT) was introduced as a means to
create binary-level images which were robust to channel impairments [65]. Binary-level
transmitters are less complex and less sensitive to channel nonlinearities. An additional
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benefit of binary-level transmitters, mentioned in Section 6.1.2, is that they are able to be
modulated at high-rates. Possible SLMs are arrays of lasers or even DMD arrays. In [87]
a capacity estimate for HSDMT systems was obtained using channel measurements.
Predicted rates using commercial video processing hardware were on the order of 450
Mbps for a 1 m link using 0.5 megapixel arrays at 7000 frames per second. Section 6.4.5
presents more detailed results of these experiments. Techniques developed to produce
DMT signals compatible with optical intensity channels have also been applied to 2D
OW point-to-point MIMO channels. In [88] the asymmetrically clipped optical (ACO)-
OFDM technique is adapted for 2D channels to produce images which are nonnegative
without the need for directly adding a bias to each pixel at the cost of losing half of the
in-band spatial frequency bins.

Spatial multiplexing has also been considered in indoor environments using a mixture
of a line arrangement of transmitters and an array of receivers [89]. The transmitters
were considered to be a linear array of lasers and the receiver had an array of photode-
tecting elements given a coupled IM/DD channel between each pair of transmitters and
receivers. Each receive photodiode receives a linear combination of all transmit inten-
sities. As a result, this OW MIMO system was well modeled as a channel with spatial
inter-channel interference. A linear equalizer was formulated to combat the interference
between channels and to decouple them. It should be noted that this approach is quite
computationally intensive, especially as the number of elements grows, and requires the
receiver to know the channel characteristics. A similar technique was also employed
later in which the MIMO channel was measured a priori and inversion of the MIMO
channel was done at the receiver [42, 43].

In recent times there has been increased excitement over point-to-point OW MIMO on
visible-light communication (VLC) channels. Although these channels are substantially
similar to infrared channels, the primary difference is in the device bandwidth constraint
(rather than multipath distortion) and the positioning of lighting elements. In [90] a
comprehensive introduction to point-to-point MIMO for VLC channels is presented.
The authors treat a collection of lighting fixtures on the ceiling as a MIMO emitter and
use both imaging and non-imaging receivers. Again, complete channel knowledge is
assumed at the receiver which simply inverts the channel matrix. In [91] a 2 × 9 point-
to-point OW VLC MIMO system is presented which is able to send two independent
OFDM signals. Bit error rates of 10−5 are measured for 100 Mbps links over a range
of 65 cm.

6.4.2 Channel model

Figure 6.8 presents a diagram of a point-to-point OW MIMO system.The transmitter
is an SLM which creates a 2D optical intensity image while the receiver is an array of
photodetectors and data are sent by transmitting a time-varying image.

An assumption in the channel model is that imaging optics are employed at the
receiver and that the axes of the transmitter and receiver coincide. In this case the
received image y(u, v) is an orthographic projection of the transmitted frame x(u, v).
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The images at the receiver need not be strictly aligned to the receive pixels and may
have undergone some translation or rotation.

A good approximation for this system, from scalar diffraction theory, is to model
the input–output relation as a spatial lowpass filter which is space invariant and
characterized by a point-spread function (PSF) [92, Chapter 6]. In addition, the shape of
both transmitter and receiver pixels can also be incorporated into the lowpass channel
model [64, 93]. The channel model is thus,

y(u, v) = x(u, v) � h(u, v)+ z(u, v), (6.7)

where h(u, v) is the system PSF, � is the 2D linear convolution, and z(u, v) is spatially
and temporally white channel noise [64, 93]. Notice that this channel model is signif-
icantly different than conventional models for MIMO systems in radio systems or in
some other work in OW communications [42, 43]. In radio systems a more general
model is adopted in which channel gains between each transmit and receive element are
collected into a channel matrix. In this light, the channel matrix of the point-to-point
OW MIMO channel has far more structure than in the general case. Spatial invariance
and the notion of PSF from scalar diffraction theory are the sources of the great struc-
ture in channel gains. Thus, it is instructive to exploit this inherent structure in the spatial
distribution of the received intensity in channel modelling and system design.

Notice that in the model (6.7) the magnification is set to unity. In general this is not
a requirement but is done here for simplicity of description. In fact, if the magnifica-
tion of the system is chosen so that the received image is an integer number of receiver
pixels system design and modeling are unaffected [64]. In cases in which this condi-
tion on magnification is not met, spatial equalization is needed to ensure good system
performance free of inter-channel interference, and will be discussed in the next section
[72, 94]. Similar models to (6.7) have been applied in holographic data storage [95] and
areal optical recording [96], and in previous work in OW communication [64, 93].

The transmitted image, x(u, v), must satisfy non-negativity and average amplitude
constraints, i.e.,

x(u, v) ≥ 0, (6.8)

and

Pt = 1

|At|
∫∫

At

x(u, v) dudv ≤ P , (6.9)

where At is the area of the transmit aperture. Notice that it is assumed that the average
amplitude constraint holds for every frame, not just for the average over all frames which
is a more restrictive constraint.

6.4.3 Spatial discrete multitone modulation

A popular modulation technique for frequency selective channels is discrete multitone
modulation (DMT) [97], [98, Section 12.2.2]. Spatial discrete multitone (SDMT) modu-
lation was developed as a generalization of DMT to two-dimensional spatially dispersive
channels such as the point-to-point OW MIMO channel [64, 93], [29, Section 7.5].
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A key feature of SDMT is that it does not require strict spatial alignment between
transmitter and receiver, but is insensitive to spatial sampling phase (i.e. position) of the
receiver. Consider defining an SDMT symbol, x(n1, n2), to be transmitted as an image
of N1 ×N2 pixels. Define X(k1, k2) as the discrete Fourier transform (DFT) of x(n1, n2).
Data can be loaded into the image in spatial frequency domain directly ensuring that
Hermitian symmetry, X(k1, k2) = X�(N1 − k1, N2 − k2), is present so that the output
amplitudes are real. The transmitted image is then

x(n1, n2) = F−1{X(k1, k2)},

where F−1 denotes the inverse DFT.
Notice from (6.7), that the received image is the linear convolution of the transmit

image by the PSF. In the same spirit as DMT, a cyclic extension is appended around each
transmit SDMT image which greatly simplifies equalization at the receiver [64, 97]. The
size of the cyclic extension should be at least half of the channel memory to ensure the
periodicity assumption of the DFT is satisfied.

With these assumptions, the channel model (6.7) can be written in the discrete spatial
frequency domain (k1, k2) as

Y(k1, k2) = H0 X(k1, k2) H(k1, k2)+ Z(k1, k2) (6.10)

where H0H(k1, k2) is the optical transfer function (OTF) of the system (i.e. the DFT of
the discrete space PSF) and H0 is the spatial DC gain of the channel. Both Y(k1, k2)
and Z(k1, k2) are the DFTs of the image at the receiver and the noise. Notice that since
images are assumed to be rectangular that DFT and IDFT are separable and have effi-
cient implementations. This is not a requirement of the channel model and other more
dense arrangements of pixels are indeed possible, e.g., hexagonal.

Figure 6.9 shows an example of an SDMT image with its cyclic extension. At the
receiver, the cyclic extension is clipped and the DFT is performed to allow detection

k 2

k 1

Figure 6.9 A typical SDMT symbol with 256× 256 pixels and a cyclic extension of width 8 pixels around
the image. Note that the white border is only for clarification. (Reproduced with permission from
[30].)
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in the spatial frequency domain. Equalization is done in each spatial frequency bin and
consists of a single complex multiplication by 1

H0 H(k1,k2) [64, 97]. In other words,

Y(k1, k2)

H0 H(k1, k2)
= X(k1, k2)+ Z(k1, k2)

H0 H(k1, k2)
.

Thus, using the IDFT/DFT and loading data in spatial frequency, the point-to-point
OW MIMO channel can be considered as a series of parallel Gaussian noise channels
in spatial frequency domain. The capacity of the system, ignoring the amplitude con-
straints, is achieved by constructing images by performing the water pouring algorithm
over spatial frequency channels [99, Chapter 10], [64].

In earlier work, the water pouring algorithm was applied directly without considering
non-negativity or average amplitude constraints and biasing and clipping were done to
ensure that the resulting image was transmittable on the OW channel [64, 93]. Due to
the fact that the channel constraints do not map nicely into spatial frequency domain,
the use of the water pouring algorithm is not straightforward. Another issue with the
implementation of SDMT is that arrays of emitters are required that are able to produce
a continuous range of intensities at high dynamic range and high rate.

6.4.4 Spatial halftoning with binary-level emitters

The use of SDMT requires a complex transmit array which must output continuous-
level amplitudes. There exist many SLMs which can output binary-level images at high
frame rates and a large number of transmitting elements. Examples include DMD arrays
and arrays of lasers. That is, these SLMs have the ability to generate images which con-
tain high-frequency spatial content. In contrast in many OW MIMO point-to-point links
there exists a narrow spatial bandwidth which effectively filters out the high-frequency
spatial modes due to blurring. Therefore, in many scenarios there are excess degrees of
freedom at the transmitter to produce images with binary levels and high spatial fre-
quency content but the channel is unable to support the transmission of such modes.
The high-spatial frequency modes are referred to as the out-of-band region of the chan-
nel while the other spatial frequencies are termed the in-band region and are illustrated
in Figure 6.10 for a Gaussian OTF.

In order to trade off the excess spatial degrees of freedom at the transmitter for the
ability to generate binary-level images error diffusion halftoning was applied to SDMT
to yield halftoned SDMT (HSDMT) [65]. Halftoning was originally proposed in 1975
and is a special instance of �� modulation [100, 101]. However, in this application, the
goal is not to produce a binary-level image which is perceptually close to a continuous-
level image, but to construct a high-rate communication system. Figure 6.11 presents a
block diagram of an HSDMT system. An SDMT signal is created where data are modu-
lated into the low spatial frequency bins which are able to propagate through the channel.
An IFFT is performed to yield a continuous-level image which is passed through a
halftoning system in the dashed box. Define q as the quantizer error and q̃ = v − x as
the closed loop quantization noise, where x is the continuous-level SDMT image and v
is the binary-level output image. In spatial frequency domain,
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0
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Figure 6.10 An example of an OTF with in-band and out-of-band regions indicated. In this example, the OTF
is circularly symmetric which is typical in many imaging systems. (Reproduced with permission
from [30].)
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Figure 6.11 A block diagram of halftoned-SDMT. (Reproduced with permission from [30].)

Q̃(k1, k2) = Q(k1, k2) [1− J(k1, k2)] , (6.11)

where Q(k1, k2), Q̃(k1, k2), and J(k1, k2) are DFTs of the errors q, q̃, and the feedback
filter j. It follows that the power spectral density (PSD) of the quantization noise, q̃, is

�q̃(k1, k2) = �q(k1, k2) |1− J(k1, k2)|2, (6.12)
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where �q(k1, k2) is the PSD of the quantizer error. It is clear that the power spectrum of
the quantizer error is shaped by the transfer function |1−J(k1, k2)|2, which is termed the
noise shaping function. The feedback filter must be designed to shape the quantization to
the out-of-band spatial frequency bins which are effectively filtered-out by the channel
H(k1, k2).

The received image, y, is a continuous-tone image which contains the lowpass
transmitted data bins as well as some remaining quantization noise. That is,

Y(k1, k2) =
PtH0

[
X(k1, k2)+Q̃(k1, k2)+ N1N2δ(k1, k2)

]
H(k1, k2)+ Z(k1, k2). (6.13)

After equalization in each of the in-band spatial frequency bins

Y(k1, k2)

PtH0H(k1, k2)
= [

X(k1, k2)+ N1N2δ(k1, k2)
]+Q̃(k1, k2)+ Z̃(k1, k2),

where

Z̃(k1, k2) = Z(k1, k2)

PtH0H(k1, k2)

is the remaining channel noise. Thus, the received image is a biased version of the
original corrupted by channel noise as well as residual quantization noise.

6.4.5 Experiments and results

In order to quantify the performance of SDMT systems and contrast them versus
HSDMT, an experimental link was constructed and channel measurements performed.
Figure 6.12 presents a picture of the experimental link.

The transmitter SLM is a commercial DLP chip coupled to projection optics [11].
This setup permitted frames to be output at rates of up to 10 kfps and a maximum

Figure 6.12 Point-to-point OW MIMO link prototype setup.
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size of 1024× 768 pixels. The receiver is a CMOS digital camera [102, MC1310] con-
nected to a frame grabber [103, Odyssey XCL]. An image was projected onto a wall
1.1 m away and the reflected image detected on the receiver. The camera was positioned
to approximately align the optical axes to minimize projective distortion. The OTF and
channel noise were measured for this link and used to construct a comprehensive chan-
nel model [30, 72, 87]. The feedback filter for the halftoning algorithm was chosen
carefully to maximize the capacity of the underlying channel [65, 87] and was selected
to be

j(n1, n2) =
[

0 0.9
0.9 −0.8

]
.

Figure 6.13 presents estimates of the capacity in Mbps for an HSDMT system where
transmit and receive frames are assumed to have 750×750 pixels each for various frame
rates.

An upper bound on the performance of any HSDMT system can be found by setting
Q̃ = 0 for all spatial frequency bins in (6.13). This is referred to as the continuous upper
bound since it ignores the amplitude constraints and sends continuous level signals on
the channel. For the other cases, it was assumed that the quantization noise was white
and signal independent. This was justified by setting the input power based on a the-
oretical bound and confirming the independence assumption after extensive simulation
[30]. The capacity was then estimated by considering parallel Gaussian channels with
the optimum water pouring power allocation. Simulations were also carried out for cases
where multi-level quantizers were available with similarly designed systems [72, 104].

Notice that in all cases the capacity of the link increases with frame rate up to about
7000 fps and then decreases slightly. As frame rate increases, the number of bits sent
per frame decreases, however, this is balanced by the increase in number of frames per
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Figure 6.13 Capacity estimate of HSDMT channel versus frame rate. Continuous SDMT transmitter is the
idealistic case without non-negativity constraint used only for comparison. The presented results
are based on the measured channel parameters. (Reproduced with permission from [72].)
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second. Asymptotically, in the case of white noise these two effects should be perfectly
balanced, however, it is apparent that the noise in the experimental link was not white.
Notice also that at low fps, there is a large discrepancy between the capacity available
using the idealistic continuous model and the halftoned schemes. In this range of frame-
rates the channel is termed quantization noise limited since the water pouring spectrum
is dominated by the quantization noise introduced by halftoning. Notice also that in this
regime quantizers with multiple levels are useful in approaching the continuous bound
on capacity [72, 104]. At higher frame rates, the channel is termed optical power limited
since the dominant source of noise is due to ambient light. In this regime, even binary
signalling can approach the continuous bound. Therefore, using binary-level halftoning
with high frame rate provides high data rates. In a first trial experiment using no coding,
we have been able to achieve rates of 250 Mbps with binary halftoning with 768× 1024
frames over a distance of 0.55 m in the presence of a significant magnification error of
0.89 using techniques presented in [94].

6.5 Future directions

The use of multiple transmitters and receivers in indoor OW channels has been shown
to improve data rates and reliability in a wide variety of applications. A diversity gain
can be had simply by using a receiver with multiple elements. The key feature of such a
receiver, be it angle diversity or imaging, is that it is able to spatially sample the received
optical intensity image. This permits the use of combining techniques to improve the
received SNR. In addition, in many point-to-point links, a multiplexing gain in the rate
is available by exploiting spatial degrees of freedom. Although the channel has dis-
persion, the spatial dispersion is well structured and nicely represented by a linear space
model. The key feature in these systems is that the multi-element transmitter can impose
structure on the spatial distribution of power. Similarly, a multi-element receiver is able
to provide a gain, either in SNR or in rate, by exploiting any underlying structure in
the received optical intensity distribution. This is useful in cases where multiple or even
single emitters are available.

There is a plethora of exciting future applications for MIMO techniques in OW sys-
tems. Among the applications are visible light communication (VLC) channels. Such
channels are quickly becoming of commercial interest due to their use of illumination
devices for a dual role as communication systems. The white phosphorescent LEDs typ-
ically used in such VLC applications have very limited bandwidth, at most 20 MHz.
The use of MIMO techniques to improve the spectral efficiency of such links is cur-
rently a topic of intense interest in the community. Many VLC applications are naturally
MIMO problems since each illumination device is composed of numerous white LED
emitters. In addition, white LEDs are currently used in backlighting applications for
LCD displays and their use for communications has yet to be deeply investigated.
In automotive applications, arrays of white LEDs and receivers are envisioned for
car-to-car communications primarily for collision avoidance and navigation applications.
Another interesting avenue of study for indoor OW MIMO is in the area of areal storage



Optical multiple-input multiple-output systems 139

and bar codes. These storage channels can be simply viewed as a communications sys-
tem in time. There are many applications for such 2D storage and transmission channels
which would benefit from further study.

Ongoing challenges in the implementation of high-speed optical transmit arrays and
integrated imaging receivers are vital directions of research required in order to allow
system designers to reap the rewards of MIMO techniques. Although progress has
been made in developing integrated emitters and holographic-based filtering techniques,
added work is required to implement such systems. Encouragingly, there is much work
in the development of high-speed detector arrays and circuitry which are packaged in a
compact form factor.

Certainly, there are many hurdles to overcome in the implementation of OW MIMO
systems. However, the potential gains in SNR and rate are exciting and justify redoubled
efforts to make such approaches widespread. Regardless of the application, the use of
MIMO OW techniques improves system performance to such a degree that indeed with
OW MIMO techniques “a picture can be worth far more than a thousand words”!

References

[1] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: A fundamental tradeoff in
multiple-antenna channels,” IEEE Transactions on Information Theory, vol. 49, no. 5, pp.
1073–1096, May 2003.

[2] IEC 60825-1, Safety of Laser Products - Part 1: Equipment Classification, Requirements,
and User’s Guide, International Electrotechnical Commission (IEC), 2001, edition 1.2.

[3] A. C. Boucouvalas, “IEC 825-1 eye safety classification of some consumer electronic prod-
ucts,” in Proceedings of the IEE Colloquium on Optical Free Space Communication Links,
IEE Savoy Place, London, 19 Feb. 1996, pp. 13/1–13/6.

[4] T.-S. Chu and M. Gans, “High speed infrared local wireless communication,” IEEE
Communications Magazine, vol. 25, no. 8, pp. 4–10, Aug. 1987.

[5] J. M. Kahn and J. R. Barry, “Wireless infrared communications,” Proceedings of the IEEE,
vol. 85, no. 2, pp. 263–298, Feb. 1997.

[6] W. Hubbard, “The approximation of a Poisson distribution by a Gaussian distribution,”
Proceedings of the IEEE, vol. 58, no. 9, pp. 1374–1375, Sept. 1970.

[7] M. B. Venditti, E. Laprise, J. Faucher et al., “Design and test of an optoelectronic-VLSI
chip with 540-element receiver-transmitter arrays using differential optical signaling,”
IEEE Journal of Selected Topics in Quantum Electronics, vol. 9, no. 2, pp. 361–379,
Mar./Apr. 2003.

[8] D. C. O’Brien, G. E. Faulkner, E. B. Zyambo et al., “Integrated transceivers for opti-
cal wireless communications,” IEEE Journal of Selected Topics in Quantum Electronics,
vol. 11, no. 1, pp. 173–183, Jan./Feb. 2005.

[9] A. Boryssenko, J. Liao, J. Zeng, V. Joyner, and Z. R. Huang, “Studies on RF-optical
dual mode wireless communication modules,” in 2009 IEEE International Microwave
Symposium, June 7-12, 2009, pp. 805–808.

[10] D. O’Brien, H. L. Minh, G. Faulkner et al., “High data-rate infra-red optical wireless com-
munications: Implementation challenges,” in 2010 IEEE Globecom Workshop on Optical
Wireless Communications, pp. 1047–1051, Dec. 2010.



140 Steve Hranilovic

[11] Texas Instruments Incorporated, Digital Light Processing. URL: www.dlp.com.
[12] J. B. Carruthers and J. M. Kahn, “Angle diversity for nondirected wireless infrared com-

munication,” IEEE Transactions on Communications, vol. 48, no. 6, pp. 960–969, June
2000.

[13] A. Tavares, R. Valadas, R. L. Aguiar, and A. O. Duarte, “Angle diversity and rate-adaptive
transmission for indoor wireless optical communications,” IEEE Communications Maga-
zine, pp. 64–73, Mar. 2003.

[14] J. M. Kahn, R. You, P. Djahani et al., “Imaging diversity receivers for high-speed infrared
wireless communcation,” IEEE Communations Magazine, pp. 88–94, Dec. 1998.

[15] J. Zeng, V. Joyner, J. Liao, S. Deng, and Z. Huang, “A 5Gb/s 7-channel current-mode imag-
ing receiver front-end for free-space optical MIMO,” in Proc. IEEE Midwest Symposium
on Circuits and Systems (MWSCAS), Aug. 2009, pp. 148–151.

[16] K. Kagawa, J. Ohta, and J. Tanida, “Dynamic reconfiguration of differential pixel out-
put for CMOS imager dedicated to WDM-SDM indoor optical wireless LAN,” IEEE
Photonics Technology Letters, vol. 48, no. 18, pp. 1308–10, Sept. 2009.

[17] P. Djahani and J. M. Kahn, “Analysis of infrared wireless links employing multibeam trans-
mitters and imaging diversity receivers,” IEEE Transactions on Communications, vol. 48,
no. 12, pp. 2077–2088, Dec. 2000.

[18] B. S. Leibowitz, B. E. Boser, and K. S. J. Pister, “CMOS smart pixel for free-space optical
communication,” in Proceedings of the SPIE, vol. 4306, Jan. 2001, pp. 308–318.

[19] D. C. O’Brien, G. E. Gaulkner, K. Jim et al., “High-speed integrated transceivers for
optical wireless,” IEEE Communications Magazine, vol. 41, no. 3, pp. 58 – 62, 2003.

[20] S. Kleinfelder, S. Lim, X. Liu, and A. El Gamal, “A 10000 frames/s CMOS digital
pixel sensor,” IEEE Journal of Solid-State Circuits, vol. 36, no. 12, pp. 2049–2059, Dec.
2001.

[21] S. Kleinfelder, S. Lim, X. Liu, and A. E. Gamal, “A 10 kframe/s 0.18 μm CMOS digital
pixel sensor with pixel-level memory,” in Proceedings of the IEEE International Solid-
State Circuits Conference, San Francisco, CA, USA, 4-8 Feb. 2001, pp. 88–89.

[22] T. Etoh, D. Poggemann, G. Kreider et al., “An image sensor which captures 100 consecu-
tive frames at 1000000 frames/s,” IEEE Transactions on Electron Devices, vol. 50, no. 1,
pp. 144–151, Jan. 2003.

[23] S. Kleinfelder, Y. Chen, K. Kwiatkowski, and A. Shah, “High-speed CMOS image sensor
circuits with in situ frame storage,” IEEE Transactions on Nuclear Science, vol. 51, no. 4,
pp. 1648–1656, Aug. 2004.

[24] F. Gfeller and U. Bapst, “Wireless in-house data communication via diffuse infrared
radiation,” Proceedings of the IEEE, vol. 67, no. 11, pp. 1474–1486, Nov. 1979.

[25] J. M. Kahn, J. R. Barry, M. D. Audeh, J. B. Carruthers, W. J. Krause, and G. W. Marsh,
“Non-directed infrared links for high-capacity wireless LANs,” IEEE Personal Communi-
cations, vol. 1, no. 2, pp. 12–25, 1994.

[26] M. Kotzin and A. van den Heuvel, “A duplex infra-red system for in-building communi-
cations,” in Proceedings of the 36th IEEE Vehicular Technology Conference, vol. 36, May
1986, pp. 179–185.

[27] H.-S. Lee, “A photon modeling method for the characterization of indoor optical wireless
communication,” Progress In Electromagnetics Research, PIER 92, pp. 121–136, 2009.

[28] J. R. Barry, J. M. Kahn, W. J. Krause, E. A. Lee, and D. G. Messerschmitt, “Simulation
of multipath impulse response for indoor wireless optical channels,” IEEE Journal on
Selected Areas in Communications, vol. 11, no. 3, pp. 367–379, Apr. 1993.



Optical multiple-input multiple-output systems 141

[29] S. Hranilovic, Wireless Optical Communication Systems. Springer, 2004.
[30] M. D. A. Mohamed, “Modulation and detection in wireless optical channels using tem-

poral and spatial degrees of freedom,” Ph.D. dissertation, Department of Electrical and
Computer Engineering, McMaster University, 2010.

[31] J. M. Kahn, W. J. Krause, and J. B. Carruthers, “Experimental characterization of non-
directed indoor infrared channels,” IEEE Transactions on Communications, vol. 43, no.
234, pp. 1613–1623, Feb./Mar./Apr. 1995.

[32] H. Hashemi, G. Yun, M. Kavehrad, F. Behbahani, and P. A. Galko, “Indoor propa-
gation measurements at infrared frequencies for wireless local area networks applica-
tions,” IEEE Transactions on Vehicular Technology, vol. 43, no. 3, pp. 562–576, Aug.
1994.

[33] H. Hashemi, G. Yun, M. Kavehrad, and F. Behbahani, “Frequency response measure-
ments of the wireless indoor channel at infrared frequencies,” in Proceedings of the IEEE
International Conference on Communications, vol. 3, May 1994, pp. 1511–1515.

[34] M. R. Pakravan and M. Kavehrad, “Indoor wireless infrared channel characterization by
measurements,” IEEE Transactions on Vehicular Technology, vol. 50, no. 4, pp. 1053–
1073, July 2001.

[35] Y. A. Alqudah and M. Kavehrad, “MIMO characterization of indoor wireless optical
link using a diffuse-transmission configuration,” IEEE Transactions on Communications,
vol. 51, no. 9, pp. 1554–1560, Sept. 2003.

[36] F. J. López-Hernández, R. Pérez-Jiménez, and A. Santamaría, “Ray-tracing algorithms for
fast calculation of the channel impulse response on diffuse IR wireless indoor channels,”
Optical Engineering, vol. 39, no. 10, pp. 2775–2780, 2000.

[37] O. González, S. Rodriguez, R. Pérez-Jiménez, B. R. Mendoza, and A. Ayala, “Error anal-
ysis of the simulated impulse response on indoor wireless optical channels using a Monte
Carlo-based ray-tracing algorithm,” IEEE Transactions on Communications, vol. 53, no. 1,
pp. 124–130, Jan. 2005.

[38] Y. Cocheril and R. Vauzelle, “A new ray-tracing based wave propagation model including
rough surfaces scattering,” Progress In Electromagnetics Research, PIER 75, pp. 357–381,
2007.

[39] J. B. Carruthers and J. M. Kahn, “Modeling of nondirected wireless infrared channels,”
IEEE Transactions on Communications, vol. 45, no. 10, pp. 1260–1268, Oct. 1997.

[40] V. Jungnickel, V. Pohl, S. Nönnig, and C. von Helmolt, “A physical model of the wireless
infrared communication channel,” IEEE Journal on Selected Areas in Communications,
vol. 20, no. 3, pp. 631–640, Apr. 2002.

[41] M. Garfield, C. Liang, T. P. Kurzweg, and K. R. Dandekar, “MIMO space-time coding for
diffuse optical communication,” Microwave and Optical Technology Letters, vol. 48, no. 6,
pp. 1108–1110, June 2006.

[42] D. O’Brien, “Multi-input multi-output (MIMO) indoor optical wireless communications,”
in 43rd Asilomar Conference on Signals, Systems and Computers, Nov. 1–4, 2009, pp.
1636–1639.

[43] D. O’Brien, “Optical multi-input multi-output systems for short-range free-space data
transmission,” in 7th Conference on Communication Systems, Networks and Digital Signal
Processing (CSNDSP 2010), Jul. 21–23, 2010, pp. 566–570.

[44] R. Mesleh, R. Mehmood, H. Elgala, and H. Haas, “Indoor MIMO optical wireless
communication using spatial modulation,” in Proc. 2010 International Conference on
Communications, May 23–27, 2010.



142 Steve Hranilovic

[45] G. Yun and M. Kavehrad, “Spot-diffusing and fly-eye receivers for indoor infrared wire-
less communications,” In Proc. of IEEE International Conference on Selected Topics in
Wireless Communications, pp. 262–265, 1992.

[46] S. T. Jivkova, B. A. Hristov, and M. Kavehrad, “Power-efficient multispot-diffuse multiple-
input-multiple-output approach to broad-band optical wireless communications,” IEEE
Transactions on Vehicular Technology, vol. 53, no. 3, pp. 882–889, May 2004.

[47] S. T. Jivkova and M. Kavehrad, “Multispot diffusing configuration for wireless infrared
access,” IEEE Transactions on Communications, vol. 48, no. 6, pp. 970–978, June
2000.

[48] S. Jivkova and M. Kavehrad, “Receiver designs and channel characterization for multi-spot
high-bit-rate wireless infrared communications,” IEEE Transactions on Communications,
vol. 49, no. 12, pp. 2145–2153, Dec. 2001.

[49] S. Jivkova and M. Kavehrad, “Shadowing and blockage in indoor optical wireless commu-
nications,” In IEEE Proceedings Global Telecommunications Conference, pp. 3269–3273,
2003.

[50] F. Khozeimeh, “Dynamic spot diffusing channel – a novel configuration for indoor opti-
cal wireless communications,” Master’s thesis, Department of Electrical and Computer
Engineering, McMaster University, 2006.

[51] M. Kavehrad and S. Jivkova, “Indoor broadband optical wireless communications: opti-
cal subsystems design and their impact on channel characteristics,” IEEE Wireless
Communications Magazine, pp. 30–35, Apr. 2003.

[52] S. Jivkova and M. Kavehrad, “Multi-spot diffusing configuration for wireless infrared
access: Joint optimization of multi-beam transmitter and angle diversity receiver,” In
Proc. Conference Optical Wireless Communications II, SPIE., vol. 3850, pp. 72–77, Sept.
1999.

[53] A. G. Al-Ghamdi and J. M. H. Elmirghani, “Line strip spot-diffusing transmitter con-
figuration for optical wireless systems influenced by background noise and multipath
dispersion,” IEEE Transactions Communications, vol. 52, no. 1, pp. 37–45, Jan. 2004.

[54] A. G. Al-Ghamdi and J. M. H. Elmirghani, “Multiple spot diffusing geometries for
indoor optical wireless communication systems,” International Journal of Communication
Systems, vol. 16, pp. 909–922, 2003.

[55] F. Khozeimeh and S. Hranilovic, “Dynamic spot diffusing configuration for indoor optical
wireless access,” IEEE Transactions on Communications, vol. 57, no. 6, pp. 1765–1775,
June 2009.

[56] R. M. Shelby, J. Hoffnagle, G. W. Burr et al., “Pixel-matched holographic data storage
with megabit pages,” Optics Letters, vol. 22, no. 19, pp. 1509–1511, October 1997.

[57] G. W. Burr, J. Ashley, H. Coufal et al., “Modulation coding for pixel-matched holographic
data storage,” Optics Letters, vol. 22, no. 9, pp. 639–641, May 1997.

[58] S. Nabavi and B. V. K. V. Kumar, “Detection methods for holographic data storage,” in
Proceedings of the IEEE Optical Data Storage, Montreal, QC, Canada, April 2006, pp.
156–158.

[59] D. V. Plant and A. G. Kirk, “Optical interconnects at the chip and board level: Challenges
and solutions,” Proceedings of the IEEE, vol. 88, no. 6, pp. 806–818, 2000.

[60] J. Bristow, J. Lehman, M. Hibbs-Brenner, and Y. Liu, “Applying optical interconnects
to electronic systems: Promise vs. practicality,” Proceedings of the Fourth International
Conference on Massively Parallel Processing Using Optical Interconnections., pp. 54–59,
22–24 June 1997.



Optical multiple-input multiple-output systems 143

[61] R. Villn, S. Voloshynvskiy, O. Koval, and T. Pun, “Multilevel 2-D bar codes: Towards high
capacity storage modules for multimedia security and management,” IEEE Transactions
on Information Forensics and Security, vol. 1, no. 4, pp. 405–420, Dec. 2006.

[62] W. Claycomb and D. Shin, “Using a two dimensional colorized barcode solution for
authentication in pervasive computing,” in Proceeding of IEEE ACS/ IEEE International
Conference on Pervasive Services, Lyon, France, June 26–29 2006, pp. 173–180.

[63] D. C. O’Brien, S.Quasem, S. Zikic, and G. E. Faulkner, “Multiple input multiple output
systems for optical wireless: Challenges and possibilities,” Proceeding of SPIE, vol. 6304,
2006.

[64] S. Hranilovic and F. R. Kschischang, “A pixelated MIMO wireless optical communication
system,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 12, no. 4, pp. 859–
874, July/Aug. 2006.

[65] M. D. A. Mohamed and S. Hranilovic, “Two-dimensional binary half-toned optical inten-
sity channels,” IET Communications, vol. 2, no. 1, pp. 11–17, January 2008.

[66] H. Coufal, “Holographic data storage or reliability; a status report,” in Optical Data
Storage Topical Meeting, 1997. ODS. Conference Digest, 7–9 Apr. 1997, pp. 46–47.

[67] “InPhase Technologies,” www.inphase-technologies.com, 2007.
[68] J. F. Heanue, M. Bashaw, and L. Hesselink, “Volume holographic storage and retreival of

digital data,” Science, vol. 265, no. 5173, pp. 749–752, Aug. 1994.
[69] S. S. Orlov, W. Phillips, E. Bjornson, L. Hesselink, and R. Okas, “10 gigabit/second sus-

tained optical data transfer rate from a holographic disk digital data storage system,”
Presented at the OSA Annual Meeting 2000, Paper MK3., 2000.

[70] S. S. Orlov, “Volume holographic data storage,” Communications of the ACM, vol. 43,
no. 11, pp. 46–54, 2000.

[71] J. Ashley, M. Bernal, G. W. Burr et al., “Holographic data storage,” IBM Journal of
Research and Development, vol. 44, no. 3, pp. 341–368, May 2000.

[72] A. Dabbo, “Design of wireless optical MIMO links,” Master’s thesis, Department of
Electrical and Computer Engineering, McMaster University, 2009.

[73] E. Bisaillon, D. F. Brosseau, T. Yamamato et al., “Free-space optical link with spatial
redundancy for misalignment tolerance,” IEEE Photonic Technology Letters, vol. 14, no. 4,
pp. 859–874, 2002.

[74] J. F. Heanue, K. Gurkan, and L. Hesselink, “Signal detection for page-access optical mem-
ories with inter-symbol interference,” Journal of Applied Optics, vol. 35, no. 14, pp.
2431–2438, 10 May 1996.

[75] J. K. Nelson, A. C. Singer, and U. Madhow, “Multi-directional decision feedback for 2D
equalization,” Proceedings of IEEE International Conference on Acoustics, Speech, and
Signal Processing., vol. 4, pp. iv (921–924), 17–21 May 2004.

[76] C. Y. Chen and T. D. Chiueh, “A low-complexity high-performance modulation code for
holographic data storage,” in 14th IEEE International Conference on Electronics, Circuits
and Systems, 11–14 December 2007, pp. 788–791.

[77] M. Ayres, A. Hoskins, and K. Curtis, “Image oversampling for page-oriented optical data
storage ,” Applied Optics, vol. 45, no. 11, pp. 2459 – 2464, 10 Apr. 2006.

[78] H. Ohtoh and M. Yamamoto, “Data position detection analysis for 1.X time oversampled
image in holographic data storage,” in Conference on Lasers and Electro-Optics, Pacific
Rim, 26–31 August 2007, pp. 1–2.

[79] D. A. B. Miller, “Rationale and challenges for optical interconnects to electronic chips,”
Proceedings of IEEE, vol. 88, no. 6, pp. 728–749, June 2000.



144 Steve Hranilovic

[80] D. Lammers, “Intel prepares for optical-interconnect future,” EE Times, 3 August 2004.
[81] D. V. Plant, B. Robertson, H. S. Hinton et al., “4 × 4 vertical-cavity surface-emitting

laser (VCSEL) and metal–semiconductor–metal (MSM) optical backplane demonstrator
system,” Applied Optics, vol. 35, no. 32, pp. 6365–6368, 1996.

[82] D. V. Plant, M. B. Venditti, E. Laprise et al., “256-channel bidirectional optical inter-
connect using VCSELs and photodiodes on CMOS,” Journal of Lightwave Technology,
vol. 19, no. 8, pp. 1093–1103, Aug. 2001.

[83] M. Naruse, S. Yamamoto, and M. Ishikawa, “Real-time active alignment demonstration for
free-space optical interconnections,” IEEE Photonic Technology Letters, vol. 13, no. 11,
pp. 1257–1259, Nov. 2001.

[84] S. Lyons, “Two-dimensional barcodes for mobile phones,” Master’s thesis, Department of
Electrical and Computer Engineering, University of Toronto, 2009.

[85] S. Lyons and F. Kschischang, “Two-dimensional barcodes for mobile phones,” in 25th
Biennial Symposium on Communication, May 12–14, 2010, pp. 344–347.

[86] www.terryburton.co.uk/barcodewriter/generator/, (last accessed: Sept. 12, 2010).
[87] M. D. A. Mohamed, A.Dabbo, and S. Hranilovic, “MIMO optical wireless channel using

halftoning,” in IEEE International Conference on Communications ICC, Beijing, China,
May 2008, pp. 1306–1364.

[88] M. R. H. Mondal, K. Panta, and J. Armstrong, “Performance of two dimensional asym-
metrically clipped optical OFDM,” in 2010 IEEE Globecom Workshop on Optical Wireless
Communications, pp. 995–999, Dec. 2010.

[89] D. Takase and T. Ohtsuki, “Spatial multiplexing in optical wireless MIMO com-
munications over indoor enviroment,” The Institute of Electronic, Information, and
Communication Engineers (IEICE) Transactions, vol. E89-B, no. 4, pp. 1364–1371,
Apr. 2006.

[90] L. Zeng, D. C. O’Brien, H. L. Minh et al., “High data rate multiple input multiple output
(MIMO) optical wireless communications using white LED lighting,” IEEE Journal on
Selected Areas in Communications, vol. 27, no. 9, pp. 1654–1662, Dec. 2009.

[91] A. H. Azhar, T.-A. Tran, and D. O’Brien, “Demonstration of high-speed data transmission
using MIMO-OFDM visible light communications,” in 2010 IEEE Globecom Workshop
on Optical Wireless Communications, pp. 1052–1054, Dec. 2010.

[92] J. Goodman, Introduction to Fourier Optics, 2nd edn. McGraw-Hill, 1996.
[93] S. Hranilovic and F. R. Kschischang, “Short-range wireless optical communication

using pixelated transmitters and imaging receivers,” in Proceedings of the IEEE Inter-
national Conference on Communications, vol. 2, Paris, France, 20–24 June 2004,
pp. 891–895.

[94] A. Dabbo and S. Hranilovic, “Receiver design for wireless optical MIMO channels with
magnification,” in Proceedings of the 10th International Conference on Telecommunica-
tions, ConTEL 2009, Zagreb, Croatia, 8–10 June 2009, pp. 51–58.

[95] S. Nabavi and B. V. K. V. Kumar, “Detection methods for holographic data storage,” in
Proceedings of the IEEE Optical Data Storage Topical Meeting, Montreal, QC, Canada,
23–26 Apr. 2006, pp. 156–158.

[96] P. H. Siegel, “Information-theoretic limits of two-dimensional optical recording channels,”
in Proceedings of the IEEE Optical Data Storage Topical Meeting, Montreal, QC, Canada,
23–26 Apr. 2006, pp. 165– 167.

[97] A. Peled and A. Ruiz, “Frequency domain data transmission using reduced computa-
tional complexity algorithms,” in Proceedings of the IEEE International Conference on



Optical multiple-input multiple-output systems 145

Acoustics, Speech, and Signal Processing, vol. 5, Denver, CO, USA, 9–11 Apr. 1980,
pp. 964–967.

[98] J. G. Proakis, Digital Communications, 4th edn. McGraw-Hill, 2001.
[99] T. M. Cover and J. A. Thomas, Elements of Information Theory. John Wiley & Sons, 1991.

[100] R. W. Floyd and L. Steinberg, “An adaptive algorithm for spatial gray scale,” in SID
Symposium Digest, Society for Information Display, 1975, pp. 36–37.

[101] D. Anastassiou, “Error diffusion coding for A/D conversion,” IEEE Transactions on
Circuits and Systems, vol. 36, no. 9, pp. 1175–1186, Sept. 1989.

[102] Mikrotron GmbH. URL: www.mikrotron.de.
[103] Matrox Imaging. URL: www.matrox.com.
[104] A. Dabbo and S. Hranilovic, “Multilevel error diffusion for wireless optical MIMO chan-

nels,” in Proceedings of the 24th Biennial Symposium on Communications, Kingston, ON,
Canada, 24–26 June 2008, pp. 208–211.



7 Channel capacity
Amos Lapidoth, Stefan M. Moser, and Michèle Wigger

7.1 Introduction and channel models

Optical communications take place at high frequencies at which it is sometimes difficult
to modulate the phase and frequency of the transmitted signal. Instead, some optical sys-
tems modulate the intensity of the signal. Such systems are consequently fundamentally
different from standard (e.g., mobile) wireless systems. For example, the channel input
cannot be negative because it corresponds to the instantaneous light intensity. Also, since
the light intensity, and thus the input, is proportional to the instantaneous optical power,
the average-power constraints apply linearly to the input and not, as is usual in standard
radio communications, to its square.

In this chapter we focus on communication systems that employ pulse amplitude
modulation (PAM), which in the case of optical communication is called pulse inten-
sity modulation. In such systems the transmitter modulates the information bits onto
continuous-time pulses of duration T , and the receiver preprocesses the incoming
continuous-time signal by integrating it over nonoverlapping intervals of length T . Such
continuous-time systems can be modeled as discrete-time channels where the (discrete)
time k input and output correspond to the integrals of the continuous-time transmit-
ted and received signals (i.e., optical intensities) from kT to (k+ 1)T . Note that for such
discrete-time systems, the achieved data rate is not measured in bits (or nats) per second,
but in bits (or nats) per channel use.

We discuss three different discrete-time, pulse intensity modulated, optical channel
models: the discrete-time Poisson channel, the free-space optical intensity channel, and
the optical intensity channel with input-dependent Gaussian noise.

7.1.1 Discrete-time Poisson channel

In the continuous-time Poisson channel, the channel output is the sum of two indepen-
dent stochastic processes. Conditional on the input, the first is a conditional Poisson
process – also known as a doubly stochastic Poisson process – whose rate function
is equal to the input. The second is a homogeneous Poisson process that accounts for
spurious counts resulting from background radiation and receiver noise. If we employ
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pulse intensity modulation where the input is constant over length-T time intervals of
the form [kT , (k + 1)T) for integers k, then the number of counts registered in the inter-
vals {[kT , (k+1)T)} form a sufficient statistic for guessing the input waveform based on
the channel output. This leads to the discrete-time Poisson channel.

In the discrete-time Poisson channel, we model the input as a nonnegative sequence
{xk}, where xk corresponds to the integral of the continuous-time input over the interval
[kT , (k + 1)T). Thus, since we envision pulse intensity modulation, xk is the product of
T by the instantaneous power of the transmitted signal during the interval [kT , (k+1)T).
The output is a sequence {Yk}, where Yk denotes the number of counts registered during
the interval [kT , (k+1)T). We assume that, conditional on the transmitted waveform, Yk

has a Poisson distribution of mean xk + λ, where λ is the expected number of spurious
counts during the interval [kT , (k + 1)T). We sometimes refer to λ as dark current. The
discrete-time Poisson channel is thus a memoryless discrete-time channel whose output
Y takes value in the set of nonnegative integers Z

+
0 and whose input X takes value in the

set of nonnegative real numbers R
+
0 . Conditional on the nonnegative input x, the output

is Poisson with mean x+ λ:

W(y|x) = e−(x+λ) (x+ λ)y

y! , y ∈ Z
+
0 , x ∈ R

+
0 . (7.1)

For safety reasons and practical implementation considerations, the optical average
power and the maximal instantaneous power must be constrained. We therefore impose
the constraints

E[X] ≤ E , (7.2)

Pr [X > A] = 0, (7.3)

for some fixed parameters E , A > 0, and refer to E as the allowed average power and
to A as the allowed peak power.1 Note again that the average-power constraint is on the
expectation of the channel input and not on its square.

We denote the ratio of the allowed average power to the allowed peak power by α,

α � E
A , (7.4)

where 0 < α ≤ 1. Note that for α = 1 the average-power constraint is inactive in
the sense that it has no influence on the system and is automatically satisfied whenever
the peak-power constraint is satisfied. Thus, α = 1 corresponds to the case with only
a peak-power constraint. Similarly, α � 1 corresponds to a stringent average-power
constraint and only a mild peak-power constraint.

In our discussion of capacity, we shall pay particular attention to the low-power
asymptotic regime. Since the input power of the discrete-time Poisson channel

1 A peak-power constraint A and an average-power constraint E in the discrete-time model correspond to
a peak-power constraint A/T and an average-power constraint E/T in the corresponding continuous-time
model. Also, “power in the continuous-time model” refers to the “average number of photons emitted per
second.” To express this in energy per second we must multiply by the energy of each photon �ω, where
ω (in radians per second) is the transmitter’s frequency. We can also divide by the detector’s quantum
efficiency, if it is not 1.
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corresponds to the product of the light intensity and the pulse duration in the continuous-
time model, the low-power regime where E ↓ 0 or A ↓ 0 can come about in two
different ways: either from the continuous-time scenario with pulses of very short dura-
tion T � 1,2 or from a continuous-time scenario with fixed pulse duration and very low
transmit power. In the former case the number of spurious counts in each (short) pulse
interval is also very small, so the dark current λ is also very small, whereas in the latter
scenario the number of spurious counts does not decrease with the power. In the same
way, the high-power regime, which will also be of interest to us, can come about from
two different scenarios depending on whether the pulse duration is held fixed or not.

7.1.2 Free-space optical intensity channel

In our second model we account for three sources of noise: thermal noise of the post-
detection circuitry following the photo detection, which is well-modeled by a Gaussian
distribution; relative-intensity noise, which models random intensity fluctuations inher-
ent to low-cost laser sources and which can also be assumed to be Gaussian [13]; and
shot noise caused by the ambient light. The shot noise has an appreciable impact only
at large intensities where its distribution tends to be Gaussian and in a first approxi-
mation can be assumed to be independent of the signal. At low intensity the thermal
noise is the limiting factor. The sum of these three noise sources can be well-modeled
by independent and memoryless additive Gaussian noise,

Y = x+ Z, (7.5)

where Y denotes the channel output; where x denotes the channel input, which is
proportional to the optical intensity and therefore cannot be negative,

x ∈ R
+
0 ; (7.6)

and where the additive noise is zero-mean Gaussian with variance σ 2. It is important to
note that, unlike the input, the output Y may be negative since the noise introduced at
the receiver can be negative. The input is again constrained in both its average power
(7.2) and its peak power (7.3), with α denoting the average-to-peak power ratio (7.4).

This model is sometimes used to describe optical communication through air and is
therefore known as the free-space optical intensity channel. Another name is optical
direct-detection channel with Gaussian post-detection noise. See [13], [16] for more
details.

For a channel model that also accounts for the random components of the ambient
light and for the effects caused by an optical pre-amplifier at the receiver, see [18]
and [17].

2 This corresponds to the wide-band regime where by “wide-band” we mean that the communication band-
width, i.e., the reciprocal of the pulse duration T , is large enough so that ηPT/�ω � 1, but this bandwidth
is still much smaller than the optical center frequency ω. Once the bandwidth becomes comparable to the
optical center frequency, photon-flux is no longer proportional to input power, and therefore our channel
model becomes inadequate.



Channel capacity 149

7.1.3 Optical intensity channel with input-dependent Gaussian noise

In our third model we still assume that the signal at the receiver is impaired by additive
Gaussian noise, however, we now assume that the variance of the noise depends on the
channel input. Thereby we try to better reflect the implicit dependence of the random
distortion in an optical channel on the signal itself. This model thus combines some of
the features of the previous two models: the assumption of Gaussian noise of the free-
space optical intensity channel and the double-stochastic (signal-dependent) nature of
the discrete-time Poisson channel.

The model is called the optical intensity channel with input-dependent Gaussian
noise, and its conditional channel law is

W(y|x) = 1√
2π (σ 2 + x)

e
− (y−x)2

2(σ2+x) , y ∈ R, x ≥ 0. (7.7)

Thus, the channel is described by

Y = x+√xZ1 + Z0, (7.8)

where Y denotes the channel output, x ≥ 0 denotes the channel input, Z0 is a zero-
mean, variance-σ 2 Gaussian random variable describing the input-independent noise,
and Z1 is a zero-mean, unit-variance Gaussian random variable describing the input-
dependent noise. Here Z0 and Z1 are independent. Note that there is no loss in generality
in assuming that Z1 is of unit variance. In fact, by appropriately scaling the channel input
and output, every channel of the form (7.8) can be transformed into a channel where the
input-dependent noise part has unit variance.

As before, we consider both an average-power constraint (7.2) and a peak-power
constraint (7.3), and we denote the average-to-peak power ratio by α (7.4).

7.1.4 Channel capacity

Loosely speaking, the capacity of a channel is the highest rate at which one can com-
municate reliably over the channel. For all rates below channel capacity it is possible
to achieve arbitrarily small probability of error by using channel codes of sufficiently
large block-length, whereas for all rates above capacity this is impossible. The channel
capacity thus describes the quality of the channel and provides an important benchmark
for practical systems. For discrete-time channels, the capacity is typically measured in
nats per channel use.

The capacity depends on the channel model and on the given input constraints.
We denote the capacity with allowed peak power A and allowed average power E by
C(A, E). Shannon proved [29] that

C(A, E) = sup
Q

I(Q, W), (7.9)
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where I(Q, W) = I(X; Y) denotes the mutual information [4] between the input X and
the output Y of a channel of law W(·|·) when the input X is distributed according to Q;
and where the supremum is over all probability distributions Q that satisfy the given
input constraints. For our channel models the supremum is thus over all probability
distributions Q on R

+
0 that satisfy the constraints (7.2) and (7.3).

When only an average-power constraint is imposed, capacity is denoted by C(E) and
is given as in (7.9), but where the supremum is taken over all laws Q on X ≥ 0 satisfying
(7.2) only.

Unfortunately, it is analytically and numerically very difficult to evaluate (7.9). We
shall therefore only present upper and lower bounds on channel capacity and asymptotic
expansions.

To distinguish between the capacities of the three considered channel models we add a
subscript to the capacity indicating the channel. Thus, the capacity of the free-space opti-
cal intensity channel under a peak-power constraint A and an average-power constraint
E is denoted by CFreeSpace(A, E), and the capacity of this channel under only an average-
power constraint by CFreeSpace(E). Similarly, the capacities of the optical intensity
channel with input-dependent Gaussian noise under an average- and a peak-power con-
straint and under only an average-power constraint are denoted by CDepNoise(A, E) and
CDepNoise(E), respectively.

For the discrete-time Poisson channel we make the dependence of the capacity on the
dark current λ explicit by writing CPoisson(λ,A, E) in the case of both an average- and
a peak-power constraint, and CPoisson(λ, E) in the case of an average-power constraint
only.

Note that in the following the logarithmic function log(·) stands for the natural loga-
rithmic function, and all results are expressed in the unit of nats. To display the results
in bits, all expressions have to be divided by log 2.

7.2 Capacity results

For each of the above channels the capacity can be computed numerically using the
Karush–Kuhn–Tucker conditions [11] and the fact that the capacity-achieving input dis-
tributions are discrete with a finite number of mass points [27], [3]. However, an analytic
expression for the capacity with general peak- and average-power constraints seems out
of reach.

Our main results in this chapter are analytic expressions for the asymptotic behavior
of the channel capacity in the asymptotic high-power regime where both the average-
power and the peak-power constraints are very large and in the asymptotic low-power
regime where at least one of the power constraints is very small. In the asymptotic
high-power regime our goal is to determine the capacity up to a gap that tends to 0
as the powers tend to infinity, and in the asymptotic low-power regime our goal is
to determine the capacity up to a gap that tends to zero faster than capacity. We also
present bounds on the capacity for arbitrary (nonasymptotic) average- and peak-power
constraints.
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7.2.1 Discrete-time Poisson channel

While the capacity of the discrete-time Poisson channel is unknown, the capacity of
the continuous-time Poisson channel where the input signal is not restricted to be pulse
intensity modulated has been derived exactly: the case with a peak-power constraint
only was solved by Kabanov [15]; the more general case of peak- and average-power
constraints was treated by Davis [6]; Wyner [32] found the reliability function of the
channel; Frey [10], [9] studied the capacity of the continuous-time Poisson channel
under an L-norm constraint; and Shamai and Lapidoth [28] investigated the capacity
under spectral constraints. The capacity of (single- or multiple-antenna) Poisson fading
channels has been studied, e.g., in [2], [12].

In the following subsections we present results on the asymptotic high- and low-
power capacity of the discrete-time Poisson channel. In the high-power regime, we
present results on the scenario with both an average- and a peak-power constraint; on the
scenario with only a peak-power constraint; and on the scenario with only an average-
power constraint. In the scenario with both average-power and peak-power constraints
the two constraints are assumed to grow proportionally, i.e., with a constant average-to-
peak power ratio α (see (7.4)). For all three scenarios the precise asymptotic high-power
capacity is known when the dark current is held fixed (i.e., when it does not tend to
infinity with the power). When the dark current grows proportionally with the power,
then only the case where no peak-power constraint is imposed has been studied. For
this setup upper and lower bounds on the asymptotic high-power capacity have been
proposed, but they do not coincide.

The asymptotic low-power capacity is discussed for a scenario where the dark current
λ is fixed and positive, and for a scenario where it tends to 0 proportionally to the
average-power constraint E , i.e., with a constant ratio

c � λ

E . (7.10)

Both scenarios are examined with a fixed peak-power constraint (i.e., the peak-power
constraint does not tend to 0) or without peak-power constraint.

7.2.1.1 High-power results
Before presenting the theorem, we define for given α ∈ (

0, 1
3

)
the parameter ν∗ as the

unique solution to the equation

α = 1

2ν
− e−ν√

ν
√
πerf

(√
ν
) . (7.11)

Here erf (·) denotes the error function defined as

erf (ξ) � 2√
π

∫ ξ

0
e−t2 dt, ∀ ξ ∈ R. (7.12)

Note that the function ν �→ 1
2ν − e−ν√

ν
√
πerf(

√
ν)

is monotonically decreasing in [0,∞)

and tends to 1
3 for ν ↓ 0 and to 0 for ν ↑ ∞. Hence, for α ∈ (

0, 1
3

)
a solution always

exists and is unique.
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TH E O R E M 7.1 (Constant dark current, [21]) If the channel is peak-power constrained
to A and average-power constrained to E = αA for some α ∈ (

0, 1
3

)
, then

CPoisson(λ,A,αA) = 1

2
log

(
2A
πe

)
− (1− α)ν∗ − log(1− 2αν∗)+ oA(1), (7.13)

where oA(1) is a term that tends to 0 as the power A tends to infinity and where ν∗ is
the unique solution to (7.11).

If the channel is peak-power constrained to A and average-power constrained to
E = αA for some α ∈ [ 1

3 , 1
]
, or if the channel is only peak-power constrained to A

(which corresponds to α = 1), then

CPoisson(λ,A,αA) = 1

2
log

(
2A
πe

)
+ oA(1). (7.14)

If the channel is only average-power constrained to E , then

CPoisson(λ, E) = 1

2
log E + oE (1). (7.15)

The high-power asymptotes (7.13), (7.14), and (7.15) do not depend on the dark cur-
rent λ. Also, for α ≥ 1

3 the asymptote (7.14) does not depend on the average-to-peak
power ratio α. Thus, in the high-power asymptote, the average-power constraint is not
active if E ≥ A

3 .
Notice that asymptotes (7.14) and (7.15) coincide with the high-power capacity-

asymptotes of the classical additive white Gaussian noise (AWGN) channel when its
noise variance σ 2 = 1 and when its channel input is either peak-power constrained to
A, i.e., 0 ≤ X2 ≤ A, or average-power constrained to E , i.e., E[X2] ≤ E .3

Comparing (7.13) and (7.14) we observe that if in addition to a peak-power con-
straint A also an average-power constraint E = αA is imposed, for α ∈ (

0, 1
3

)
, then the

asymptotic high-power capacity is reduced by (1 − α)ν∗ + log(1 − 2αν∗). Similarly,
comparing (7.14) and (7.15), we notice that if instead of a (stronger) peak-power con-
straint A a (weaker) average-power constraint E = A is imposed, then the high-power
capacity is increased by 1

2 log
(
πe
2

)
.

A different high-power asymptote was investigated by Brady and Verdú in [1]. They
focused on the special case with only an average-power constraint and studied the
asymptotic behavior of capacity when the dark current grows proportionally with the
average-power constraint.

TH E O R E M 7.2 (Dark current proportional to E , [1]) If only the average power is
constrained to E and the dark current λ grows proportionally with E , i.e., λ = cE for
some c > 0, then the following two bounds hold: given ε > 0 there exists an Eε such
that for all E > Eε the capacity is bounded by

3 Recall that for the classical AWGN channel the standard input-power constraints act on the square of the
input X2, and not directly on the input X.
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CPoisson(λ = cE , E) ≥ 1

2
log

( E
2π

)
− 1

2
log(1+ c)− ε, (7.16)

CPoisson(λ = cE , E) ≤ 1

2
log

( E
2π

)
+ log

(
1√
c

(
1+ 1

Eε

)
+√c

)

+ 1+ log

(
3

2

)
+ ε. (7.17)

7.2.1.2 Low-power results
The first low-power result treats the case where the dark current λ is fixed and positive.

TH E O R E M 7.3 (Constant nonzero dark current, [23]) If a peak-power constraint A
and an average-power constraint E are imposed, then for fixed dark current λ > 0:

lim
E↓0

CPoisson(λ, E ,A)

E =
(

1+ λ

A
)

log

(
1+ A

λ

)
− 1. (7.18)

If only an average-power constraint E is imposed, then for fixed dark current λ > 0:

lim
E↓0

CPoisson(λ, E)

E log log
( 1
E
) ≥ 1

2
, (7.19)

lim
E↓0

CPoisson(λ, E)

E log log
( 1
E
) ≤ 2. (7.20)

When only an average-power constraint E is imposed, then our upper and lower
bounds on the asymptotic low-power capacity are not tight, but only exhibit similar
behavior.

Both (7.18) and (7.19) can be achieved with on–off signalling. In the case of (7.18),
the “on” signal is equal to A; while in the case of (7.19), the “on” signal tends to infinity
as a constant times log

( 1
E
)
.

For constant (nonzero) dark current λ, the asymptotic low-power capacity depends
heavily on the peak-power constraint A. In particular, it is linear in the average-
power constraint E in the presence of a peak-power constraint, and it is proportional
to E log log

( 1
E
)

in its absence.
The second low-power result treats the case where the dark current is proportional to

the average-power constraint E , and thus tends to 0 with E ↓ 0.

TH E O R E M 7.4 (Dark current proportional to E , [23]) If a peak-power constraint
A and an average-power constraint E are imposed, then for a dark-current λ that is
proportional4 to E , i.e., λ = cE for some real number c ≥ 0:

lim
E↓0

CPoisson(λ = cE , E ,A)

E log
( 1
E
) = 1. (7.21)

The result also holds in the absence of a peak-power constraint.

4 Note that this includes the case of zero dark current λ = 0.
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Note that (7.21) holds irrespective of the allowed (positive) peak power A. In fact,
(7.21) can be achieved using on–off signalling, where the “on” signal is an arbitrary
small but positive constant (i.e., it does not tend to 0 as E ↓ 0).

Asymptote (7.21) does not depend on the proportionality constant c ≥ 0. In particular,
it does not depend on whether the dark current λ is zero or whether it only tends to 0
with E ↓ 0. Intuitively this is because – irrespective of the constant c – for sufficiently
small E our constant “on” signal dominates the dark-current floor λ = cE .

We conclude this section by discussing the implications of Theorem 7.4 for the
continuous-time Poisson channel. We focus on the case where the peak power is not con-
strained. As mentioned in Section 7.1.1, the discrete-time model studied in Theorem 7.4
can be used to describe a pulse intensity modulated system over a continuous-time Pois-
son channel where the pulse duration T tends to 0 and the average power E

T (i.e., the
average intensity) is constant. Theorem 7.4 thus implies that in such a continuous-time
system, as the pulse duration T tends to 0, the data rate CPoisson

T tends to infinity like a
constant times log

( 1
T

)
. This observation is consistent with the fact that in the absence of

a peak-power constraint the capacity of a continuous-time Poisson channel is infinite.

7.2.1.3 Nonasymptotic results
The following lower bounds hold for arbitrary dark current and arbitrary peak- and/or
average-power constraints.

TH E O R E M 7.5 (Arbitrary dark current, [21]) If the channel is peak-power constrained
to A and average-power constrained to E = αA for some α ∈ (

0, 1
3

)
, then

CPoisson(λ,A,αA) ≥ 1

2
logA− (1− α)ν∗ − log

(
1

2
− αν∗

)

− eν
∗
(

1

2
− αν∗

)⎡
⎣log

(
1+ λ+ 1

12

A

)

+ 2

√
λ+ 1

12

A arctan

(√
A

λ+ 1
12

)⎤⎦
+ (E + 1) log

(
1+ 1

E
)
− 1− 1

2
log(2πe), (7.22)

where ν∗ is the unique solution to (7.11).
If the channel is peak-power constrained to A and average-power constrained to

E = αA for some α ∈ [ 1
3 , 1

]
, or if the channel is only peak-power constrained to A

(which corresponds to α = 1), then

CPoisson(λ,A,αA) ≥ 1

2
logA+

(A
3
+ 1

)
log

(
1+ 3

A
)
− 1 (7.23)

−
√
λ+ 1

12

A
(
π

4
+ 1

2
log 2

)
− 1

2
log

(
πe

2

)
. (7.24)
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If the channel is only average-power constrained to E , then

CPoisson(λ, E) ≥ 1

2
log E −

√√√√π
(
λ+ 1

12

)
2E + (E + 1) log

(
1+ 1

E
)
− 1. (7.25)

Martinez [24] proved an upper bound and a tighter lower bound on the capacity of
the discrete-time Poisson channel for the special case without dark current and under an
average-power constraint only.

TH E O R E M 7.6 (Zero dark current, [24]) If only the average power is constrained to
E and the dark current λ = 0, then

CPoisson(λ = 0, E) ≥ 1

2
log(1+ E), (7.26)

CPoisson(λ = 0, E) ≤
(
E + 1

2

)
log

(
E + 1

2

)
− E log E − 1

2

+ log

(
1+

√
2e− 1√
1+ 2E

)
. (7.27)

For the case of only an average-power constraint and zero dark current, the bounds of
Theorem 7.5 and Theorem 7.6 are shown in Figure 7.1.
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Figure 7.1 This plot depicts some nonasymptotic bounds on the capacity of the discrete-time Poisson
channel with only an average-power constraint for the special case of no dark current λ = 0. The
horizontal axis is measured in dB where E [dB] = 10 log10 E .
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7.2.2 Free-space optical intensity channel

For the free-space optical intensity channel we present results on the asymptotic capacity
in the high- and low-power regime, as well as firm (nonasymptotic) bounds on capacity
for arbitrary power. In the high- and low-power regime the average-to-peak power ratio
α = E

A is held fixed and thus both powers grow or vanish proportionally.
Using the symmetry of the channel model, it can be shown that when the average-

power constraint exceeds half the peak-power constraint, then the average-power
constraint is inactive. Therefore, the capacity CFreeSpace(A, E) with peak-power con-
straint A and average-power constraint E equals the capacity CFreeSpace(A,A) with only
a peak-power constraint whenever the average-to-peak power ratio α ≥ 1

2 .
Hranilovic and Kschischang [14] studied the capacity of a continuous-time version

of the free-space optical intensity channel and derived upper and lower bounds on this
capacity under an average-power constraint and under the constraint of using a particular
set of pulse shapes for the pulse intensity modulation scheme.

7.2.2.1 High-power results
For every α ∈ (

0, 1
2

)
define μ∗ as the unique solution to

α = 1

μ
− e−μ

1− e−μ
. (7.28)

(It is easily shown that the solution to (7.28) always exists and is unique.)

TH E O R E M 7.7 ([22]) If a peak-power constraint A and an average-power constraint
E = αA are imposed for some α ∈ (

0, 1
2

)
, then

CFreeSpace(A,αA) = 1

2
log

( A2

2πeσ 2

)
− (1− α)μ∗ − log(1− αμ∗)+ oA(1), (7.29)

where μ∗ is the unique solution to (7.28).
If a peak-power constraint A and an average-power constraint E = αA is imposed

for some α ∈ [ 1
2 , 1

]
, or if only a peak-power constraint A is imposed (which corresponds

to α = 1), then

CFreeSpace(A,αA) = 1

2
log

( A2

2πeσ 2

)
+ oA(1). (7.30)

If only an average-power constraint E is imposed, then

CFreeSpace(E) = 1

2
log

( E2

2πeσ 2

)
+ 1+ oE (1). (7.31)

The asymptotic capacity (7.30) can be obtained directly from the well-known asymp-
totic behavior of the capacity of the classical AWGN channel under a peak-power
constraint [29].

Comparing (7.29) and (7.30), we observe that the asymptotic high-power capacity is
decreased by (1 − α)μ∗ + log(1 − αμ∗), if additionally to a peak-power constraint A
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also an average-power constraint E = αA < A
2 is imposed. Similarly, comparing (7.30)

and (7.31), we observe that the asymptotic high-power capacity is increased by 1 nat, if
instead of a peak-power constraint an average-power constraint is imposed.

7.2.2.2 Low-power results
TH E O R E M 7.8 ([22]) If both a peak-power constraint A and an average-power
constraint E = αA are imposed for some α ∈ (

0, 1
2

)
, then

lim
A↓0

CFreeSpace(A,αA)

A2
= α(1− α)

2σ 2
. (7.32)

If both a peak-power constraint A and an average-power constraint E = αA are
imposed for some α ∈ [ 1

2 , 1
]
, or if only a peak-power constraint A is imposed (which

corresponds to α = 1), then

lim
A↓0

CFreeSpace(A,αA)

A2
= 1

8σ 2
. (7.33)

If only an average-power constraint E is imposed, then

lim
E↓0

CFreeSpace(E)

E
σ

√
log

(
σ
E
) ≥ 1√

2
, (7.34)

lim
E↓0

CFreeSpace(E)

E
σ

√
log

(
σ
E
) ≤ 2. (7.35)

When only an average-power constraint E is imposed, then the asymptotic upper and
lower bound at low power do not coincide in the sense that their ratio is 2

√
2 and not 1.

Expression (7.33) is easily obtained from the well-known asymptotic capacity of the
classical AWGN channel with peak-power constraint [29].

Asymptotes (7.32), (7.33), and (7.34) can be achieved with binary signalling. In the
presence of a peak-power constraint A the “on”-signal is chosen as A; in its absence it

is chosen as a constant times
√

log
(
σ
E
)
, thus tending to infinity as E ↓ 0.

Results (7.32), (7.34), and (7.35) show that in the presence of an average-power
constraint the asymptotic low-power capacity depends heavily on the peak-power con-
straint. In fact, with a peak-power constraint that tends to 0 proportionally to E , the low-
power capacity grows quadratically in E . In contrast, without a peak-power constraint
the low-power capacity grows sublinearly, i.e., much faster for small values of E .

Finally, comparing (7.32) and (7.33) we observe that if in addition to a peak-power
constraint A also an average-power constraint E = αA < A

2 is imposed, then the
asymptotic low-power capacity is reduced by a factor 4α(1− α).

7.2.2.3 Nonasymptotic results
An efficient numerical method for computing the channel capacity under a peak-power
and/or average-power constraint was proposed in [8], [7]. Here we present the analytic
bounds of [22].
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TH E O R E M 7.9 ([22]) If both a peak-power constraint A and an average-power con-
straint E = αA are imposed for some α ∈ (

0, 1
2

)
, then the capacity CFreeSpace(A,αA) is

lower-bounded by

CFreeSpace(A,αA) ≥ 1

2
log

⎛
⎝1+A2 e2αμ∗

2πeσ 2

(
1− e−μ∗

μ∗

)2
⎞
⎠ , (7.36)

and upper-bounded by each of the two bounds

CFreeSpace(A,αA) ≤ 1

2
log

(
1+ α(1− α)

A2

σ 2

)
, (7.37)

CFreeSpace(A,αA) ≤
(

1−Q
(
δ + αA

σ

)
−Q

(
δ + (1− α)A

σ

))

· log

⎛
⎝A

σ
· e

μδ
A − e

−μ
(

1+ δ
A

)
√

2πμ
(
1− 2Q (

δ
σ

))
⎞
⎠

+ δ√
2πσ

e
− δ2

2σ2 + σ

A
μ√
2π

(
e
− δ2

2σ2 − e
− (A+δ)2

2σ2

)

− 1

2
+Q

(
δ

σ

)
+ μα

(
1− 2Q

(
δ + A

2

σ

))
. (7.38)

Here, μ > 0 and δ > 0 are free parameters, μ∗ is the unique solution to (7.28), and
Q (·) denotes the Gaussian Q-function

Q (ξ) �
∫ ∞

ξ

1√
2π

e−
t2
2 dt = 1

2

(
1− erf

(
ξ√
2

))
, ∀ ξ ∈ R. (7.39)

A suboptimal but useful choice for the free parameters δ and μ in (7.38) is given in
[22, Eqs. (14) and (15)]. This choice suffices to prove that the asymptotic high-power
capacity is upper-bounded by the right-hand side of (7.29).

Figure 7.2 depicts the bounds of Theorem 7.9 for α = 0.1 where (7.38) is numeri-
cally minimized over δ,μ > 0. The maximum gap between upper and lower bound is
numerically identified as ≈ 0.68 nats (for A

σ
≈ 10.5 dB).

TH E O R E M 7.10 ([22]) If a peak-power constraint A and an average-power constraint

E = αA are imposed for some α ∈
[

1
2 , 1

]
, then CFreeSpace(A,αA) is lower-bounded by

CFreeSpace(A,αA) ≥ 1

2
log

(
1+ A2

2πeσ 2

)
, (7.40)

and upper-bounded by each of the two bounds

CFreeSpace(A,αA) ≤ 1

2
log

(
1+ A2

4σ 2

)
, (7.41)
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Figure 7.2 Bounds of Theorem 7.9 for α = 0.1.

CFreeSpace(A,αA) ≤
(

1− 2Q
(
δ + A

2

σ

))
log

(
A+ 2δ

σ
√

2π
(
1− 2Q (

δ
σ

))
)

− 1

2
+Q

(
δ

σ

)
+ δ√

2πσ
e
− δ2

2σ2 , (7.42)

where δ > 0 is a free parameter.

A suboptimal but useful choice for the free parameter δ > 0 in (7.42) is given in
[22, Eq. (21)]. This choice suffices to prove that the asymptotic high-power capacity is
upper-bounded by the right-hand side of (7.30).

Figure 7.3 depicts the bounds of Theorem 7.10, where upper bound (7.42) is numer-
ically minimized over δ > 0. The maximum gap between upper and lower bound is
numerically identified as ≈ 0.50 nats (for A

σ
≈ 6.4 dB).

TH E O R E M 7.11 ([22]) If only an average-power constraint E is imposed, then the
capacity CFreeSpace(E) is lower-bounded by

CFreeSpace(E) ≥ 1

2
log

(
1+ E2e

2πσ 2

)
, (7.43)

and upper-bounded by each of the bounds
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Figure 7.3 Bounds on capacity for α ∈ [ 1
2 , 1

]
according to Theorem 7.10.

CFreeSpace(E) ≤ log

(
βe
− δ2

2σ2 +√2πσQ
(
δ

σ

))
− log

(√
2πσ

)
− δE

2σ 2

+ δ2

2σ 2

(
1−Q

(
δ

σ

)
− E

δ
Q

(
δ

σ

))
+ 1

β

(
E + σ√

2π

)
, (7.44)

CFreeSpace(E) ≤ log

(
βe
− δ2

2σ2 +√2πσQ
(
δ

σ

))
+ 1

2
Q

(
δ

σ

)
+ δ

2
√

2πσ
e
− δ2

2σ2

+ δ2

2σ 2

(
1−Q

(
δ + E
σ

))
+ 1

β

(
δ + E + σ√

2π
e
− δ2

2σ2

)

− 1

2
log

(
2πeσ 2

)
, (7.45)

where β > 0 and δ are free parameters. Bound (7.44) only holds for δ ≤ −σe− 1
2 , while

bound (7.45) only holds for δ ≥ 0.

A suboptimal but useful choice for the free parameters β and δ in (7.44) is given in
[22, Eqs. (29) and (30)] and a suboptimal choice for the free parameters β and δ in (7.45)
is given in [22, Eqs. (31) and (32)]. The first choice suffices to prove that the asymptotic
low-power capacity is upper-bounded as in (7.35), and the second choice suffices to
prove that the asymptotic high-power capacity is upper-bounded by the right-hand side
of (7.31).
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Figure 7.4 Bounds on capacity according to Theorem 7.11.

Figure 7.4 depicts the bounds of Theorem 7.11 when the upper bounds (7.44) and
(7.45) are numerically minimized over the allowed values of β and δ. The maximum
gap between upper and lower bound is numerically identified as ≈ 0.57 nats (for
E
σ
≈ 2.8 dB).

7.2.3 Optical intensity channel with input-dependent Gaussian noise

For the optical intensity channel with input-dependent Gaussian noise we present results
on the asymptotic capacities in the high-power and low-power regimes, as well as firm
(nonasymptotic) lower bounds on the capacity for arbitrary power. We discuss the three
scenarios with peak- and average-power constraints, with peak-power constraint only,
and with average-power constraint only.

7.2.3.1 High-power results
TH E O R E M 7.12 ([25]) If a peak-power constraint A and an average-power constraint
E = αA is imposed for some α ∈ (

0, 1
3

)
, then

CDepNoise(A,αA) = 1

2
log

(
2A
πe

)
− (1− α)ν∗ − log(1− 2αν∗)+ oA(1), (7.46)

where ν∗ is the unique solution to (7.11).
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If a peak-power constraint A and an average-power constraint E = αA is imposed
for some α ∈ [ 1

3 , 1
]
, or if only a peak-power constraint A is imposed (which corresponds

to α = 1), then

CDepNoise(A,αA) = 1

2
log

(
2A
πe

)
+ oA(1). (7.47)

If only an average-power constraint E is imposed, then

CDepNoise(E) = 1

2
log E + oE (1). (7.48)

We notice that for α ∈ [ 1
3 , 1

]
the asymptotic high-power capacity does not depend

on α. Thus, in the high-power asymptote, the average-power constraint is inactive when
α ∈ [ 1

3 , 1
]
.

Our asymptotic high-power capacity results (7.46)–(7.48) for the optical intensity
channel with input-dependent Gaussian noise coincide with the asymptotic high-power
capacity results (7.13)–(7.15) for the discrete-time Poisson channel. Intuitively, this cor-
respondence can be understood by realizing that for large values of x, the cumulative
distribution function of a Poisson random variable with mean x approximates the cumu-
lative distribution function of a Gaussian random variable with mean x and variance x
(see [25]).

7.2.3.2 Low-power results
TH E O R E M 7.13 ([25]) If both a peak-power constraint A and an average-power
constraint E = αA are imposed for some α ∈ (

0, 1
2

)
, then

lim
A↓0

CDepNoise(A,αA)

A2
= α(1− α)

1+ 2σ 2

4σ 4
. (7.49)

If both a peak-power constraint A and an average-power constraint E = αA are
imposed for some α ∈ [ 1

2 , 1
]
, or if only a peak-power constraint A is imposed (which

corresponds to α = 1), then

lim
A↓0

CDepNoise(A,αA)

A2
= 1+ 2σ 2

16σ 4
. (7.50)

We notice that the asymptotic low-power capacities (7.49) and (7.50) are very similar
to the asymptotic capacities (7.32) and (7.33), especially for large values of σ 2. Like
for the free-space optical intensity channel, the threshold between the case with both a
peak- and an average-power constraint and the case where the average-power constraint
is inactive is at α = 1

2 , and – contrary to the high-power regime – not at α = 1
3 .

Thus, we conclude that whereas the capacity of the optical intensity channel with
input-dependent Gaussian noise at high power behaves like the capacity of the discrete-
time Poisson channel, at low power it behaves like the capacity of the free-space optical
intensity channel.
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7.2.3.3 Nonasymptotic results
TH E O R E M 7.14 ([25]) If a peak-power constraint A and an average-power constraint
E = αA are imposed for some α ∈ (

0, 1
3

)
, then

CDepNoise(A, E) ≥ 1

2
logA− 1

2
log(2πe)− (1− α)ν∗ − log

(
1

2
− αν∗

)

− eν
∗
(

1

2
− αν∗

)(
2

√
σ 2

A arctan

(√
A
σ 2

)
+ log

(
1+ σ 2

A
))

+ 1

2
log

(
1+ 2

E
)
+√

E(2+ E)− E − 1, (7.51)

where ν∗ is defined to be the solution to (7.11).
If both a peak-power constraint A and an average-power constraint E = αA

are imposed with α ∈ [ 1
3 , 1

]
, or if only a peak-power constraint is imposed (which

corresponds to α = 1), then

CDepNoise(A, E) ≥ 1

2
logA− 1

2
log

(
πe

2

)
− 1

2
log

(
1+ σ 2

A
)
+ 1

2
log

(
1+ 6

A
)

−
√
σ 2

A arctan

(√
A
σ 2

)
+

√
A
3

(
2+ A

3

)
− A

3
− 1. (7.52)

If only an average-power constraint E is imposed, then

CDepNoise(E) ≥ 1

2
log E −

√
πσ 2

2E + 1

2
log

(
1+ 2

E
)
+√

E(2+ E)− E − 1. (7.53)

7.3 Proof techniques

We do not prove all the results presented in this chapter, but only outline some of the
tools used in their derivation.

For scenarios where the capacity at low power grows linearly in the power, the exact
asymptotic low-power capacity can be derived using a result from [31]. The result and
its application are described in Section 7.3.1. When the inputs are constrained to a peak
power A that tends to 0 (irrespective of whether an average-power constraint is imposed)
then the exact asymptotic low-power capacity for the two intensity channels can be
derived using a result from [26]; see Section 7.3.2.

In all other cases, only lower and upper bounds on the capacity have been derived.
However, as we have seen, in some asymptotic regimes these upper and lower bounds
coincide thus yielding the exact asymptotes. In Section 7.3.3 we describe techniques
to derive lower bounds. In Section 7.3.4 we describe the technique used to prove most
upper bounds in this chapter. In addition to the technique in Section 7.3.4, some of
the asymptotic upper bounds for the high-power regime require an additional result on
capacity-achieving input distributions presented in Section 7.3.5.
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7.3.1 Capacity per unit cost

For scenarios where the capacity at low power grows like a constant times the power,
this constant can be found using Verdú’s capacity per unit cost [31]. This result applies
to scenarios without a peak-power constraint or with a peak-power constraint that does
not tend to 0.

We first recall the result in [31], and then show how it can be used to compute
the asymptotic low-power capacity (7.18) of the discrete-time Poisson channel with
constant (nonzero) dark current under a vanishing average-power constraint.

Let a memoryless stationary channel with input alphabet X , output alphabet Y , chan-
nel law W(·|·), and a nonnegative cost function g : X → R

+
0 be given. For every real

number ϒ ≥ 0 the capacity-cost function C(ϒ) is defined as

C(ϒ) � sup
Q∈P(X )

I(Q, W) (7.54)

where the supremum is over all input distributions Q that satisfy EQ[g(X)] ≤ ϒ . The
capacity per unit cost is defined as supϒ≥0

C(ϒ)
ϒ

.

TH E O R E M 7.15 (Capacity per Unit Cost, [31]) Consider a memoryless stationary
channel with input alphabet X , output alphabet Y , channel law W(·|·), and a nonnega-
tive cost function g : X → R

+
0 such that for some x0 ∈ X the cost is 0, i.e., g(x0) = 0.

Then, the capacity per unit cost is given by

sup
ϒ≥0

C(ϒ)

ϒ
= lim

ϒ↓0

C(ϒ)

ϒ

(a)= sup
x∈X \{x0}

D
(
W(·|x)

∥∥W(·|0)
)

g(x)
, (7.55)

where D(·‖·) denotes the relative entropy [4].5

For our purpose of computing the asymptotic low-power capacity of a channel, Equa-
tion (a) in (7.55) is useful. In fact, for channels with an input alphabet X ⊆ R

+
0 ,

specializing Equation (7.55a) to the choice g : x �→ x and ϒ = E , results in

lim
E↓0

C(E)

E = sup
x∈X \{0}

D
(
W(·|x)

∥∥W(·|0)
)

x
. (7.56)

Equation (7.56) can be used to prove the asymptotic low-power capacity result (7.18)
on the discrete-time Poisson channel with constant (nonzero) dark current under a van-
ishing average-power constraint. We briefly sketch the proof of (7.18). For every positive
input x:

D
(
W(·|x)

∥∥W(·|0)
) =∑

y

e−λ+x (x+ λ)y

y! log
(

e−x
(

1+ x

λ

)y)
(7.57)

= −x+ (λ+ x) log
(

1+ x

λ

)
. (7.58)

5 For finite alphabets the expression of the relative entropy is given in (7.80) ahead.
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Thus, by (7.55a) where we choose g : x �→ x and ϒ = E , we obtain for λ > 0:

lim
E↓0

CPoisson(λ,A, E)

E = sup
x∈(0,A]

D
(
W(·|x)

∥∥W(·|0)
)

x
(7.59)

= sup
x∈(0,A]

(
1+ λ

x

)
log

(
1+ x

λ

)
− 1 (7.60)

=
(
λ

A
)

log

(
1+ A

λ

)
− 1. (7.61)

While Theorem 7.15 suffices to prove (7.18), it is too weak to derive the asymptotic
low-power capacity (7.21) of the discrete-time Poisson channel when the dark current
either tends to 0 or equals 0. For example, for zero dark current λ = 0, (7.58) implies that
the relative entropy D

(
W(·|x)

∥∥W(·|0)
) = ∞ irrespective of the value of x. Consequently,

when λ = 0 the capacity per unit cost is infinite:

lim
E↓0

CPoisson(λ = 0,A, E)

E = ∞, (7.62)

which only proves that at low power the capacity grows faster than linearly in E , but it
does not specify that it grows like a constant times E log

( 1
E
)

as exhibited by (7.21).

7.3.2 Mutual information of weak input signals

For scenarios where the peak-power constraint tends to 0, a result by Prelov and van
der Meulen [26] can be used to obtain the exact asymptotic low-power capacity. The
following theorem is included as a special case in [26, Theorem 2].

TH E O R E M 7.16 ([26]) Consider a channel that for all sufficiently small inputs x pro-
duces an output that is Gaussian distributed with mean mx and variance σ 2

x that can
depend on x. Then, for sufficiently small A and |X| ≤ A, the mutual information between
the channel’s input X and output Y satisfies

I(X; Y) = 1

2
J(0)Var(X)+ o(A2), (7.63)

where o(A2) denotes a term that tends to 0 faster than A2 ↓ 0, and where J(0) denotes
the Fisher information of the channel at 0:

J(x) �
∫
Y

(
d
dx W(y|x)

)2

W(y|x)
dy. (7.64)

It is easily seen that the free-space optical intensity channel and the optical intensity
channel with input-dependent Gaussian noise satisfy the assumption in the theorem.
Thus, the theorem can be used to derive the asymptotic low-power capacity of the
free-space optical intensity channel (7.32) and (7.33) under both a peak-power and an
average-power constraint and under a peak-power constraint only [22]. In the same
way, also the asymptotic low-power capacity of the optical intensity channel with
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input-dependent Gaussian noise under both peak- and average-power constraints (7.49)
and under a peak-power constraint only (7.50) can be derived from Theorem 7.16.

We briefly sketch the derivation of (7.32). It is easily proved that for the free-space
optical intensity channel:

J(0) = 1

σ 2
. (7.65)

Moreover, for E ≤ A
2 :

max
Q∈P([0,A])

EQ[X]≤E=αA
Var(X) = E(A− E) = α(1− α)A2. (7.66)

Combining (7.65), (7.66) with (7.63) and the definition of channel capacity (7.9), we
conclude that for α ∈ (

0, 1
2

]
:

CFreeSpace(A,αA) = α(1− α)A2

2σ 2
+ o(A2), (7.67)

which establishes (7.32).
Expression (7.33) is obtained by specializing (7.67) to α = 1

2 .

7.3.3 Lower bounds on capacity

A lower bound on channel capacity can be obtained by dropping the maximization in
(7.9) and considering any input distribution Q satisfying the constraints. For the resulting
bound to be tight, this choice of Q should yield a mutual information that is reasonably
close to capacity. Finding such a Q can be tricky and might result in I(Q, W) being
intractable. In the following, we present two methods for choosing the distribution Q
and for lower-bounding I(Q, W).

The first method is based on choosing an entropy-maximizing input distribution (The-
orem 7.18) and on relating the entropy of the channel’s output to the entropy of its
input. For additive noise channels such as the free-space optical intensity channel this
can be done using the entropy power inequality (Theorem 7.17); for the optical intensity
channel with input-dependent Gaussian noise and the discrete-time Poisson channel this
requires a different approach; see [25] and [21].

The second method is based on choosing binary inputs and deriving only an
asymptotic lower bound on I(Q, W) for low power.

7.3.3.1 Method 1: Entropy power inequality and entropy-maximizing distributions
In the following we assume that we are given a channel

Y = x+ Z (7.68)

where Y denotes the output of the channel, x the input, and Z the additive noise which
has a density. We prove a lower bound on the capacity of such channels based on the
entropy power inequality in Theorem 7.17 and the max-entropy result in Theorem 7.18.
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TH E O R E M 7.17 (Entropy power inequality, [4]) If X and Z are independent random
variables with densities, then

e2h(X+Z) ≥ e2h(X) + e2h(Z). (7.69)

TH E O R E M 7.18 (Max-entropy theorem, [4]) Let an alphabet X ⊆ R, a nonnegative
integer m, a set of m functions {ri : X → R}mi=1, and m values {ai ∈ R}mi=1 be given, and
consider the optimization problem

sup
Q∈P(X )

h(X) (7.70)

subject to

EQ[ri(X)] = ai, i ∈ {1, . . . , m}. (7.71)

If there exist real numbers κ0, . . . , κm such that the distributionQ̃ with density

Q̃
′
(x) � eκ0+∑m

i=1 κiri(x), x ∈ X , (7.72)

satisfies constraints (7.71) when Q is replaced byQ̃, thenQ̃ is the unique distribution on
X subject to (7.71) that achieves the supremum in (7.70).

Using the entropy power inequality, a lower bound on the capacity of additive noise
channels as in (7.68) is obtained by noting that for any input X that has a density we
have

C ≥ I(X; Y) (7.73)

= h(Y)− h(Y|X) (7.74)

= h(X + Z)− h(Z) (7.75)

≥ 1

2
log

(
e2h(X) + e2h(Z)

)
− h(Z). (7.76)

Obviously, the lower bound is made tightest if the density of X is chosen so as to maxi-
mize the differential entropy under the given constraints. For many interesting scenarios
the desired density can be found using the max-entropy result in Theorem 7.18.

This method was used to derive the lower bounds on the capacity of the free-space
optical intensity channel both in the asymptotic high-power regime as well as in the
nonasymptotic regime.

We quickly sketch how this method is used to prove lower bound (7.36). By
Theorem 7.18 the density that maximizes differential entropy under a nonnegativity
constraint, a peak constraint A, and an average constraint E = αA ≤ 1

2A is given by6

Q′(x) = 1

A · μ∗

1− e−μ∗
e−

μ∗x
A , 0 ≤ x ≤ A, (7.77)

6 Using the symmetry of the channel and the uniqueness of the capacity-achieving input distribution [3] it is
easily proved that for the free-space optical intensity channel and E ≤ 1

2A the average-power constraint is
always active.
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where μ∗ is the unique solution to (7.28). We also note that since the noise of the free-
space optical intensity channel is Gaussian with variance σ 2:

1

2
log

(
e2h(X) + e2h(Z)

)
− h(Z) = 1

2
log

(
1+ e2h(X)

2πeσ 2

)
. (7.78)

Evaluating the right-hand side of (7.78) for an input X that has density (7.77) and
combining the result with (7.76) yields the desired lower bound (7.36).

7.3.3.2 Method 2: Binary inputs and asymptotic lower bound
It is well known that the capacity-achieving input distribution for our channels is discrete
and that for sufficiently low power the number of mass points is two [27], [3]. Thus,
good lower bounds for the channel capacity at low power can be obtained by evaluating
the mutual information I(X; Y) for binary inputs. Unfortunately, for most such binary
inputs an analytic expression for the mutual information I(X; Y) seems infeasible even
in the asymptotic regime of low power. We therefore propose to lower-bound the mutual
information and only derive the low-power asymptote of the lower bound.

This method was used to prove: the lower bound on the asymptotic low-power
capacity of the discrete-time Poisson channel with constant dark current (7.19); the
achievability of the asymptotic low-power capacity of the discrete-time Poisson channel
with vanishing dark current (7.21); and the lower bound on the asymptotic low-power
capacity of the free-space optical intensity channel (7.34). The exact derivations are
tedious; for details see [23] and [22].

7.3.4 Duality-based upper bounds on capacity

We present an approach from [19], [20] for deriving upper bounds on the channel capac-
ity. The approach is explained here for discrete memoryless channels W(·|·) with finite
input and output alphabets X and Y . The generalization to continuous alphabets with
input constraints is relatively straightforward.7

In [5] a dual expression for the channel capacity of discrete memoryless channels in
(7.9) was presented:

C = min
R∈P(Y)

max
x∈X

D
(
W(·|x)

∥∥R(·)), (7.79)

where D(·‖·) denotes relative entropy [4]

D
(
W(·|x)

∥∥R(·)) =∑
y∈Y

W(y|x) log

(
W(y|x)

R(y)

)
. (7.80)

This dual expression allows us to easily obtain upper bounds on the channel capacity. In
fact, every choice of a distribution R(·) on the output Y leads to such an upper bound:

C ≤ max
x∈X

D
(
W(·|x)

∥∥R(·)). (7.81)

7 There are some mathematical technicalities that must be addressed, but they do not change the fundamental
idea.
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However, for every choice of the distribution R(·) a generally tighter upper bound on
capacity can be derived. In fact, by considering the identity [30]∑

x∈X
Q(x)D

(
W(·|x)

∥∥R(·)) = I(Q, W)+ D
(
(QW)(·)∥∥R(·)) (7.82)

and by noting that relative entropy is nonnegative [4], we have

I(Q, W) ≤
∑
x∈X

Q(x)D
(
W(·|x)

∥∥R(·)), R ∈ P(Y). (7.83)

This leads to the following upper bound on capacity [19], [20]. For every choice of a
distribution R(·) on the channel output alphabet

C ≤ EQ∗
[
D
(
W(·|X)

∥∥R(·))] , (7.84)

where Q∗ denotes a capacity-achieving input distribution, i.e., a distribution that
achieves the maximum in (7.9). It is important to note that R(·) in (7.84) can be any
distribution on the output alphabet: it need not be an output distribution that is induced
by some input distribution.

Two problems make the evaluation of the right-hand side of (7.84) difficult. Firstly,
evaluating D

(
W(·|x)

∥∥R(·)) analytically is generally difficult; and secondly, the right-
hand side of (7.84) involves an expectation over the capacity-achieving input distribution
Q∗ which in general is not known.8 So in order for the bound to be useful, a good but
relatively simple distribution R(·) has to be found for which the expectation in (7.84)
over Q∗ can be computed or reasonably upper-bounded (without knowing Q∗). Often the
expectation with respect to Q∗ can be computed/bounded by using some of the known
properties of Q∗ like, e.g., that it satisfies the input constraints or that it escapes to
infinity (see Section 7.3.5), or by using Jensen’s inequality [4] which states that for
every concave function f (·):

E[f (X)] ≤ f (E(X)) . (7.85)

Most of the upper bounds presented in this chapter have been proved using this tech-
nique. Typically, in these proofs the output distribution R(·) was chosen depending on
some parameters that can be optimized at a later stage. Thus, a family of output distri-
butions was chosen and a particular choice was singled out only after the evaluation of
(7.84). This way one can even make the choice of R(·) depend on the channel parameters
such as the allowed peak and average powers.9

7.3.5 Input distributions that escape to infinity

As we have seen, the capacity with peak power A and average power E = αA of many
channels of interest can be expressed at high input powers as

C(A,αA) = � logA+ χ + oA(1), (7.86)

8 If it were known, then capacity could be (at least numerically) computed directly, and no bounding would
be necessary.

9 Note, however, that by definition R(·) must not depend on the channel input x.
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where the correction term oA(1) tends to zero as A tends to infinity. The constant � is
sometimes called the pre-log and is given by

� = lim
A↑∞

C(A,αA)

logA . (7.87)

For example, the pre-log in (7.29) is10 1 and the pre-logs in (7.13) and (7.46) are 1
2 . To

compute � and χ the notion of input distributions that escape to infinity can be useful.
For many channels of interest the asymptotic capacity or even the pre-log can only

be achieved if the input distributions escape to infinity. Loosely speaking this means
that the probabilities that they assign to any fixed ball tend to zero as the allowed power
tends to infinity. We next define this concept more formally and explain how it can be
used to compute � and χ . (For an example, see [18].)

The definition and the statements in this section are valid for general channels; they
are not restricted to optical channels. We will only assume that the input and output
alphabets X and Y of some channel are separable metric spaces and that for any set
B ⊂ Y the mapping x �→ W(B|x) from X to [0, 1] is Borel measurable. We then
consider a general cost function g : X → [0,∞) which is assumed measurable.11 In
this setting, the capacity-cost function with an average- and a peak-cost constraint is
defined as

DE FI N I T I O N 7.1 Given a channel W(·|·) over the input alphabet X and the output
alphabet Y and given some nonnegative cost function g : X → R

+
0 , we define the

capacity-cost function C :
(
[infx∈X g(x),∞]

)2 → R
+
0 by

C(A, E) � sup
Q(·)

I(Q, W), A, E ≥ inf
x∈X

g(x) (7.88)

where the supremum is over all input distributions Q(·) that satisfy

Q
({x ∈ X : g(x) > A}) = 0 (7.89)

and

EQ[g(X)] ≤ E . (7.90)

The following results also hold in the absence of a peak-power constraint. For brevity
we omit the explicit statements for this case.

DE FI N I T I O N 7.2 Fixing the ratio of available average-to-peak cost α � E
A , we say

that a family of input distributions {QA,E (·)}A≥infx
g(x)
α

,E=αA on X parameterized by A
and E escapes to infinity if for any fixed A0 > 0

lim
A↑∞

QA,αA
({x ∈ X : g(x) ≤ A0}

) = 0. (7.91)

10 Note the A2 in the logarithm that will multiply the factor 1
2 in front of the logarithm by 2.

11 For an intuitive understanding of the following definitions and some of their consequences, it is best to
focus on the example of the channel models shown in Section 7.1 where the channel inputs are nonnegative
real numbers and where the cost function g(·) is g(x) = x, ∀ x ≥ 0.
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Based on this definition, a general theorem was presented in [19] and [20]
demonstrating that if the ratio of mutual information to channel capacity is to approach
1, then the input distribution must escape to infinity:

TH E O R E M 7.19 (Escaping to infinity, [20]) Let the capacity-cost function C(·, ·) of
a channel W(·|·) be finite but unbounded. Let Casy(·) be a function that captures the
asymptotic behavior of the capacity-cost function C(A,αA) in the sense that

lim
A↑∞

C(A,αA)

Casy(A)
= 1. (7.92)

Assume that Casy(·) satisfies the growth condition

lim
A↑∞

⎧⎨
⎩ sup

μ∈(0,μ0]

μCasy

(
A
μ

)
Casy(A)

⎫⎬
⎭ < 1, ∀ 0 < μ0 < 1. (7.93)

Let {QA,αA(·)}A≥infx
g(x)
α

be a family of input distributions satisfying the cost constraints

(7.89) and (7.90) such that

lim
A↑∞

I(QA,αA, W)

Casy(A)
= 1. (7.94)

Then {QA,αA(·)}A≥infx
g(x)
α

escapes to infinity.

Proof A first version of this theorem was proved in [19]. In [20, Sec. VII.C.3]
the theorem was further generalized to the form presented here and the proof was
simplified.

Examples of functions Casy(A) that satisfy (7.93) include

log(1+ log(1+A)), log(1+A), (log(1+A))β for β > 0 (7.95)

and any positive multiple thereof. Hence, most channels of interest will satisfy Theo-
rem 7.19 in the sense that for these channels there exists a function Casy(A) that satisfies
(7.92) and (7.93).

Returning to the problem of computing � and χ of (7.86), we note that if a sequence
of input distributions achieves � (in the sense that the limiting ratio of the mutual
information they induce to logA tends to �), then they must escape to infinity (see
Theorem 7.19 with Casy(A) taken as � logA). Once we have computed � – or even
only established the existence of the limit in (7.87) – we can now proceed to compute
χ (and � if needed) by limiting ourselves to input distributions that escape to infinity.
Limiting ourselves to such inputs may allow us to tighten the bounds obtained using
the duality approach. For example, a straightforward consequence of Definition 7.2 is
the following result about expectations with respect to input distributions that escape to
infinity.

PRO P O S I T I O N 7.1 Let f : X → R be a bounded function that maps input symbols of
large cost to small values in the sense that for every ε > 0 there exists some Aε such
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that |f (x)| < ε whenever g(x) ≥ Aε . If the input distributions {QA,E (·)}A≥infx
g(x)
α

,E=αA
on X escape to infinity, then

lim
A↑∞

EQA,αA [f (X)] = 0. (7.96)
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Unique channels





8 Modeling and characterization of
ultraviolet scattering communication
channels
Haipeng Ding, Brian M. Sadler, Gang Chen, and Zhengyuan Xu

In this chapter, we examine basic modeling and characterization issues that arise from
short-range communications over non-line-of-sight (NLOS) ultraviolet (UV) atmo-
spheric scattering channels. We start by presenting the unique channel properties and
history of NLOS UV communications, and introduce outdoor NLOS UV scattering
link geometries. Both single and multiple scattering effects are considered, including
channel impulse response and link path loss. Analysis and Monte Carlo simulation are
employed to investigate the UV channel properties. We also report on experimental
outdoor channel measurements, and compare with theoretical predictions.

8.1 Introduction

8.1.1 Why NLOS UV communications?

Within the ultraviolet (UV) spectrum 4∼400 nm, the UV-C band (sometimes called deep
UV, or mid-UV) with wavelength range 200∼280 nm has unique atmospheric propaga-
tion characteristics that enable non-line-of-sight (NLOS) communications, as described
in [33]. This band is essentially solar blind (e.g., see [17]), so that a ground-based pho-
todetector can approach quantum-limited photon counting detection performance, and
low-power sources can be used. At these wavelengths, scattering due to photon inter-
action with atmospheric molecules and aerosols is very pronounced, and the relatively
angle-independent scattering yields spatially diverse NLOS communications paths, e.g.,
see [21]. This rich scattering diversity enables unique NLOS optical communications,
although the great majority of photons may be scattered away from the receiver and
so the corresponding path loss is typically much higher than that occurring with a
conventional optical LOS communication channel. The low solar background helps sig-
nificantly in this regard, so that short-range links can be maintained with relatively low
transmit power. In addition, significant atmospheric absorption acts to limit communi-
cation range, while also enhancing the potential for short-range networking by reducing
multi-user interference.

Advanced Optical Wireless Communication Systems, ed. Shlomi Arnon, John R. Barry, George K.
Karagiannidis, Robert Schober, and Murat Uysal. Published by Cambridge University Press.
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For eye and skin safety, the International Commission on Non-Ionizing Radiation Pro-
tection [1] and the International Electrotechnical Commission [2] govern UV exposure
power limits. In the deep UV region, the minimum allowable continuous exposure
occurs at 270 nm at a level as low as 3 mJ per cm2 per second, while increasing to
100 mJ at 200 nm and 3.4 mJ at 280 nm. So, while solar background radiation is very
low, human sensitivity is correspondingly high, and this is an important consideration in
system design.

Thus, for conditions in which low-power consumption, NLOS operability, and secu-
rity are essential, while range and bandwidth requirements are modest, UV technology
provides an interesting alternative to conventional approaches such as radio, and so
for example may find broad-ranging applications in data communication on the move,
surveillance sensor networks, homeland security, unattended ground sensor (UGS) net-
works, and small unit communications in urban terrain environments described in [29].

8.1.2 History of NLOS UV communications

Early studies of NLOS UV communications date to the 1960s. An early experimental
long-range link employed a high-power xenon flashtube UV source with shortest wave-
length of 280 nm, and a photomultiplier tube (PMT) receiver [30]. A transmit–receive
separation of 26 km was demonstrated, with an equivalent NLOS path length of 40 km.
A NLOS UV system based on an isotropic radiating mercury arc lamp with a modulation
rate of 40 kHz was also demonstrated by Fishburne et al. [12], and later Puschell and
Bayse [20] reported an improved UV local area network test-bed spanning a kilometer
range based on a collimated mercury-xenon lamp increasing the modulation rate up to
400 kHz at an effective wavelength of 265 nm. A UV laser communication system at 266
nm that radiated short pulses at high peak power was also reported by Charles et al. [4],
although the modulation rate was only 600 Hz. During this early period of NLOS exper-
imentation, Reilly and Warde [22] developed an elegant theoretical channel response
model to describe the temporal characteristics of scattered radiation in 200∼300 nm.
Later Luettgen et al. [18] extended the model to examine scattering-induced angular
signal distribution and path losses.

The early UV NLOS systems were limited to employing rather bulky, power-hungry,
bandwidth-limited flashtube/lamp/laser UV sources. Semiconductor UV optical sources
offer the potential of low cost, small size, low power, high reliability, and high band-
width. State-of-the-art device technology has enabled miniaturized UV light-emitting
diodes (LEDs), for example as reported in Bai et al. [3] and Shen et al. [28]. These
LEDs are no bigger than one square millimeter, offer a series of wavelengths in the deep
UV region, typically consume electrical power of 150 mW, and radiate optical power of
0.5 mW. Consequently, the arrival of this new generation of UV sources has inspired new
studies of LED-based UV systems, with applications including sensing and short-range
communications.

Shaw et al. [21–27] report on experiments using a 24-element LED array at 274 nm,
producing 40 mW optical power. They used a relatively large transmit divergence angle
of about 50o. A NLOS link was configured by setting transmitter (Tx) and receiver (Rx)
pointing angles equal to 90◦ (vertical pointing). At the receiver, a Perkin Elmer PMT
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(MP-1921) was combined with a solar blind filter to achieve an overall rejection ratio
exceeding 1010 in the visible through infrared bands. This system was shown to reliably
deliver a data rate of 2.4kbps using 4-PPM with transmitter and receiver separation of
11 m (or 200 bps at 100 m). Kedar and Arnon [16] introduced a NLOS optical wireless
sensor network based on UV multiple backscattering. A mathematical model for the
optical received signal power was developed using the bistatic lidar equation approach.
The model was then applied to evaluate the viability and limitations of the inter-node
link, and predict the communication performance. Their analysis is valuable for design
and study of miniature operational sensor networks.

8.1.3 The communication medium: atmosphere

The atmosphere can be viewed as a complex composition of molecules and aerosols,
such as gases, water vapor, pollutants, and other chemical particles. These atmospheric
particles interact with the radiation fields generated by an emitter, and cause the sig-
nal power losses and wavefront distortion. These interactions are generally classified
as scattering and absorption. From a photon propagation point of view, scattering
implies a redirection of the angle of propagation, whereas absorption means the pho-
ton is annihilated. The magnitude of the atmospheric interaction varies considerably
with meteorological conditions, generally becoming stronger as the optical wavelength
approaches the cross-sectional dimension of the atmospheric particles (which explains
the strong scattering observed in the UV spectrum). Scattering is generally modeled
through Rayleigh and Mie theory, as a function of the wavelength and particle size,
e.g., [14]. Both of these are included in the models described in the following. Scatter-
ing enables NLOS communications, although the great majority of photons are either
absorbed or scattered away from the intended detector yielding large path loss.

Atmospheric turbulence due to random non-homogeneity in the atmosphere will
cause local changes in the refractive index, that induces distortion in the optical wave-
front. This effect is well known in coherent line-of-sight laser communications, where a
distorted wavefront arriving at the detector can limit communications rates or received
signal quality. Here, we consider NLOS communications due to scattering over rela-
tively short range, and ignore turbulence effects. We consider coherent scattering, where
energy lost from the primary field is redistributed to a scatter field which has the same
wavelength as the primary. Absorption considers all other interactions (true absorption,
incoherent scattering, etc.) in which “absorbed”energy is lost to the total radiation field
(primary and coherently scattered radiation).

8.1.4 The NLOS UV scattering channel

The NLOS UV channel involves both molecular scattering and absorption, and aerosol
scattering and absorption. We ignore atmospheric turbulence and focus on relatively
short-range propagation where turbulence typically plays a very small role. For NLOS
UV communications, scattering serves as the vehicle for information exchange between
the transmitter and receiver. The scattered light that reaches the receiver depends on the
link geometry and the optical properties of the atmosphere, as described next.
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Figure 8.1 NLOS UV communication link geometry, depicting elevated transmitter beam and receiver
field-of-view.

Consider a typical NLOS communication geometry illustrated by Reilly and Warde
[22] and Luettgen et al. [18], as shown in Figure 8.1. Denote the Tx beam full-width
divergence angle by φ1, the Rx field-of-view (FOV) angle by φ2, the Tx elevation angle
by θ1, Rx elevation angle by θ2, the Tx and Rx baseline separation by r, and the distances
of the intersected (overlap) volume V to the Tx and Rx by r1 and r2, respectively.

From the communications viewpoint, scattering and absorption are the two dom-
inant types of photon interactions with the atmosphere over a short communication
range. We assume a homogeneous atmosphere and use the following coefficients: the
Rayleigh (molecular) scattering coefficient kRay

s , Mie (aerosol) scattering coefficient
kMie

s , absorption coefficient ka, and extinction coefficient ke. The total scattering coeffi-
cient is defined as the sum of the two scattering coefficients ks = kRay

s + kMie
s , and the

extinction coefficient is given by the sum of the scattering and absorption coefficients as
ke = ks + ka.

The scattering phase function is modeled as a combination of Rayleigh and Mie scat-
tering phase functions based on the corresponding scattering coefficients, as suggested
by [34]

P(μ) = kRay
s

ks
pRay(μ)+ kMie

s

ks
pMie(μ), (8.1)

where μ = cos θs is defined from the scattering angle θs. The two phase functions
follow a generalized Rayleigh model and a generalized Henyey–Greenstein function,
respectively, given by

pRay(μ) = 3[1+ 3γ + (1− γ )μ2]

16π(1+ 2γ )
, (8.2)

pMie(μ) = 1− g2

4π
[

1

(1+ g2 − 2gμ)3/2
+ f

0.5(3μ2 − 1)

(1+ g2)3/2
], (8.3)

where γ , g, and f are model parameters.
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8.2 Single scattering models

In this section, we investigate the UV scattering channel for NLOS free-space commu-
nication links based on a single scattering assumption. An analytical model is reviewed,
and an approximate closed-form expression is derived.

8.2.1 Analytical single scattering model

Single scattering models assume that photons traversing the medium between the Tx and
the Rx and impinging on the photodetector undergo scattering at most once. Therefore
with this model in NLOS geometry all photons arriving at the detector will have under-
gone scattering once such that their resulting trajectory lands them in the Rx detector.
Reilly and Warde [22] proposed an analytical single scattering model for a short-range
NLOS UV scattering channel, and Luettgen et al. [18] generalized the model to examine
angular spectra and path losses. The model assumes an impulse is transmitted, and pre-
dicts the atmospheric scattering and extinction, yielding the channel impulse response.
The path loss is then obtained by integrating over the impulse response.

For a NLOS system, the transmitter and receiver are arranged as shown in Figure 8.1.
The model is based on a prolate spheroidal coordinate system, illustrated in Figure 8.2.
Each point in space is defined by a radial coordinate ξ , an angular coordinate η, and
an azimuthal coordinate φ. An advantage of this coordinate system is that the sum of
the distances between the two foci and any point on a given surface ξ is a constant. This
property indicates that a prolate spheroidal surface can be considered as an equitemporal
surface, which means that the total single scattering radiation arriving at the receiver at
a given time simply requires integration over the surface defined by a given ξ .

It is assumed that an impulse of energy Et is emitted at time t = 0 uniformly over
the transmitter solid cone angle into a homogeneous scattering and absorbing medium.
The system geometry determines the common volume regarding the transmitter and
receiver, from which single-scattered photons could reach the receiver. For simplicity, it
is assumed that the axes of the transmitter and receiver lie in a common plane (coplanar
geometry), and thus the integration volume is symmetric over coordinate φ. The received
single scattered intensity at time t can be expressed as in [22] and [18]

r

z

y

η = −1 η = 1

η = 0θs ξ = (r2 + r2)/r

θ2θ1

x

F1

r1 r2

F2

Figure 8.2 Prolate spheroidal coordinate system.
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h(t) = EtArckse−kect

2π�tr2
×

∫ η2(ct/r)

η1(ct/r)

2G[φ(ct/r, η)]p(θs)

(ct/r)2 − η2
dη, (8.4)

where the function G[·] is defined in the cited works.
With reference to Figure 8.1, the parameters and functions are defined as follows. Let

�t be the solid angle of the Tx cone, r the Tx–Rx baseline separation, and r1 and r2

the distances of the common volume to the Tx and Rx, respectively. Define φ1 and φ2

as the Tx beam angle and Rx FOV, and θ1 and θ2 as the Tx and Rx focal angles (inter-
changeable with elevation angles in this context) between each axis and the horizontal
axis. The elevation angles are also referred to as pointing or apex angles; perhaps apex
is the better term in NLOS scenarios. ke, ks, ka are the atmosphere coefficients, θs is the
scattering angle, Ar is the area of the receiving aperture, and p(θs) the scattering phase
function.

8.2.2 Approximate single scattering path loss model

The impulse response model in (8.4) does not lead to a tractable closed form and so
requires numerical analysis. We can obtain a closed-form approximation for h(t) that
is amenable to incorporation into communications performance analysis, as follows.
The derivation assumes that the geometry is such that the intersecting cones are small.
Following the geometry and parameters defined above, the energy at the Rx scattered
from the differential volume dV in V can be modeled as [33]

δEr = EtksP(μ)ArδV cos(ζ )e−ke(r1+r2)

�tr2
1r2

2

, (8.5)

where ζ is the angle between the Rx axis and a vector from the Rx to the common
volume, and phase function P(μ) is given by (8.1). The total energy at the receiver can
be found by integrating over the common volume using the prolate spheroidal coor-
dinate system, but this requires numerical evaluation. To obtain a tractable analytical
expression, we assume that the common volume is small so that ζ ≈ 0, and use this
to simplify h(t) and the resulting expression for the total received energy. Note that
�t = 2π (1− cos φ1

2 ), r1 = r sin θ2/ sin θs, r2 = r sin θ1/ sin θs, and θs = θ1 + θ2. Now,
we can approximate the total received energy as

Er ≈
EtksP(μ)ArV sin4 θs exp[− ker

sin θs
(sin θ1 + sin θ2)]

2πr4 sin2 θ1 sin2 θ2(1− cos φ1
2 )

. (8.6)

Define the path loss as the energy ratio L = Et
Er

. Here L depends on the common
volume V that in turn depends on the shape of the intersection. For a small overlap
volume, V can be well approximated by a frustum1 of the right cone of volume V =
1
3π(D2

1h1 − D2
2h2), where h1 = r1 + r2

φ2
2 and D1 = h1

φ1
2 are the height and the radius

of the bottom surface of the large cone, and h1 = r1 − r2
φ2
2 and D2 = h2

φ1
2 for the

smaller cone. Both cones share a common apex at the Tx location. Substituting r1, r2,

1 The frustum is the portion lying between two parallel planes.
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and θs into V and the corresponding result into Eq. (8.6), we obtain the following path
loss expression

L ≈ 96r sin θ1 sin2 θ2(1− cos φ1
2 ) exp[ ker(sin θ1+sin θ2)

sin θs
]

ksP(μ)Arφ
2
1φ2 sin θs(12 sin2 θ2 + φ2

2 sin2 θ1)
. (8.7)

This provides L as an explicit function of the system and geometric parameters, and
is easily applied to link analysis for a particular choice of the atmospheric parameters.
However, this model only provides high fidelity path loss approximations when the com-
mon volume is small, which limits its applicability for geometries with longer baseline
range or large common volume overlap such as can occur with wide optical field of
view.

8.3 Multiple scattering models

Next we remove the single scattering assumption, and describe models that allow mul-
tiple scattering. Generally, higher atmospheric particle density and longer propagation
range lead to a higher probability of multiple scattering, and atmospheric particles can
be quite abundant and reactive to UV photons. Thus, in some cases, a multiple scattering
model can lead to more accurate channel prediction, and the model enables separation
and study with respect to the scattering order effect.

As we will show, multiple scattering interactions of photons with the atmospheric
constituents result in additional pulse broadening beyond that due to single scatter-
ing, i.e., there is increased channel delay spread. The additional pulse spreading occurs
because, with multiple scattering, both longer and shorter path lengths are now possible.
The pulse spreading limits the channel bandwidth available for communications due to
the introduction of inter-symbol interference (ISI). Accounting for multiple scattering
also enables more accurate prediction of path loss. With multiple scattering there are
more opportunities for photons to successfully transit from the Tx to the Rx, so that the
predicted path loss under the multiple scattering model is generally less than that from
the corresponding single scattering path loss model. These channel characteristics are a
function of transmitter–receiver geometry, including transmitter beam width, elevation
angles, range, and receiver FOV. While these are crucial for UV NLOS communications
system performance analysis, there is no simple closed-form multi-scattering NLOS UV
channel model. In this section, first we review a Monte Carlo numerical technique to
obtain both the impulse response and the corresponding path loss, and then we consider
an analytical solution for the path loss.

8.3.1 Numerical Monte Carlo multiple scattering channel model

The method described here computes the impulse response due to multiple scattering
via Monte Carlo (MC) simulation of each photon’s arrival probability along with the
associated propagation delay to the Rx. Path loss can then be easily obtained from the
area under the impulse response curve as illustrated by [8].
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Following [19], the main idea of the MC method is to simulate a complex process
as a succession of elementary events whose probability laws are known. Light is
decomposed into a set of photons and each individual photon’s migration path is prob-
abilistically modeled. This process is repeated for a large number of photons, yielding
a statistical picture of the propagation channel. After emission, each photon will follow
a migration path along which it may be scattered and/or absorbed. The length of each
migration between scattering events is governed probabilistically, as is the departure
angle after scattering. Each photon has an initial survival probability that is renewed after
each migration. The photon is repeatedly migrated until it either reaches the receiver or
its survival probability is smaller than a threshold value whereupon it is considered lost.
The process is repeated for many photons, and the aggregated arrival probabilities as a
function of time represent the expected received signal intensities, corresponding to the
channel impulse response. Figure 8.3 shows a block diagram of the Monte Carlo simu-
lation method, whose details are described next. A recent paper provides pseudo-code
for an instantiation of a Monte-Carlo multiple scattering model [11].

The Monte Carlo method begins by launching a photon from the light source located
at r0 into the channel. A collimated or divergent source can be modeled. For the
configuration shown in Figure 8.1, each photon’s initial direction must be confined

Start

Initialization

Generate step size and
move photon
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Calculate new direction and
update propagation time, survival

and arrival probabilities

Survival
probability too
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Photon lost

Last photon?

End
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No
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Figure 8.3 Monte Carlo algorithm for multiple scattering impulse response.
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within the full beam angle φ1 with solid angle 2π(1− cos φ1
2 ). We place the light source

in the coordinate system such that the beam axis has a zenith angle (π/2 − θ1) and
azimuth angle 0◦. Let the initial direction of an individual photon with respect to the
zenith angle be θini, and with respect to the azimuth angle be ψini. Then, the initial
direction from the beam axis is

U = θini − (π/2− θ1).

For a uniformly distributed light source, the initial angles are generated to satisfy

cos U = 1− ξ (θ)(1− cos
φ1

2
),

ψini = 2πξ (ψ), (8.8)

where ξ (θ ) and ξ (ψ) are independent standard uniform random variables (uniform
between zero and one).

The photon trajectory is then simulated by successive migration paths among different
scattering centers. After each interaction between a photon and a scattering center, the
photon’s propagation is assumed to follow the law of single scattering until it reaches
the next scattering center or arrives at the receiver. Following this theory, the distance
between scattering interactions is given by the random variable

�s = − ln ξ (s)

ks
, (8.9)

where ξ (s) is a standard uniform random variable.
An individual photon’s spatial migration path can be uniquely described by five vari-

ables: three spatial coordinates for the position and two direction angles θ and ψ . The
photon’s spatial position can be represented with three Cartesian coordinates and the
migration direction can be described with three direction cosines from the two direc-
tion angles. The direction cosines are specified by taking the cosines of the angles
that the photon’s direction makes with each of the x, y, and z axes, respectively.
As an example, the initial direction cosines are specified by μini

x = cosψini sin θini,
μini

y = sinψini sin θini, and μini
z = cos θini. For a photon located at (xi, yi, zi) travelling a

distance �s in the direction (μi
x, μi

y,μi
z), its coordinates are updated in the 3-dimensional

geometry by

xi+1 = xi + μi
x�s,

yi+1 = yi + μi
y�s,

zi+1 = zi + μi
z�s. (8.10)

The new migration direction is governed by the normalized phase function that
describes the angular intensity of scattered light. When applied to a single photon, this
describes the scattered direction (the scattering angle). The deviation from the current
direction is determined from a standard uniform random variable ξ (μ) and the phase
function by [31]

ξ (μ) = 2π
∫ μ1

−1
P(μ)dμ. (8.11)
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Here, μ1 = cos θ , where θ is the angle of the new photon path with respect to the current
direction. A numerical solution for θ can be obtained from Eq. (8.11). Note that because
there is no azimuth dependence in the phase function, the azimuth angle ψ is then set
as a uniformly distributed random variable between 0 and 2π , and so this step provides
both angles θ and ψ .

The next step is to compute the direction cosines in the absolute Cartesian coordinate
system previously described. If a photon is scattered at angles (θ ,ψ) offset from the
incoming direction with direction cosines (μi

x, μi
y, μi

z), then the new direction cosines
are easily calculated via

μi+1
x = sin θ√

1− (μi
z)

2
(μi

xμ
i
z cosψ − μi

y sinψ)+ μi
x cos θ ,

μi+1
y = sin θ√

1− (μi
z)

2
(μi

yμ
i
z cosψ + μi

x sinψ)+ μi
y cos θ ,

μi+1
z = − sin θ cosψ

√
1− (μi

z)
2 + μi

z cos θ . (8.12)

Each photon is assigned a survival probability, initialized to one when first emitted by
the source. The probability that the photon arrives at the receiver within its FOV after n
scattering steps is given by

p1n =
∫
�n

P(cos θ )d�, (8.13)

where �n is the solid angle along the scattered direction that can be seen by the receiver
aperture of area Ar, and P(·) is the phase function defined earlier. The probability that
the photon cannot be seen by the receiver (i.e., it moves out of the receiver FOV) is thus
(1− p1n).

Between scattering interactions, the photon is modeled to move with a random step
size, and along this path we next consider energy loss between two consecutive scatter-
ing centers. The photon location changes from the (n − 1)th scattering center location
rn−1 to the nth scattering center location rn according to the direction cosine and coordi-
nate updates described above. Between these scattering centers, the propagation distance
|rn−rn−1| is given by the random variable �s in Eq. (8.9). Along this path between scat-
terers, the photon undergoes an energy loss of e−ka|rn−rn−1|, which is a function of ka.
Impinging upon the nth scattering center, the photon’s survival probability is reduced
due to this energy loss and so is updated according to

wn = (1− p1n)e−ka|rn−rn−1|wn−1. (8.14)

After the nth scattering interaction, the probability that the photon successfully arrives
at the receiver is given by

Pn = wnp1np2n, (8.15)

where p2n represents the propagation loss of the photon from the nth scattering center
to the receiver
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p2n = e−ke|rn−r′|, (8.16)

r′ is the location vector of the receiver, and ke is employed to model the path loss.
To calculate the channel impulse response, it is necessary to find the propagation time

(i.e., relative time delay) of each photon, in addition to its probability of arrival at the
detector. This is easily found from the photon migration path, and is given by dn/c,
where dn is the accumulated propagation distance dn = ∑n

j=1 |rj − rj−1| and c is the
speed of light. For example, suppose a photon undergoes N scattering interactions. Then,
associated with this photon are a set of probabilities (P1, . . ., PN), and a corresponding
set of propagation times between each pair of scatterers. The Monte Carlo procedure
is carried out for a large number of photons (e.g., M = 106 or more). To display the
expected impulse response, the probabilities are superimposed. If we denote each photon
energy by Ep, then the probabilities versus time represent the channel response due to M
photons. The curve is normalized by EPM to obtain the impulse response corresponding
to a transmitted pulse with energy equal to one joule.

8.3.2 Analytical multiple scattering path loss model

Following the same physical scattering law as the Monte Carlo technique, Ding et al.
[9] proposed a stochastic analytical method to theoretically derive the nth order scattered
signal energy collected by the detector. The model considers all photons to be stochasti-
cally scattered and/or absorbed by the atmospheric particles, and involves probabilistic
modeling of the photon direction, distance, energy loss, and receiver capture for a spec-
ified scattering order. In order to obtain the nth order scattered signal at the receiver,
we trace the migration route of a single photon through the medium, similar to [13].
The migration distance and scattering angles follow probability distribution functions
(PDFs) that are determined by Beer’s law and the phase function, respectively. The PDF
of the migration distance r is given by

fr(r) = kse
−ksr. (8.17)

The zenith scattering angle under combined Rayleigh and Mie scattering has the
following PDF

fθ (θ ) = kRay
s

ks
f Ray
θ (θ )+ kMie

s

ks
f Mie
θ (θ ), (8.18)

where f Ray
θ (θ ) and f Mie

θ (θ ) are the phase functions, and θ takes values in [0,π]. We
consider a uniform distribution between 0 and 2π for azimuth scattering angle φ because
there is no azimuth dependence in the phase function (symmetry is assumed). Thus, the
azimuth scattering angle PDF is simply

fφ(φ) = 1

2π
, φ ∈ [0, 2π ]. (8.19)

Assume a photon from a UV emitter is uniformly emitted at initial direction angles θ0

and φ0 within the beam divergence, and migrates a distance r0 before the first scat-
tering occurs. The solid angle within the beam can thus be modeled as a uniform
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random variable with a constant PDF of 1/�t, where �t is the source beam solid angle
given by �t = 2π(1− cos φt

2 ). In the current context, we use (φt,φr, θt, θr) as Tx beam
width, Rx FOV, Tx and Rx pointing angles respectively, not to be confused with nota-
tions in Figure 8.1. The probability that it is scattered in the infinitesimal solid angle
d�0 = sin(θ0)dθ0dφ0 becomes 1/�t sin(θ0)dθ0dφ0, and the probability that it moves
an incremental distance dr0 with attenuation is e−kar0 fr0 (r0)dr0. Therefore the probabil-
ity that this photon lies away from the scattering center by r0 and further moves dr0

along the infinitesimal solid angle is the product of these two probabilities

dQ0 = e−kar0

�t
fr0 (r0) sin(θ0)dθ0dφ0dr0. (8.20)

After arriving at the first scattering center, the photon is scattered and then continues
to move with attenuation. The scattering center is regarded as a secondary point source
emitting photons spatially following the scattering angle PDFs described by Eqs. (8.18)
and (8.19). From the ith scattering center to the (i+ 1)th scattering center (i = 1, 2, . . .),
a similar small probability dQi conditioned on all previous events can be written as

dQi = e−kari fri (ri)fθi (θi)fφi (φi) sin(θi)dθidφidri. (8.21)

The same procedure can be successively applied for each scattering process. We
assume each scattering is self-governed, and the distances and angles for different scat-
tering events are conditioned on previous quantities. Therefore, the arrival probability
for a photon that is scattered n times before arriving at the Rx can be derived based
on these transitions. Figure 8.4 shows the photon trajectory corresponding to n possible
scatterings.

After the n-th scattering, we focus on an infinitesimal solid angle within the receiver
FOV for the receiver to obtain this photon. Let the direction angle ψn be the
angle between the line connecting the receiver and the nth scattering center, and the
transmitter-receiver separation line. Since the FOV has angular range of [θr−φr/2, θr+
φr/2], we can confine the photon direction using an indicator function In, which equals
one when the condition (θr − φr/2) < ψn < (θr + φr/2) is satisfied and zero otherwise.
Therefore, the probability of the photon leaving the nth scattering center and reaching
the detector is

Tx Rxr

r1

r0

r2

rn

θ1

θ0

θ2

θn

θn −1

rn −1

ψn

Figure 8.4 Photon migration path for nth order scattering.
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dQn = Ine−kern fθn (θn)fφn(φn) sin(θn)dθndφn. (8.22)

The photon arrival probability after n scatterings is denoted Pn, given by

Pn =
∫ ∫

· · ·
∫

dQ0 × dQ1 · · · × dQn. (8.23)

If the UV source emits a pulse with energy Et, then the received total energy up to n
scatterings is

Er,n =
n∑

i=1

Er(i) = Et

n∑
i=1

Pi, (8.24)

and the corresponding path loss can be expressed as

PLn = Et

Er,n
= 1∑n

i=1 Pi
. (8.25)

We typically express the path loss in decibels, given by 10 log10(PLn). As n goes to
∞, the energy represents the total possible over all scattering orders. Later we will
consider some specific cases. Sometimes single scattering dominates, while for some
cases scattering up to about 4th-order can make a meaningful contribution.

8.4 NLOS UV channel measurement systems

To validate the channel models, we have experimentally measured both impulse
response and path loss, employing a UV pulsed-laser for impulse response and UV
LEDs for path loss, respectively. In this section we briefly describe the measurement
systems. In the next section we compare channel models and experimental data.

8.4.1 LED path loss measurements

Chen et al. [5, 6] describe a solar blind UV path loss experimental test-bed at 260 nm
wavelength. As shown in Figure 8.5, the transmitter employed a signal generator to feed
a current driver circuit that powered an array of seven ball-lens UV LEDs. The driv-
ing current for each LED was 30 mA, yielding an average radiated optical power of
0.3 mW. Using a beam profiler, the beam divergence angle was measured to be 17◦.
At the receiver, a solar blind filter was mounted on top of the circular sensing window
of a Perkin-Elmer PMT module MP1922. The PMT’s output current was fed to a high
bandwidth preamplifier, whose output was further sent to a photon counter for photon
detection. The LEDs, PMT, and filter were attached to Tx and Rx angular control mod-
ules, respectively. Each module utilized two perpendicular rotation stages to achieve a
precise angular control up to 360◦ in the azimuth and zenith directions. Experiments
reported below have focused on scenarios where the Tx beam axis and Rx FOV axis
were coplanar, and only Tx and Rx apex angles were adjusted. The Rx filter had full-
width half maximum (FWHM) bandwidth of 15 nm. The filter in-band transmission
was 8% and visible-band transmission was below 10−10. The PMT sensing window had
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Figure 8.5 NLOS path loss measurement system diagram.

a diameter of 1.5 cm, resulting in an active detection area of π(1.5/2)2 = 1.77 cm2. The
PMT had an average of 10 dark counts per second (10 Hz), and an in-band UV detection
efficiency of 13%. Combining the solar blind filter and PMT, the detector’s effective
FOV was estimated to be 30◦ based on the shape and dimension of the filter and PMT.

To obtain path loss L the ratio of transmitted and received power, 10 log10(Pt/Pr) in
decibels, was experimentally obtained as follows. In most of the testing configurations,
the received power was typically too weak to be measured via a power measurement
unit. Consequently, the high sensitivity PMT can be employed for photon counting, and
the number of received photons per pulse can be used for calculating L. On the other
hand, at the Tx, direct measurement of the total number of emitted photons from the
LEDs by a photon counter is impossible because the reading easily overflows the count-
ing limit. Thus, the transmitted optical power was measured using a high-performance
power meter and the corresponding photon count was calculated from the measured
power and wavelength. Each photon carries energy hc/λ where c is the speed of light,
h is Planck’s constant, and λ is the wavelength. Denoting the transmitted pulse duration
as Tp, then the average number of transmitted photons per pulse is Nt = PtTpλ/(hc).
The number of photons detected per pulse is Nd, which is a percentage of the number of
photons Nr impinging on the receiver (the solar blind filter in series with the PMT). This
is given by Nd = ηf ηrNr where ηf is the filter transmission and ηr is the PMT detection
efficiency. Finally, the path loss is given by 10 log10(Nt/Nr) dB.

8.4.2 Laser impulse response measurements

Figure 8.6 depicts a solar blind UV communication impulse response test-bed reported
by Chen et al. [7]. The critical elements include a high-power short-time pulsed UV
source, a high-sensitivity PMT detector, and a solar-blind filter with good out-of-band
rejection.

The transmitter was a compact Q-switched fourth harmonic Nd:YAG laser at 266
nm triggered by a rectangular pulse at 10 Hz from a signal generator, producing a cor-
responding laser pulse train at 10 Hz. Each pulse had width of (3–5) ns and energy
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Figure 8.6 NLOS impulse response measurement system diagram.

up to (3–5) mJ, and can be attenuated manually by a factor of 103 with an integrated
attenuator. The laser head was mounted on a rotation stage with precise motorized
angular control. A synchronization signal from the signal generator was output to the
oscilloscope at the receiver through a cable. On top of the laser output window, an opti-
cal beam expander and a UV focus lens were mounted to adjust the beam angle. The
experimental set of beam angles were obtained via offline measurements from a set of
lenses of different focal lengths.

A pulsed laser UV source was used to provide sufficient power and bandwidth to make
direct impulse response measurements. In a typical measurement scenario, at 100 m
baseline range for example, the path loss can exceed 100 dB. No commercial UV laser
diodes were available in the solar blind region. Available commercial UV LEDs deliv-
ered about 1 mW optical power, with LED arrays extending that up to 50 mW, so these
devices did not provide sufficient power for direct impulse response measurement. In
addition, the UV LED modulation bandwidths were limited to about 50 MHz, yielding
a time domain resolution worse than 20 nsec. Consequently, a Q-switched solid state UV
laser was employed. A drawback is that the laser could not be modulated at continuously
varying frequencies. Therefore, the frequency domain channel sounding technique suc-
cessfully applied for indoor infrared channel testing is not applicable, and time domain
waveform recording techniques had to be used.

At the receiver, the detector was followed by a customized high gain (34 dB)
preamplifier module at 1.5 GHz, feeding either an APD or PMT detector. A 3 GHz oscil-
loscope was used to view and record the detector output waveform. Figure 8.7 shows
the receiver response in a LOS configuration with negligible range, for both APD and
PMT detectors. The figure shows the APD has a fast response time of about 1 nsec, with
an FWHM pulse width less than 5 ns. The ripple in the tail was mainly due to electric
discharge in the detector circuit. While the APD has a fast response time, its relatively
small active area limits gain to about 102–104. Consequently, the APD is not suitable for
many high path loss NLOS measurement scenarios of interest due to inadequate weak
signal response.

Figure 8.7 shows the PMT detector output measured with LOS at negligible range.
While the PMT gain is very high (105–107), its multiple electrode structure tends to
spread the response time. The fastest commercial UV PMT available at the time of
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Figure 8.7 APD and PMT photodetector outputs due to an input laser pulse.

the experiment was a Hamamatsu PMT whose response time was about 6 ns with an
active diameter of 8 mm. The FWHM pulse width was 6.2 ns, and this represented
the minimum time resolution in the channel response measurements due to non-ideal
devices in the system, including the laser, detector, and amplifier circuitry. However, as
we will show, the channel response typically spans tens to thousands of nano-seconds.
Consequently, in the impulse response experimental results reported in the next section,
we ignore the small smearing introduced by the PMT detection process.

All subsequent results reported are based on a Hamamatsu PMT module H10304 with
an integrated high voltage circuit and active diameter of 8 mm, gain 2.3 × 106, and a
response time of 6 ns. A focusing lens and a 1-inch solar blind UV filter were mounted
before the PMT. The Rx FOV was easily changed by using a set of lenses of different
focal lengths, as in the Tx beam angle control. A mechanical module incorporated a
rotation stage to achieve high-resolution zenith angular control.

8.5 Numerical and experimental results

In this section we evaluate the channel models for some cases of interest, and compare
them with experimental measurements taken as described in the previous section.

8.5.1 Numerical results

Table 8.1 compares properties for the four models: Reilly’s single scattering model, our
closed-form approximation to Reilly’s model (labeled “Approximation” in the table),
our Monte Carlo simulation (labeled “Monte Carlo”), and our analytical path loss model
(labeled “Analytical”). The Monte Carlo technique is the most generally applicable,
incorporating multiple scattering and yielding both path loss and impulse response esti-
mates. The multi-scattering analytical model yields an expression for the distribution of
the probability of photon detection, but we do not have a closed form for the expectation
over this distribution, hence the need for the Monte Carlo approach.

Ding et al. [9] evaluated the models described above for the impulse response and
path loss, varying the geometry including range, and Tx and Rx angles. The parameters
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Table 8.1 Scattering model comparison

Model property Reilly Approximation Monte Carlo Analytical

Closed form No Yes No No
Multiple scattering No No Yes Yes
Impulse response Yes No Yes No
Path loss Yes Yes Yes Yes
Arbitrary geometry Yes No Yes Yes

Table 8.2 Atmosphere model parameters

atmosphere kRay
s (km−1) kMie

s (km−1) ka(km−1)

tenuous 0.266 0.284 0.972
thick 0.292 1.431 1.531
extra thick 1.912 7.648 1.684

were chosen to be realistic with respect to our experimental measurement systems. We
assume gas concentrations and optical features of the atmosphere as described by Table
II of [15] for middle UV at wavelength 260 nm. As we might expect, variation in the
absorption and Mie scattering coefficients indicate that weather conditions may signifi-
cantly affect the UV signal propagation. However, an explicit correspondence between
the parameter settings and weather conditions is not available in the literature. There-
fore we consider atmosphere coefficients for three cases: typical tenuous, thick, and
extra thick atmosphere conditions (corresponding to clear, overcast, and foggy), given
in Table 8.2. The tenuous condition will be adopted for all the following results unless
stated otherwise.

Figure 8.8 shows a Monte Carlo simulated impulse response (solid curve). The
geometric and model simulation parameters were set as follows: (φ1,φ2, θ1, θ2) =
(17◦, 30◦, 90◦, 90◦), range r at 100 meters, γ = 0.017, g = 0.72, f = 0.5, and the detec-
tor area is 1.77 cm2. Also shown for comparison is a single scattering impulse response
model, given by Eq. (3.13a) in [18]. Note that the multiple scattering model predicts
both higher intensity and longer duration than the model based on a single scattering
assumption, which generally underestimates the effect of scattering.

The multiple scattering path loss for an extra thick (e.g., foggy) atmosphere is plot-
ted in Figure 8.9 for four different pointing angle pairs, with the baseline range varying
from 10 to 1000 meters. The higher-order scattering in this example is enhanced due
to the thick atmosphere assumption, and highlights the need to account for higher-order
scattering in some scenarios. The path loss generally increases as the pointing angles
become more vertical, proceeding from panels (a) to (d). The curves are parameterized
by scattering order n, and indicate the predicted decrease in path loss as higher-order
scattering is incorporated. In these examples the path loss in decibels does not signifi-
cantly decrease for scattering orders above n = 4. Note in Figure 8.9(d) that with vertical
pointing angles multiple scattering (n > 1) predicts dramatically less path loss than the
single scattering (n = 1) model.
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Figure 8.8 Simulated impulse response under single and multiple scattering assumptions. The single
scattering assumption yields lower delay spread and intensity.

8.5.2 Experimental results and comparison with simulation

The calibration of our NLOS measurement system was performed in a line-of-sight
(LOS) configuration as reported in [6]. Many measurements of path loss and impulse
response have been taken outdoors using the systems described in the previous section.
We report on some of these, and compare with simulated channel response.

Using a UV LED source array, a variety of path loss measurements were carried out
with different Tx/Rx geometries and separation distances. The path loss was calculated
as the ratio between the transmitted photons radiated from the UV LEDs and the signal
photons impinging upon the receiver. The former was calculated based on the measured
source radiated power, and the latter was calculated from measured received photons
divided by the total percentage loss from the filter and PMT with receiving area of
1.77 cm2. If the path loss per unit area is of interest, then the results can be normalized
by this area.

Figure 8.10 from [5] presents path loss versus distance on a logarithmic scale, with
each curve parameterized by choice of Tx and Rx elevation angle pairs. We observe that
the path loss increases by about 18 dB for each order of magnitude increase in distance r,
i.e., path loss is proportional to r1.8 under this geometry. However, a path loss exponent
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of 1.8 is not universal and may change with geometry. For example, for range up to 10
m and Tx/Rx angle of 90◦, the path loss exponent was found to be close to 1.

Recently, a paper by Drost et al. [10] used Monte-Carlo simulation to show channel
linearity in the absence of a LOS link. They also observed that the nonunity path loss
exponent obtained form experiments could be due to a nonideal LED beam pattern and
the detector. Weak emission outside the main beam width can create a line of sight
path that may impact the measured channel response. This highlights a difficulty with
measuring scattering channels.

Figure 8.11 from [32] compares path loss measurement and simulation assuming sin-
gle scattering. The model parameters matched the experimental measurement system as
closely as possible, and assumed a tenuous atmosphere, with the measurements taken
outdoors on a clear day. The simulation shows a reasonable agreement, within a few dB.
In general, as expected, we observe that the loss increases as either the Tx or Rx angle
increases. This is due to the longer propagation path as well as the inherent scattering
loss.

A series of impulse response measurements were also obtained, while varying the Tx
and Rx elevation angles from 0◦ to 90◦, and changing the Tx beam angle, Rx FOV, and
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baseline distance up to 100 m. The laser pulse rate was set at 10 Hz, and the output
energy after the optical beam shaping system was 3 mJ. Beam divergence was less than
3 mrad, and line width was 1 cm−1. The 270 nm solar blind filter had FWHM band-
width of 15 nm. The peak transmission was 10.4% at 271 nm, and the out-of-band
transmission was less than 10−8 at 290 nm, 10−10 at 390 nm, and 10−11 at 305 ∼ 750
nm. The spectral mismatch between the laser and the filter was found to be less than
30%. The PMT had a circular sensing window with a diameter of 8 mm, and its dark
current was 4 nA.

Figure 8.12 from [7] shows typical average impulse responses under different Tx
and Rx pointing angles at a range of 100 meters, progressing from a small angle of
10◦ to a large angle of 90◦. Each figure corresponds to averaging 50 measured impulse
responses. The resulting FWHM pulse width varies from 20 ns to 1500 ns. Note the
faster rising edge, followed by slower decay. The decay increases as the elevation angle
increases, due to the larger spread in propagation times for scattered photons. With a
smaller elevation angle (lower to the horizon), the decay becomes significantly faster
and the pulse width is decreased. Note also that, at higher elevation angles (approaching
vertical pointing), the responses have more variation from measurement to measure-
ment, and the averaged response continues to exhibit significant fluctuation, even after
averaging 50 measurements.

Figure 8.13 compares simulated impulse response with measured response, for four
different pointing angle pairs. The pulse spreading is roughly (200, 300, 400, 500) ns for
the four pointing geometries indicated in the figure captions. There is a reasonable agree-
ment between the simulation and experimental results. However, other cases have shown
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Figure 8.13 Comparison of impulse response simulation with experimental measurement.

larger error between the measurement and simulation, and continued investigation is
necessary. We conjecture that some of the mismatch between experiment and prediction
can be attributed to system calibration errors, inaccurate atmospheric parameters for the
system operating conditions, and other measurement errors.

8.6 Summary

This chapter presented analytical and experimental methods for investigating the NLOS
UV scattering channel. Both impulse response and path loss were modeled and ana-
lyzed, and simulation and experimental measurements were shown and compared.
Incorporating multi-scattering theory into NLOS UV channel modeling yields more
accurate path loss and channel delay spread estimates than single scattering theory,
especially for larger pointing angles (approaching vertical). The models provide rea-
sonably accurate path loss prediction for the cases studied, at baseline ranges up to 100
meters, as validated by extensive outdoor measurements. These results are useful for



Ultraviolet scattering communication channel 199

system design and communications link performance analysis. Topics of further interest
include developing an analytical impulse response model, developing a stochastic path
loss model, analyzing non-coplanar propagation geometry, study of multi-user channels
and multi-sensor cases, and modeling turbulence effects at longer ranges.
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9 Free-space optical communications
underwater
Brandon Cochenour and Linda Mullen

Wireless optical communications underwater is enjoying a renewed interest from
researchers due to the wide advances in laser sources and receivers, digital commu-
nications, and signal processing. Underwater free space optics (uFSO) fulfills several
niche applications for wireless communications in ocean waters. While RF communi-
cations have become ubiquitous in our everyday lives above water, the RF portion of
the electromagnetic spectrum exhibits high attenuation in seawater. Acoustics on the
other hand have long enjoyed success for detection and communication underwater,
given their ability to propagate long distances underwater (>km). However, for high-
speed data transfer (>Mbps), acoustics are at a disadvantage, as it is well known that
acoustic energy exhibits increasing attenuation with increasing frequency. Supported by
enormous growth in the telecommunications industry over the past few decades, opti-
cal techniques are garnering serious consideration for underwater communications due
to the high data rates they may provide. Additionally, as we will learn, the blue/green
portion of the visible spectrum exhibits minimal absorption in seawater. Still, scattering
of light by organic and inorganic particulates in ocean water can cause significant spa-
tial and temporal dispersion, which may have a measurable impact on link range and
available bandwidth.

This chapter serves as both an introduction to the field of light propagation under-
water, as well as a survey of current literature pertaining to uFSO. We begin with a
simple examination of a link budget equation. Next, we present an introduction of ocean
optics in order to gain an appreciation for the challenges involved with implement-
ing free-space optical links underwater. We then discuss state-of-the-art theoretical and
experimental methods for predicting beam propagation in seawater. Finally, we present
some common uFSO link types, and discuss the system-level design issues associated
with each.

9.1 Introduction: towards a link equation

The goal of any communications receiver, optical or otherwise, is to maximize the
signal-to-noise (SNR) before decisions on bits are made. In optical communications, the
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SNR is directly proportional to the optical power that is detected by the photoreceiver.
While the exact expression will vary depending on the link geometry and type, let us
assume that the transmitter and receiver are positioned in a line-of-sight configuration,
where the receiver is accurately aligned with the beam axis. The received power in this
case may be modeled by,

PR(t, r, z) = PT (t)DTLW (t, r, z)DR (9.1)

where PR(t, r, z) is the received power as a function of time (t), lateral displacement
from the beam axis (r), and range (z); PT (t) is the transmitted power, DT represents
the aperture and divergence of the optical source, and DR represents the photoreceiver
aperture and field of view. The most important term, LW (t, r, z), is the channel loss
term. Wrapped up in this single term are decades worth of experimental and theoretical
research that has aimed to characterize the spatial and temporal characteristics of light
propagation in seawater.

We might ask ourselves, “what exactly do we mean by channel loss?”. It may be
convenient to describe “loss” in terms of dispersion, in both space and time. With spatial
dispersion, we mean that the initial laser source distribution (collimated) has spread
out in space due to either natural divergence, or most likely, scattering by particles in
the water. Certainly, this means that fewer photons are incident on the photoreceiver
and hence, a lower SNR. With temporal dispersion, we refer to a loss of modulation
depth, or contrast, of the information signal placed upon the optical carrier. Temporal
dispersion underwater is result of spatial dispersion. In other words, a photon that has
been multiply scattered accumulates a path difference relative to a photon that has not
been altered by scattering. As such, spatial dispersion can limit the maximum signalling
bandwidth available in the uFSO channel.

While the end result of uFSO channel loss may be similar to that of other wireless
optical channels (i.e. – reduced range, bandwidth, reliability, etc.), the processes by
which they occur can be markedly different. In order to gain appreciation for this fact,
in the next section we introduce some basic fundamentals in ocean optics. This will
serve as a foundation for understanding how different ocean environments influence the
channel loss term.

9.2 Introduction to ocean optics

In this section, we aim to gain further insight into the complex and dynamic nature of
the free space underwater optical channel. The biological and chemical processes that
take place in seawater produce a metaphorical “soup” of particles, both organic and
inorganic.

Typically, we are concerned with “optically significant” particles, i.e. ones that con-
tribute to a measurable change to the optical properties of ocean water. These properties
can be segregated into two broad areas: inherent or apparent. Inherent optical prop-
erties (IOPs) are those that are dependent only upon the medium. Examples include
the absorption and scattering coefficients, as well as the index of refraction. Apparent
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optical properties (AOPs) depend on both the medium as well as the distribution of the
incident light source used to probe the medium and the characteristics of the system
used to measure the optical signal. Examples include the system attenuation coefficient,
or the diffuse attenuation coefficient which describes the attenuation of sunlight irradi-
ance versus depth. Depending on the circumstance, we may express link loss in terms
of either IOPs or AOPs.

We will focus mainly on IOPs, namely absorption and scattering. Consider the follow-
ing experiment where a collimated laser source and photoreceiver are placed opposite
each other, a distance z meters apart. Obviously, with no medium between the two, there
is no change in optical power along the path z, or dP/dz = 0. Now consider the trans-
mitter and receiver placed in an absorbing and scattering medium (see Figure 9.1). What
is the change in power over the path z in the presence of absorption and scattering? Intu-
itively, the change in power should be proportional to the initial power, and the path over
which scattering and absorption may occur. In this case we have,

dP = cPdz (9.2)

where a proportionality constant c (in units of m−1) has been introduced to account for
losses due to absorption and scattering. In the limit of thin slabs, Eq. (9.2) is a first-order
differential equation. Integrating both sides yields,

P(z) = P0 exp(−cz). (9.3)

This result is commonly referred to as Beer’s Law, and describes the power received
P(z), given initial power P0, after traveling through a medium of thickness z. We refer to
the variable c (m−1) as the beam attenuation coefficient. Note that the total attenuation
is equal to the sum of absorption and scattering, or c = a + b. In a completely absorb-
ing or completely scattering medium, the total attenuation coefficient in Eq. (9.3) can
be replaced with the absorption coefficient (a m−1) or scattering coefficient (b m−1),
respectively. As we will later see, the absorption, scattering, and total attenuation coef-
ficients are functions of wavelength. It is also common to refer to the product cz as the
attenuation length. For example, at one attenuation length, the received power would be
decreased by a factor of exp(−1), or ∼63%.

Laser
Receiver

Z

dz

Figure 9.1 The differential loss in intensity of an optical beam propagating in an absorbing and scattering
medium.
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Beer’s Law represents our first step towards characterizing the channel loss term,
LW (t, r, z), in Eq. (9.1). Obviously, Beer’s Law is only a partial estimation of channel
loss as it ignores the temporal and spatial dependency inherent in LW (t, r, z) and only
includes range dependency. In fact as we will later see, the applicability of Beer’s Law
is limited only to a certain amount of attenuation lengths even in this simple LOS con-
figuration. In these cases, attenuation is still exponential, but with a coefficient other
than c = a + b. Regardless, the point we wish to make here is that overcoming an
exponential loss term when designing the uFSO link is no trivial task. Nature has not
been kind.

It may now appear obvious that in order to further characterize the overall attenuation,
we must know more about the absorption and scattering properties of the organic and
inorganic particles found in seawater. The following sections present a brief introduction
to the processes that govern absorption and scattering in seawater.

9.2.1 Absorption

9.2.1.1 Absorption by pure water
We first consider the absorption properties of pure water, without the presence of any
optically significant particles. Here, photons are absorbed through a transfer of energy to
water molecules by way of ionization/electronic excitation, or vibrational or rotational
excitation of water molecules. The absorption spectra of pure water has been exhaus-
tively measured over the decades with increasingly accurate apparatuses (for example,
[47], [43]). A summary of these measurements is shown in Figure 9.2 from 300nm–
700nm where we see that the absorption coefficient exhibits a clear minimum in the
“blue/green” portion of the spectrum between 400–500nm. The variability between
measurements is due to the extreme sensitivity and wide dynamic range needed by
instruments to measure absorption coefficients that are already quite negligible to begin
with.

It had been posited that perhaps the variation in absorption coefficient observed in
the blue/green region may have been due to variations in temperature and/or salinity
between studies. However, studies have shown that the dependence on temperature and
salinity of the absorption spectra of both pure and salt water is rather negligible for
visible wavelengths [39].

To further illustrate the potential impact of pure water absorption on the uFSO link,
the link loss as a function of range using results from [43], is shown in Figure 9.3 at
various wavelengths. Note that red wavelengths exhibit > 25dB more attenuation than
blue/green wavelengths at 10 m in pure water. The loss is even more devastating at IR
wavelengths used in atmospheric FSO or fiber optic links. In other words, from a system
design point of view, the uFSO link designer is largely unable to take advantage of the
high degree of technical maturity of many of the IR technologies developed for other
optical communication links, as IR wavelengths exhibit significantly more absorption in
water than visible wavelengths do. We will discuss more about these system trade-offs
later in the chapter.
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Figure 9.2 Absorption properties of pure water between 340–700nm. Data reproduced from [47]
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9.2.1.2 Absorption by colored dissolved organic matter
Colored dissolved organic matter (CDOM) (also known as yellow substance or
gelbstoff) is the result of dead or decaying organisms and cells. Absorption due to
CDOM is high in the UV and blue, and typically falls off exponentially with wave-
length (see for example, [26]). As we will later see, this tends to shift the wavelength of
minimum absorption from the blue into the green.

9.2.1.3 Absorption by phytoplankton
The word “phytoplankton” is derived from Greek words that translate literally to “wan-
dering plant.” As its name suggests, phytoplankton produce energy via photosynthesis,
and therefore it is often found near the water surface where sunlight is abundant.
As such, phytoplankton plays a significant role in the absorption of light in the sea.
Chlorophyll-a is a main “ingredient” in the phytoplankton photosynthesis process, and
tends to exhibit strong absorption to UV, blue, and red wavelengths ([33], [44]). (For
the non-specialist, this is precisely the reason that the leaves of trees, which also contain
cholorophyll-a, appear green).

While beyond the scope of this discussion, the impact of chlorophyll-a on the absorp-
tion coefficient in seawater depends on the amount of pigment contained within a
phytoplankton species as well as the concentration of phytoplankton in the water. Addi-
tionally, concentration and species can be depth dependent. Suffice to say, the window
of minimum absorption at blue wavelengths for pure water observed in Figure 9.2, tends
to shift towards green wavelengths in waters containing phytoplankton.

9.2.2 Scattering

Scattering is the process whereby a photon’s path is altered by interaction with a
molecule or particle. Mobley [33] separates scattering into three broad regimes:

1. Molecular scattering (<<λ): Scattering caused by local molecule density fluctua-
tions. For example, local concentrations of sea salts in pure seawater.

2. Scattering by “large” particles (>λ): Particles typically 10 times λ are consid-
ered “large” particles. These are the organic and inorganic particles that typically
dominate the scattering properties of seawater.

3. Turbulent scattering (>>λ): Temperature, pressure, or salinity changes that cause
significant changes in the index of refraction.

9.2.2.1 Molecular scattering
Scattering by pure water arises from the random nature of molecular motion. Scattering
by pure seawater is similar, though with the included contribution of various salt ions
found in seawater. The scattering coefficient for pure water and pure seawater is found
in Figure 9.4 [34]. The slight increase in pure seawater is due to the extra contribution
from salt ions. However, in relation to the absorption coefficient, Figure 9.4 shows that
scattering of pure water contributes minimally to the overall attenuation. As such, we
will focus our discussion on the scattering caused by large particles.



Free-space optical communications underwater 207

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

300 350 400 450 500 550 600 650
Wavelength (nm)

S
c
a
tt

e
ri

n
g

 c
o

e
ff

ic
ie

n
t,

 b
 (

/m
)

Pure sea water

Pure water

Figure 9.4 The scattering coefficient for pure water and pure seawater as a function of wavelength. Losses
due to scattering are less than those due to absorption for pure water at blue/green wavelengths.
Data from [34].

Laser

ϕ
θ

Re
ce

iv
er

d Ω

Figure 9.5 Geometry for defining the VSF.

9.2.2.2 Scattering by large particles
Perhaps the most obvious question to ask when beginning a discussion on scattering
by large particles is that given a scattering particle(s), what is the angular distribution
of the scattered light? To answer this, it is instructive to consider the following mock
experiment in Figure 9.5.

A collimated beam of power P0 is incident upon an infinitesimally thin slab of parti-
cles of length dz. Light scatters into the polar angle θ and azimuth angle φ. At distance
r, a detector with area A subtending a solid angle d� measures the scattered intensity.
The received power at the detector can then be expressed as,
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PS (θ ,φ) = P0β(θ ,φ)dzd� (9.3)

where we have introduced a term β(θ ,φ) that describes the angular distribution of light.
Rearranging terms,

β(θ ,φ) = PS (θ ,φ)

P0dzd�
(9.4)

Note that the received scattered differential intensity is dI(θ ,φ) = PS (θ ,φ) /d�
(W sr−1). Also, if the incident power illuminates an area on the slab dA, then the inci-
dent irradiance is E = P0/dA (W m−2). If we consider the incident beam illuminates
an infinitesimal volume dV = dzdA, then Eq. (9.4) can be re-written as,

β(θ ,φ) = dI(θ ,φ)

EdV
(9.5)

Thus, the physical meaning of β(θ ,φ) is the scattered intensity (in direction (θ ,φ))
per unit incident irradiance per unit volume. Therefore, β(θ ,φ) is often referred to as
the volume scattering function (VSF) and has the units m−1 sr−1. Integrating the VSF
over all 4π steradians is analogous to determining the “strength” of scattering over all
angles.

b =
∫
φ

∫
θ

β(θ ,φ) sin θ dθd φ = 2π

π∫
0

β(θ ) sin θd θ (9.6)

We refer to b as the scattering coefficient (in units of m−1). Note that the last step in
Eq. (9.6) arises due to the fact that we have assumed a spatially homogenous medium,
and that the VSF is symmetric in the azimuthal direction. If we take the VSF (angu-
lar distribution of scattered light) and normalize it by the scattering coefficient, b, we
have

p(θ ) = β(θ )

b
(9.7)

which is commonly referred to as the phase function. A warning to the reader, despite its
name, the phase function has nothing to do with any phase. Rather, it borrows its name
from astronomy, where it is used to describe how solar fluxes are reflected versus angle.
Other popular names for the phase function include scattering diagram or scattering
indicatrix.

One may ask what physical meaning the phase function would have, given that we’ve
already described the distribution of scattered intensity with the VSF. While the exer-
cise is left to the reader, integrating Eq. (9.7) from θ : 0 → π results in unity, which is
the requirement for a probability distribution. As we will see later, probability distribu-
tions are useful in analytical and numerical modeling techniques for simulating optical
propagation underwater.

9.2.2.3 Phase functions of natural waters
In the 1960s and 1970s, a great deal of work was performed at Scripps Insti-
tute of Oceanography in San Diego, CA aimed at characterizing the visibility of
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ocean water. While these studies were initially aimed at characterizing underwater
photography, the timing of the experiments also coincided with the development
and commercial availability of laser sources. The result of these studies was a wide
body of data that provided great insight into how collimated laser light propagates in
seawater.

One particularly important series of studies were measurements of various VSFs pub-
lished by Theodore Petzold in 1972 [40]. While the exact shape of the VSF is dependent
on geographical location and depth, Petzold’s VSFs are still often cited as being largely
representative of typical ocean waters.

Petzold’s measurements are shown in Figure 9.6, along with the VSF of pure water.
Note that the general shape of each VSF is extraordinarily similar in that they are highly
peaked in the very near forward direction as compared to pure water. This suggests
that for each scattering event, a photon is most likely to continue in a similar direction
from which it came. It should be noted that the unique shape of ocean VSFs are due to
the shape of the particle, as well as its size relative to the incident wavelength. For the
interested reader, Bohren and Huffman [7] provide an excellent analytical treatment on
the scattering properties of small particles.

Also shown in Figure 9.6 is the VSF of Maalox antacid, whose basic ingredients
(aluminum hydroxide and magnesium hydroxide) were discovered to make an excellent
laboratory replacement for real ocean particles due to its similar peaked shape at small
angles [20]. Later, we will discuss the differences between different scattering agents
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Figure 9.6 The VSF of various ocean water types as measured by [40].
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Table 9.1 Representative absorption, scattering, and total attenuation
coefficient values as measured by [40].

Water Type a(/m) b(/m) c(/m) w0

Clear ocean 0.114 0.037 0.151 0.245
Coastal ocean 0.179 0.219 0.398 0.55
Turbid harbor 0.266 1.824 2.19 0.83

commonly used in laboratory experiments, and how these differences may influence the
extrapolation of results to real world environments.

9.2.3 Scattering albedo

Scattering albedo is another useful metric derived from the scattering and absorption
IOPs. Quite simply, it is the ratio of scattering to total attenuation, or,

ω0 = b

c
. (9.8)

In high albedo waters, a photon is more likely to be scattered. Naturally, in low albedo
waters, absorption plays a larger role in overall attenuation.

Table 9.1 shows representative values of the scattering and total attenuation co-
efficient, as well as scattering albedo for a variety of ocean water types at 530 nm (as
measured by [40]). The table illustrates the differences in absorption and scattering that
could be expected in different water types. Naturally in clear open ocean waters, the
overall attenuation coefficient is low. Also note that the scattering albedo is low in clear
ocean waters, meaning that the majority of attenuation is due to absorption. In contrast,
for turbid waters (for example, a harbor), the attenuation coefficient can be quite high.
Additionally, turbid waters often have higher scattering albedos, meaning that the over-
all attenuation is dominated by scattering. We will see how the balance of absorption
and scattering can affect the uFSO link in later sections.

9.2.4 Turbulence

Readers with experience in atmospheric optical links are more than familiar with the
concept of turbulence. Turbulence is often caused by changes in air temperature, which
result in changes of the refractive index, n, of the surrounding air. These refractive index
changes are seen by the optical beam as it propagates through the air, causing it to bend
and turn. The impact on an optical communications link can be significant, as turbulence
causes the beam to wander at the receiver aperture, causing fluctuations and dropouts in
the link. For schemes that encode information using the coherence of the optical signal,
the effect of turbulence can be devastating.

Similar situations exist underwater, as the refractive index of seawater can change
as functions of temperature, salinity, pressure, and wavelength. Austin and Halikas [4]
(also from the Scripps Institute) compiled several studies in this area and developed
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parameterized algorithms to determine the index of refraction over a wide range of
conditions. In general, they found that n decreases with increasing temperature or
wavelength, and n increases with increasing pressure or salinity. In general though, the
value does not fluctuate more than a few percent, and a value of n = 1.33 is widely used,
particularly for blue/green wavelengths. Furthermore, when in the presence of large par-
ticles (as is often the case in ocean waters), large particle scattering tends to dominate
over fluctuations due to refractive index in the sea. This is especially true in short-range
links (10s of meters) where significant temperature, pressure, or salinity changes are not
to be expected.

In general, we will consider turbulence a negligible, secondary effect. However, tur-
bulence may be an issue in open ocean waters where large particle scattering is at a
minimum and link ranges could be expected to operate at 100 m or so. While there
has been work in examining very small angle scattering and coherence properties of
laser beams in ocean water, there has been little that examines the exact effect on the
underwater communications channel specifically. Some researchers are taking note, as
Simpson, Hughes, and Muth [46] looked at MIMO techniques for measuring fading due
to turbulence and bubbles for uFSO links.

9.2.5 Apparent optical properties

The absorption and scattering coefficients, as well as the volume scattering function,
are considered inherent optical properties (IOPs). This is to say, they are properties that
depend only on the water, or the particles contained within them. Apparent optical prop-
erties (AOPs) are similar to IOPs, but also depend on the distribution of the light used
to measure them. For example, AOPs are useful in determining the amount of ambient
light undersea. In this case, the initial distribution of the sunlight on the surface, angle
of arrival, atmospheric conditions, etc., are all dependent variables. One of the more
common AOPs is the diffuse attenuation coefficient, KD, which can be used to describe
the exponential attenuation of the downwelling plane irradiance of the sun. The spectral
dependency of KD is largely dependent upon the IOPs of the water, which obviously
varies between geographic locations. In an effort to bring order to the spectral depen-
dency measurements of KD in various locations of the world, Jerlov [26] proposed a
classification system to group like bodies of water together. In Figure 9.7, the attenua-
tion (in dB/m) for different Jerlov water types are shown as a function of wavelength.
Note that in more turbid waters closer to land, the wavelength of minimal attenuation
shifts from blue wavelengths to green. This is due to the increased concentration of par-
ticulate matter (organic and inorganic) in these regions. Because KD is a measurement of
diffuse sunlight, as opposed to a collimated laser source, the data presented in Figure 9.7
may be more indicative of a NLOS link rather than a point-to-point link. Regardless, the
reader can gain an intuitive feel of the relative differences in loss between real water
types.

Another example of an AOP is the system attenuation coefficient, defined here as ksys,
which depends not only on the water optical properties and source distribution, but also
on the characteristics of the system used to make the measurement. To see the value
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Figure 9.7 Approximate loss in dB/meter for various ocean waters as defined by Jerlov (data adapted
from [26]).

of ksys, let us consider the line-of-sight configuration. We have seen that using the total
attenuation coefficient, c = a+b, in Beer’s Law can accurately describe the line-of-sight
scenario (i.e. Eq. (9.2)). This model for channel loss is predicated upon any photon that
is absorbed or scattered does not contribute to the received optical power at the photore-
ciever. However, now consider a scenario where there is significantly more scattering
events. Here, multiple scattering causes photons that were once “lost” to scatter back
into the receiver aperture and field of view. In this case, the photoreceiver collects more
light than predicted by the attenuation coefficient. Additionally, we might consider the
effect of increasing the receiver aperture and field of view. This would certainly increase
the collection of scattered light.

The point is that modeling optical power loss by the attenuation coefficient, c, is
only valid if we assume that only non-scattered light is collected. If scattered light is
collected (due to either significantly turbid waters, a change in system parameters, or
both), then another term must be used to describe attenuation. This “other” term is ksys,
and it provides us with the ability to modify Beer’s Law as given in Eq. (9.2) to account
for both properties of the water (multiple scattering, ratio of scattering to absorption,
etc.) as well as the properties of the system (receiver aperture, field of view, source
divergence, etc.).
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9.2.6 Relating AOPs to IOPs

It should be clear now that it is important for the link designer to take into account both
the environment as well as the system design when determining how to predict uFSO
channel loss. Said another way, while the IOPs may be used to characterize the water
and its constituents, it is an AOP that is often measured by the system. Understanding
this relationship is crucial.

We now formalize the above discussion, following the notation of [10]. We begin by
modifying Eq. (9.2) as,

P(z) = P0 exp(−ksysz) where ksys = a+ (1− η)b (9.9)

where we have introduced a scattering factor 0 ≤ η ≤ 1 that is used to account for the
collection of multiply scattered light. Observe that a high scattering factor effectively
scales down the scattering coefficient. Intuitively, this makes sense since the collection
of scattered photons would have the net effect of reducing the attenuation due to scat-
tering. A scattering factor of unity physically means that we have collected all light that
has been scattered. In this case, the received power will be attenuated by the absorption
coefficient. A scattering factor of 0 physically means that we have collected none of the
scattered light. In this case, Eq. (9.9) reduces to Eq. (9.2), since ksys = c. As we will see
in later sections, neither Eq. (9.2) nor Eq. (9.9) can fully describe the attenuation for all
ranges or water types. More often, we find that attenuation is exponential by c in low or
minimal scattering regimes, and by ksys in multiple scattering regimes.

9.3 Channel characterization: theory

In the previous section, we learned about some of the physical properties of ocean water,
and gained insight into their potential impact to the uFSO link. We saw that while IOPs
can be used to characterize the water, the exponential attenuation given by Beer’s Law
using the beam attenuation coefficient may only provide a first-order understanding of
the ocean channel. In reality, we must consider physical subtleties like multiple scatter-
ing, or the balance between the degree of absorption and scattering, as well as system
subtleties such as aperture, field of view, pointing and tracking, etc.

It should be clear at this point then, that in order to more accurately model uFSO
links, we should simply find a way to express the spatial and temporal characteristics
of a propagated laser beam at all points in space. Once this is known, one can accu-
rately predict both the expected received intensity, as well as the maximum bandwidth
available, at all points in the underwater channel.

On the surface, this seems like a simple task. After all, based on our previous discus-
sions in the last section, we have the ability to accurately measure absorption, scattering,
and phase functions of seawater. In reality however, arriving at a complete spatial and
temporal description of the light field at all points in space is easier said than done. For
example, while we may be able to describe the probability distribution of scattering ver-
sus angle of a single photon interacting with a single particle, how do we extrapolate this
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to millions of photons interacting with millions of particles, altering their paths many
times over the length of propagation?

The starting point for many theoretical descriptions is the Radiative Transfer Equation
(RTE),[

1

ν

∂

∂t
+ �n · ∇

]
I (t, �r, �n) = −cI (t, �r, �n)+

∫
4π

β(�r, �n, �n′)I (t, �r, �n) d�n′ +E (t, �r, �n) (9.10)

where ν is the speed of light, c is the beam attenuation coefficient, t is time, �n is the
direction vector, �r is the position vector, and ∇ is the divergence operator with respect
to position �r. I is the radiance, β is the VSF, and E is the source radiance.

Simply stated, the RTE is a formulation in energy conservation: the change in inten-
sity over a differential length (l.h.s.) is equal to the extinction losses (absorption and
scattering) over that path, plus the contribution of any scattered intensity from other
places in space (r.h.s.). The first term on the right, the one that describes extinction losses
over a differential length, is simply Beer’s Law. The second term on the right-hand side
however, represents all the possible contributions of scattered intensity from all other
points in space. This term is far less simple. In any case, we see the RTE is a complex
integro-differential equation of several variables, and finding tractable solutions is no
trivial task. In this section, we introduce some of the common theoretical methods used
to describe the intensity distribution in space, as well as the temporal dispersion.

9.3.1 Numerical methods

Numerical methods, such as Monte Carlo simulations, are perhaps the most intuitive.
Numerical methods essentially “mimic” the real world by individually tracking pho-
tons through the scattering medium. Armed with information such as the absorption and
scattering coefficients, as well as the phase function, a Monte Carlo computer program
“marches” photons through a medium, and “counts” those that arrive at a particular
location. Naturally, these techniques can also account for source aperture and diver-
gence, receiver aperture and field of view, and can also keep track of the polarization
of individual photons. Numerical methods are most intuitive to understand, since we
physically “keep track” of the pathways and histories of individual photons. Naturally,
knowing the precise location of every photon allows us to determine the spatial distri-
bution of light. Additionally, because we know the path each photon travels, we can
calculate the time it takes each photon to arrive at a point in space. Comparing these
time differences that arise due to different scattering paths allows us to calculate the
temporal dispersion (i.e. pulse spread, or channel bandwidth).

Of course, numerical techniques are also the most computationally time consuming,
as millions (or billions) of photons may be needed in order to accurately simulate a
real-world application. Of course, this downside continues to become less of an issue as
faster computers with more processing power become available.

While many Monte Carlo models describing photon transport in seawater have been
reported (e.g. [29]), we wish to highlight a few new studies that were performed par-
ticularly with the uFSO channel in mind. Hanson and Radic [24] presented a Monte
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Carlo model for predicting the spreading of an optical pulse in various water types with
different FOVs. They found that at low frequency, increasing the FOV can improve the
SNR of the received information signal, because scattered light does not adversely effect
the low-frequency modulation. Conversely, at high frequencies, more temporal disper-
sion is observed. In this case, only non-scattered light maintains the temporally encoded
information. Therefore widening the receiver FOV does not provide any benefit, other
than perhaps increasing the DC component which contains no information. It is worth
noting that this result applies to the LOS link. NLOS and retro links can be different.
In general, the results show that 1 GHz rates in the LOS configuration are possible over
moderate distances (<50m) in open ocean waters. Even in worst-case harbor waters,
the 3 dB bandwidth was observed to be ∼100 MHz, which may be quite sufficient for
high-speed data transfer.

Dalgleish et. al. [17] also performed Monte Carlo modeling to investigate pulse
spreading underwater. Monte Carlo results were compared to experimental tank mea-
surements using a 500 ps (FWHM) laser source over a 12.5 m range. Results show that
the FWHM increases from ∼700 ps (∼1.4 GHz) with c = 0.4/m (cz = 5) to ∼2 ns
(500 MHz) at c = 2.0/m (cz = 25). Also presented were model results showing
the average number of scattering events versus attenuation length at various angular
receiver positions away from the main beam (see Figure 9.8). When the receiver is
on-axis, we see that on average, the received photons have undergone <5 scattering
events for cz <15. After which, a transition occurs, and the number of scattering events
shows a sharp rise with increasing attenuation length. We will later see similar transi-
tions between “minimal scattering” and “multiple scattering” regimes in later sections.

0
0

2

4

6

8

10

12

14

16

5 10

Attenuation length

A
ve

ra
g

e 
n

u
m

b
er

 o
f 

sc
at

te
ri

n
g

 e
ve

n
ts

15 20 25

0 degrees
1.22 degrees 
2.13 degrees 
3.35 degrees 

Figure 9.8 Monte Carlo results of the average number of scattering events versus attenuation length at
various lateral positions from the main beam axis. Figure courtesy of [17].
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For off-axis receiver positions, the average number of scattering events appears to grow
somewhat linearly with attenuation length.

9.3.2 Analytical methods

Analytical methods are sometimes preferred over numerical techniques because they are
more flexible, and are often less computationally intensive. The drawback to analytical
methods are that they are often complex, less intuitive, and in some cases, do not yield
tractable solutions without some simplifying assumptions. In this section, we discuss
some of these methods.

9.3.2.1 Small-angle approximation
The small-angle approximation (SAA) is a popular simplification of the RTE. While
the SAA has its origins in neutron scattering theory, its application to describing photon
transport in ocean waters was made popular by a series of papers by H. G. Wells [51–
52]. As its name suggests, the SAA assumes that scattering events are confined to near
forward angles to the beam axis. In this case, we can assume that cos(θ ) = 1 and
sin(θ ) = tan(θ ) = θ , where θ is the angle off axis. This assumption is only valid when
the VSF is peaked at forward angles. Fortunately, we have seen that this is precisely
the case for ocean waters. Also note that this effectively assumes that scattered photons
travel the same distance as non-scattered photons. This inherently means that the SAA
ignores time-dispersion.

Wells derives the beam-spread function (BSF) as f (θ , z), where θ is the angle off axis
and z is the range. Wells showed the convenience of representing f (θ , z) as its 2D Fourier
transform F(ψ , z), where

f (θ , z) = 2π

∞∫
0

F(ψ , z)J0 (2πθψ)ψdψ

F(ψ , z) = 2π

θmax∫
0

f (θ , z)J0 (2πθψ)θdθ

(9.11)

where J0 is a zeroth-order Bessel function and θmax is the maximum angle of scattering
as defined by the SAA. Equation (9.11) represent a Hankel transform, which simplifies
the 2D Fourier transform by taking advantage of radial symmetry. Wells derived the
BSF in the spatial frequency domain as,

F(ψ , z) = exp

⎡
⎣−cz+

z∫
0

S

(
ψ

r

z

)
dr

⎤
⎦ (9.12)

where S(ψ) is the Hankel transform of the VSF, β(θ ). Knowledge of the VSF allows for
transform to S(ψ). Integration of S(ψ) in Eq. (9.12) provides F(ψ , z), and transform of
F(ψ , z) in Eq. (9.11) provides f (θ , z), the desired BSF.
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Wells suggested a cone of θmax = 10◦ for the small-angle limit, though the exact
θmax can vary depending on the shape of the VSF and geometry to which the SAA is
applied. Zege et al. [54] showed that the SAA provides good results in regions where
x/z < 1, where x is the lateral distance from the beam axis and z is range. This limit on
the region of applicability is to be expected given our assumption that scattering events
are confined to near forward angles.

9.3.2.2 Vector radiative transfer modeling
Jaruwatanadilok [25] approached the problem of predicting temporal dispersion by
using vector radiative transfer theory. This theory takes into account both the spatial
and temporal dispersion, as well as modeling how the polarization changes during
propagation. The impulse response for both polarization components was modeled in
water with c = 0.305/m at 30 m and 50 m. Results show that at both ranges, the co-
polarized component is significantly more peaked than the cross-polarized component.
This should make intuitive sense, as the co-polarized component is that which should
not have undergone multiple scattering, and hence retains a high temporal resolution.
On the other hand, multiple scattering would stand to alter the orientation of the polar-
ization vector. As such, the cross-polarized component should contain mostly light that
has been multiply scattered, and this multiple scattering will result in a spread of the
impulse response. The effect of FOV on BER was also studied. Results supported the
findings of Hanson and Radic [24], as they showed a diminishing improvement in BER
when increasing FOV at high data rates. It was observed however that at short range, one
does stand to benefit from increasing the FOV, even at high frequency. This is because
at short range, there is less multiple scattering. However, as range increases, so does the
degree of multiple scattering. In this regime, the benefit of a wider FOV decreases.

9.3.2.3 Other analytical techniques
We have previously seen that a common simplification in analytical models is to apply
the small-angle approximation, and assume that all scattering events occur within very
near forward angles. This effectively ignores any time dispersion, since we essentially
presume that all photons travel approximately the same path length through the medium.
Of course, time dispersion is ignored only due to the mathematical convenience of the
first-order assumption, cos(θ ) = 1 and sin(θ ) = tan(θ ) = θ . However, by considering
higher-order effects, temporal dispersion can be included. To do this, one attempts to
describe the spatial dispersion and variation in photon transit time statistically.

Approaches may vary. Stotts [48] presents a simple statistical approach that applies
the scattering statistics of electron scattering theory to that of photons undergoing scat-
tering by large particles. In this way, he was able to calculate the average path length
difference a scattered photon has relative to a non-scattered photon. Using the speed of
light, the average pulse spreading can be given by,

�t = R

ν

{
0.30

bRθ2

[(
1+ 9

4
bRθ2

)1.5

− 1

]
− 1

}
. (9.13)
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Here, R is the link range, v is the speed of light, b is the scattering coefficient, and θ

is the mean scattering angle given by the scattering phase function. McLean, Crawford,
and Hindman [31], compared Eq. (9.13) to a Monte Carlo model, and found fairly good
agreement out to 16 scattering lengths (i.e. bz = 16). The Monte Carlo calculations
integrated a 10-m disk centered on the beam axis, and integrated over the entire plane
of interest.

More accurate statistical investigations are found in [30]. Other authors have also
arrived at statistical expressions for mean multipath time, displacement, and direction.
The interested reader is referred to [32] which presents a sufficient review of some of
the work in this area. For now, we simply note that the applicability and accuracy of a
certain method is largely dependent upon the order of scattering considered, as well as
the distributions chosen to represent the scattering process.

9.4 Experimental research in wireless optical communications underwater

Now that an appreciation for the complexities of modeling and characterizing the under-
water channel has been gained, we shift focus to present a growing body of work aimed
at experimentally characterizing the channel in both the spatial and temporal domain, as
well as efforts in validating the theoretical models presented in the previous section.

9.4.1 Spatial dispersion

In Section 9.3, we were introduced to some of the theoretical techniques used to predict
spatial dispersion. In particular, we examined the small-angle approximation that is often
used to aid the calculation of the beam spread function (BSF). Cochenour, Mullen, and
Laux [10] experimentally validated a formulation of the SAA given by Zege [53]. The
BSF can be measured experimentally in a large test tank, by scanning a photodetector
laterally to the beam axis after the beam has propagated some distance. In this way, the
intensity versus lateral distance is obtained, and can be compared to analytical results
from the model. Results from this particular experiment are shown in Figure 9.9 for
various water types. In particular, we note that in clear waters, the intensity falls off
rapidly with lateral distance from the beam. This makes sense, since under little or no
scattering, the laser source maintains much of its directionality. From a practical point
of view, this tells the link designer that in clear waters, pointing and tracking between
the transmitter and receiver are essential. It is interesting to consider that in this case,
while link range and bandwidth may be easy to achieve in the absence of scattering (i.e.
no temporal dispersion), the overall system design may be harder due to the pointing
and tracking requirements.

As turbidity increases, light is scattered into near forward angles, and the intensity
distribution spreads out away from the beam axis. As such, the power penalty asso-
ciated with off-axis viewing decreases as turbidity increases. In this sense, we might
even say scattering “helps” the link by making it less prone to pointing errors. The
reader should bear in mind however that the overall signal level will be lower due to
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Figure 9.9 Comparison of the beam spread function (BSF) between experiment and small-angle scattering
theory for various water types. From [10].

increased losses due to scattering and absorption at the higher turbidities. This is not
reflected in Figure 9.9 due to the on-axis normalization for each BSF. Furthermore,
we have not mentioned anything about how the temporal signal is affected by off-axis
viewing.

Recall our discussion from Section 9.2, where we discussed the differences between
IOPs and AOPs. We learned that while IOPs (e.g. the beam attenuation coefficient)
are useful in defining the properties of the water, AOPs (e.g. the system attenuation
coefficient) are useful in incorporating the effects of the measurement system, as well
as distribution of the light field itself (like when a collimated laser beam undergoes
multiple scattering).

With this in mind we refer to Figure 9.10, also from [10], who used a SAA model
to investigate the rate of attenuation versus range for different lateral displacements of
the receiver from the main beam axis. (A summary of the modeled “link” is shown in
Table 9.2. The reader is referred to the reference for more detail.) Figure 9.10 shows the
received intensity as a function of range for various lateral positions from the beam
for c = 0.275/m. When the receiver is accurately aligned with the transmit beam
(r = 0), the received power attenuates exponentially according to the beam attenua-
tion coefficient, c, out to z = 75 m (cz = 20), at which point a transition occurs, and
the received signal attenuates according to ksys = a + 0.16b (η = 0.84). As predicted,
under enough scattering events, multiply scattered photons make their way back into
the receiver aperture and field of view, and contribute positively to the overall received
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Table 9.2 Modeled link parameters of the data shown in Figure 9.11, from [10].

Parameter Value

Laser wavelength 532nm
Initial power 3W
Receiver aperture 8mm
Receiver gain 5× 105

Anode responsivity 3.9× 104

Q.E. 18%
Dark current (minimum detectable signal level) 20nA
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Figure 9.10 The received intensity as a function of range for c = 0.275/m. Data is shown for different lateral
receiver positions, r m from the beam axis. From [10].

signal. In some sense, the collection of scattered light can effectively extend the maxi-
mum range of operation. Had we only considered non-scattered light, we would in this
case underestimate the maximum range of operation by a factor of 2 (or about 100 m).

Another interesting conclusion comes when considering lateral receiver positions
away from the main beam axis (r > 0). At short range, the penalty for pointing
mis-match is significant. This is intuitively plausible since the water is not extremely
turbid (c = 0.275/m) and the beam has not propagated far enough to have under-
gone enough multiple scattering events that would significantly spread the beam out
in space. However, as the link range increases, the power penalty for relaxed pointing
decreases relative to on-axis viewing. In fact, after the transition point from exp(−cz)
to exp(−ksysz), there is virtually no penalty. This is because at longer ranges, the beam
has undergone so much spatial dispersion and divergence, that it approaches a uniform
distribution in space, and changes in receiver location become irrelevant.
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9.4.1.1 Characterizing ksys and the c–ksys transition
The reader may be wondering if it is possible that, given some properties of the water,
one may predict at what range the attenuation will transition between c and ksys, as
well as what value ksys will take on. In essence, we would ideally like to parameterize
ksys based upon all of the variables that influence the rate of attenuation. These would
include both the water optical properties (absorption and scattering coefficients, VSF,
etc.) as well as system parameters (receiver aperture, FOV, beam radius, divergence,
etc.). This parameterization however is no trivial task due to the number of variables
involved [13]. However, some experimental work has gone into examining the impact
of a subset of variables. Cochenour, Mullen, and Muth [12] experimentally showed the
dependence of albedo and on overall attenuation versus attenuation length, as well as
polarization. In this light, it may be more convenient to represent Eq. (9.9) in terms of
the scattering albedo. Rearranging terms results in,

P(cz) = P0 exp(−[1− ηω0]cz). (9.14)

Here we see that the natural logarithm of the received power versus attenuation length
decays with a slope m = 1− ηω0. When the scattering factor η = 0 (no scattered light
collected), Eq. (9.14) reduces to Eq. (9.2). As η → 1, the received signal is dominated
by multiply scattered light, and reduces to,

P(cz) = P0 exp(−[1− ω0]cz). (9.15)

Because ω0 = b/c ≤ 1, the received power in Eq. (9.15) decays slower versus atten-
uation length than the non-scattered regime in Eq. (9.14). Intuitively, this makes sense
since the collection of multiply scattered light in effect increases the optical power seen
at the receiver. Finally, note that in the single scattering regime (η = 0) P0 is equal to
the initial transmitted power. However in the multiple scattering regime (η → 1), P0 is
approximately equal to the received power immediately before transition.

Equations (9.14) and (9.15) describe the rate of attenuation in the single scattering and
multiple scattering regimes. We now ask whether or not we can predict at what attenu-
ation length this transition might occur. To do this, we borrow analysis from Lerner and
Summers [29], who via Monte Carlo model, found that light remains relatively confined
to the original axis of propagation for distances less than a diffusion length, where a
diffusion length is defined as,

LD = Lsca

1− 〈cos θ〉 . (9.16)

The scattering length is given as Lsca = b−1, and the term 〈cos θ〉 is the average cosine
of the scattering angle,

〈cos θ〉 = 0.5

π∫
0

ρ (θ) cos θ sin θ dθ , (9.17)

where ρ (θ) is the scattering phase function. When the VSF is highly peaked, as is the
case for ocean waters (see e.g. Figure 9.7), then the average cosine is high – typically 0.9
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or greater. Expressing the diffusion length in terms of attenuation lengths, we find the
number of attenuation lengths that the light must travel before it deviates significantly
from the main axis due to multiple scattering can be estimated as

cz >
10

ω0
. (9.18)

We have now developed, through Eqs. (9.16)–(9.18), a way to parameterize the
attenuation of multiply scattered light as a function of scattering albedo.

Experimental results of the normalized received power versus attenuation length for
three different scattering albedos at a range of 3.66m are shown in Figure 9.11, along
with the curve for exp(−cz) (dotted line). Note that in low scattering albedo waters
(ω0 = 0.55, η = 0.22), the received power attenuates according to the attenuation
coefficient, c, for a wide range of attenuation lengths. In contrast though, for higher
albedo waters (ω0 = 0.83, η = 0.88 and ω0 = 0.95, η = 0.95), we see a similar
trend that was previously observed in Figure 9.10, where the received power attenuates
according to c for low attenuation lengths (cz < 10), then at a slower rate of ksys for
higher attenuation lengths. Computing the diffusion length in Eq. 9.18 for each albedo
results in LD = 10.5, 12, and 18 for ω0 = 0.95, 0.83, and 0.55 respectively. The cal-
culated transition points are shown as dashed lines in Figure 9.11. Good agreement is
shown between the predicted and actual transition values.

How may we explain the change in slope seen in high albedo waters? For low albedo,
the scattering factor, η, is also low. Indeed, in waters that contain few scattering particles,
attenuation is dominated by absorption. This means that any light that is scattered has
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a higher probability of being absorbed, and therefore the chance of multiply scattered
light scattering back into the receiver aperture and FOV is low. As such, we expect atten-
uation by exp(−cz), even at higher turbidities, because there is little or no contribution
of multiply scattered light. Conversely, in high albedo waters (such as a turbid harbor),
an increasing η was observed. In this scenario, multiple scattering is quite likely, and
the contribution of multiply scattered light at the receiver causes the received power
to attenuate more slowly. We see then that albedo effectively “regulates” the degree of
multiple scattering. In other words, it is important for the uFSO link designer to consider
not only what the absorption and scattering coefficients are (in order to determine the
attenuation coefficient, c = a+b), but also what the relative contributions of absorption
and scattering are (ω0 = b/c).

We have seen in the previous two sections how in some sense, multiple scattering
and spatial dispersion may actually help maintain the uFSO link under a wider range
of environments and scenarios. This point has not been lost by other researchers, who
have looked at comparing the performance of different types of links under the same
environmental scenarios (see for example, [3]).

In summary, we have presented some experimental work that has attempted to vali-
date spatial dispersion models, and examined the impact of multiple scattering on the
rate of attenuation with range and/or attenuation length. We find that in cases of multiple
scattering, collecting scattered light can be useful, however only if it has not scattered
so much that the information encoded on it begins to degrade. In the next section, we
finally address this point, and present current work aimed at characterizing the temporal
dispersion seen underwater.

9.4.2 Temporal dispersion

9.4.2.1 Methods for measuring temporal dispersion
We previously mentioned that one approach for characterizing the time-dependent prop-
erties of light propagation in water is to measure the temporal spread of a short pulse
after it travels through water [17]. This information could then be converted to a fre-
quency response via the Fourier transform. The disadvantage of this approach is that it
requires a large receiver bandwidth and a correspondingly short integration time, which
limits the detection sensitivity. Another option is to use a continuous wave source that
is intensity modulated at a range of frequencies and measure the change in modulation
depth at each frequency after the signal propagates through water. This technique has
the advantage of very narrow receiver bandwidths and long integration times, which
drastically improves the detection sensitivity.

The challenge of the intensity modulation approach lies in identifying components
required for high time resolution measurements with sufficient sensitivity to overcome
the exponential loss of light in water. On the transmitter end, a high-power source is
needed in the blue-green wavelength region that can be modulated at rates exceeding
100 MHz. Although electro-optic modulators have been used in the past to externally
modulate high-power continuous wave green sources ([35], [8], [9]), they are limited
to frequencies < 100 MHz due to the capacitance of the modulator crystal. Blue laser
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diodes are beginning to appear commercially with bandwidths of a few hundred MHz,
albeit a lower output power (10s mW).

Hanson and Radic [24] reported on a system using an infrared laser diode that was
externally modulated by a waveguide electro-optic modulator and amplified by a fiber
amplifier before being frequency doubled to 532 nm. Although this source is capable of
generating modulated green light at rates up to 20 GHz, the optical power was limited
to less than 10 mW. Still, 1 GHz transmission was observed over a 2 m water pipe that
simulated coastal ocean waters with 36 dB of attenuation. It was unclear however how
the confinement of the narrow water pipe affected multiple scattering dynamics.

On the receiver end, there is a trade-off between aperture and bandwidth. A large
active area is desired to optimize the collection of scattered light, but large active areas
usually translate into poor time response due to large RC time constants. Although pho-
tomultiplier tubes (PMTs) are frequently used due to their high gain and large area,
the fastest PMTs are limited to approximately 350 MHz with an 8 mm active area.
Avalanche photodiodes (APDs) are another good choice due to their high speed and
gain, but the active area is limited to <1 mm at speeds approaching 1 GHz.

An alternative approach has been presented by Mullen et. al [37, 38], which is set up
capable of measuring the transmission of light modulated at frequencies up to 1 GHz
in simulated ocean water up to 55 attenuation lengths. The setup is based on the use
of a mode-locked laser and a custom, modified PMT for high-speed applications (the
bandwidth of this device (−3 dB) is approximately 1 GHz.). The use of a mode-locked
laser allows us to take advantage of the frequency content inherent to a train of mode-
locked pulses. These frequency components are also generated simultaneously, so there
is no need to vary the modulation frequency of the source. Furthermore, since mode-
locked lasers are capable of high average optical powers, this source is an ideal candidate
for use in measuring the frequency response of light propagating in water. The frequency
content of the received mode-locked signal is examined on a spectrum analyzer. The
average DC component is measured with a multimeter. The AC and DC components can
then be used to compute a modulation depth (MD), which is equivalent to measuring a
frequency response of the underwater channel.

9.4.2.2 Effect of VSF on temporal dispersion
The characteristics (size, shape, composition) of the scattering particles can have sig-
nificant impact on the way light propagates. Mullen et. al. [38] examined this issue by
looking at the differences between a variety of experimental scattering agents used to
simulate oceanic particles in the laboratory environment, and considered how the VSF
of each influences the temporal dispersion. The scattering agents are: Maalox, magne-
sium hydroxide (Mg(OH)2) and aluminum hydroxide (Al(OH)3), as well as a course
grade of Arizona Test Dust (ATD).

Graphs showing the MD (i.e. frequency response) as a function of attenuation
length are included in Figure 9.12 for three different modulation frequencies (0.1 GHz,
0.5 GHz, and 1.0 GHz). It is evident that for cz < 10, the results for all five scatter-
ing agents are the same: the MD remains constant for all three modulation frequencies.
However, for cz > 10, the MD began to decrease with increasing attenuation length.
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Figure 9.12 Modulation depth of various scattering agents versus attenuation length for (a)100MHz,
(b)500Mhz, and (c)1GHz. From [38].
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Figure 9.13 VSF of various laboratory scattering agents used to mimic ocean water. From [38].

For all of the scattering agents, the slope of MD vs. attenuation length increased as the
modulation frequency increased. However, at each modulation frequency, there were
differences between the slopes for each of the scattering agents. The slope was the
largest for the Mg(OH)2 data and the smallest for the Maalox data, with the slopes
for the other scattering agents lying somewhere between these two extremes.

We attribute these differences to the VSF. The VSF of each scattering agent is shown
in Figure 9.13 where the VSF data has been normalized to the beam attenuation coef-
ficient measured for each data set. The VSF for Al(OH)3 is the most forward-peaked,
followed closely behind by the VSF for the coarse ATD particles. The VSF for Mg(OH)2

has a flatter response vs. scattering angle for angles greater than one degree. Finally, the
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VSF for Maalox follows that of Mg(OH)2 except that it lacks the small peak observed
in the VSF of Mg(OH)2 at angles less than one degree.

The anticipated correlation between the shape of the VSF at small angles and the
MD of forward-scattered light is that the more peaked the VSF, the lower the loss in
MD for a given number of attenuation lengths. The reasoning behind this is that the
sharper the peak of the VSF at small angles, the lower the probability of large-angle
scattering that produces multipath time delays at the receiver. This hypothesis appears
to explain the trends for all scattering agents except Maalox. Although the Maalox VSF
has the flattest response vs. scattering angle, the MD of the Maalox data is the highest
for a given number of attenuation lengths. It is not completely understood why this is,
however it may be due to particle coagulation present at high Maalox concentrations
in the experiment, that are not present in the VSF measurements (which were made in
single scattering conditions).

9.4.2.3 Effect of scattering albedo on temporal dispersion
We have already seen how the scattering albedo impacts the rate of attenuation, and we
expect similar influences on the temporal dispersion. Mullen also conducted to evaluate
the effect of single scattering albedo on the MD of the detected signal. Graphs showing
the MD as a function of attenuation length for two different single scattering albedos –
ω0 = 0.95 and ω0 = 0.70 – for Maalox is shown in Figure 9.14. Note that the MD for
the smaller scattering albedo data (Figure 9.14(b)) remains constant until approximately
cd = 15 attenuation lengths and then begins to decrease. This is a distinct difference
from data with ω0 = 0.95 (Figure 9.14(a)) where the MD began to decrease for cz > 10
attenuation lengths.

We previously saw that Eq. (9.18) accurately predicted the transition between the
minimal scattering and multiple scattering regimes for the non-time dependent mea-
surements of attenuation. We may ask ourselves if the same holds true for predicting
the transition in the “modulation loss” portion of the frequency response curves in
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and (b) ω0 = 0.70. Data shown for Maalox scattering agent. From [34].



Free-space optical communications underwater 227

Figure 9.14. Indeed it does, as calculations show that for ω0 = 0.95, LD = 10.5 atten-
uation lengths, and for ω0 = 0.70, LD = 14.3 attenuation lengths, both of which agree
with the transition seen in the data.

9.4.2.4 Impact on link bandwidth
In order to put the preceding discussions in perspective, the frequency response for two
different scattering agents is shown in Figure 9.15 for two different albedos at cd = 20
attenuation lengths. The 3 dB bandwidth is indicated by the frequency at which the MD
is reduced by half. Here it is evident that the bandwidth of a link operating in Maalox-
enhanced water increases by nearly a factor of 2 (from 0.5 GHz to 0.9 GHz) when the
single scattering albedo is decreased from ω0 = 0.95 to ω0 = 0.70. A similar trend is
seen for the Mg(OH)2 data – the link bandwidth increases from 0.3 GHz to 0.5 GHz as
the scattering albedo decreases. These results illustrate the importance of evaluating the
effect of multiple variables – such as particle type and single scattering albedo – when
estimating the bandwidth capacity of an underwater optical link.

In summary, the results presented by [37, 38] illustrate the fact that temporal disper-
sion is very sensitive to changes in the underwater environment. Specifically, changes
in the water optical properties due to variations in both scattering (particle type)
and absorption (scattering albedo) were found to significantly influence the frequency
response. Altering the type of scattering agent did not affect the number of attenuation
lengths that the optical signal propagated before the MD decreased, though changing the
scattering albedo does. However, the improved frequency response seen in high absorp-
tion waters also reduces the overall signal level at the receiver, limiting physical link
range. Fortunately, lower albedo waters are also those that tend to have smaller beam
attenuation coefficients. Therefore, modulated light transmitted in “clear ocean” water
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(ω0 = 0.247, c = 0.151 m) can propagate a longer physical range than in “turbid
harbor” water (ω0 = 0.833, 2.19 m) for the same number of attenuation lengths before
the modulation depth is reduced.

Once the transition between MD = 1 and MD < 1 is reached, the type of scattering
particle appears to have the largest effect on the propagation of modulated light in water.
Specifically, the decay rate of the MD with increasing attenuation length is dependent on
the VSF of the scattering particle. To date, there have been no experimental comparisons
of the frequency response between various ocean water types (for example, Jerlov water
types). Such an investigation would be largely beneficial.

9.5 System design for uFSO links

As the physics of the underwater channel become more clearly understood, researchers
are beginning to look at “system-level” issues and testing uFSO links in real ocean
environments. Now that we have discussed some of the theoretical and experimental
efforts underway to describe the ocean channel, we shift focus in this section to discuss
some of the system trade-offs that should be considered by the uFSO link designer, as
well as review some related applications by researchers in this area.

9.5.1 Transceiver components

Due to the near ubiquitous presence of fiber optics in today’s world, transceiver compo-
nents in the IR are relatively mature. Atmospheric FSO links have taken advantage that
a certain degree of technological maturity already exists for the wavelengths of interest.
However, this cannot always be said for the blue/green portion of the spectrum where
uFSO links will operate.

A comparison of transmitter technology is summarized in Table 9.3. While solid-
state lasers (often frequency doubled Nd:YAG) offers the highest output powers, LED
([45], [50], [18], [19]) and laser diode sources ([14], [28], [6]) in the blue/green are
also gaining popularity due to their small size and flexibility compared to the large size
of a solid-state laser. It should be noted that fiber and fiber amplified lasers represent
an exciting new area in this field, as they have the potential to provide high powers,
flexible modulation schemes, and low size and weight requirements ([41]). LED and
laser diode sources are best suited for small platforms like underwater sensor nodes,
where size and power consumption must be minimized. Solid-state and some fiber lasers
are more suited for large platforms (such as a vehicle) where size and efficiency are
less of a concern and can be traded off for higher laser output powers. Indeed, the
“holy grail” of transmitters is a small, high-efficiency, high-power source that would
allow for closing links at long ranges or high turbidities. However, until such a source
arrives, it is necessary to make trade-offs depending on the particular platform and/or
application.

On the receiver end, PIN-photodiodes may be attractive due to their fast response
(>1 GHz) and generally low cost. However photomultipler tubes (PMTs) and avalanche
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Table 9.3 Comparison of laser transmitter sources.

Source Solid-state laser LED Laser diode

Pros • High power (> 1W) • Small, flexible, cheap • Small, flexible
• Directionality • Easy to array (for high

power)
• Can be arrayed

• Narrow spectral BW • 1Mbps easily achieved • Fast modulation (100’s
MHz depending on
wavelength and power)

• Best for long-range
applications

• Best for short/medium
range links

• Best for short/medium
range links

Cons • Size, weight, and
power

•Wide optical bandwidth • Technical maturity

• Cost • Low degree of
directionality

• Low power (unless
arrayed)

• Possible challenges in
blue/green wavelengths

• Low Power (unless
arrayed)

photodiodes (APDs) are popular due to their larger apertures and higher gains. This
is typically desirable given the large amount of attenuation undergone by the optical
signal. PMTs offer the highest gain (>105) as well as low noise. However, their
bandwidths are typically limited to <350 MHz, and custom designs are needed to
approach 1 GHz. Additionally, there is a trade-off between detector aperture and band-
width. Photodetector bandwidths can be improved by reducing the active area (and
thereby the device capacitance), however at the cost of collecting less photons. Large-
aperture (>25 mm), high-speed (>1 GHz), high-gain (>103) photodetectors are highly
desired, albeit elusive.

One must also consider detector FOV. While a large FOV may be desirable for col-
lecting as many scattered photons as possible, it may also degrade the quality of the
modulated information signal, depending on the frequency of modulation and turbidity
of the water. In general, the choice of photodetector (type, aperture size, FOV, etc.) is
largely dependent on the application (short range vs. long range, clear waters vs. tur-
bid waters, etc.), and the system engineer should take into consideration all of these
variables when choosing an appropriate photodetector.

Also, on the receiver end it may be useful to use an optical filter, particularly in envi-
ronments where solar ambient light is expected to be significant. The effect of solar
ambient is two-fold. First, it can dominate the precious dynamic range available from
the photoreceiver. We wish to reserve as much dynamic range as possible for detecting
a small amplitude laser communication signal. In addition, solar ambient light may con-
tribute to shot noise in the receiver, meaning that noise is created by an optical signal that
is not the one we wish to detect. Furthermore, if the solar ambient light level fluctuates
over time, it may create additional sources of noise that interfere with the desired com-
munications signal. Using an optical filter centered at the transmitter wavelength can
reduce the contribution of solar ambient light. The bandwidth of the filter, and hence its
ability to reduce solar ambient light, is largely driven by the characteristics of the laser
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source. For solid state (and most fiber) lasers, the bandwidth of the optical carrier can
often be <1 nm. For LED sources, the bandwidth may be 10s of nm. Narrow optical
filter bandwidths may reduce the field of view (depending on the implementation) and
may be expensive depending upon the aperture size. These are all trade-offs that must
be considered.

9.5.2 Modulation and coding schemes

A related issue to our discussion on laser sources and receivers is the choice of modu-
lation scheme. In general, there are two options. One is to use a pulsed laser (typically
solid-state, or fiber-amplified), and to implement a modulation scheme like pulse posi-
tion modulation (PPM). This is a popular choice for long-range links, or links that
traverse the air–water interface (for instance, from an aircraft to a submarine). In this
scenario, we are interested in putting as much peak power into the water as possible in
order to combat attenuations. As such, pulsed lasers are an ideal source for this. There
is a bandwidth trade-off however, as in order to achieve higher peak power pulses, the
laser repetition rate often must be reduced, meaning pulses enter the water at a slower
rate. This may be offset by using a higher-order PPM encoding, however overall data
rate is usually not preserved. As such, the trade-off between link range (or peak power)
and data rate still exists. Furthermore, high peak power lasers may be rather large and
power hungry, and are therefore not well suited for applications such as sensor nodes
or unmanned vehicles. While baseband schemes like PPM are ideal for long-range/high
peak power applications due to the inherent nature of pulsed laser action, short-range
links using lower power devices, like LEDs, may also implement some flavor of base-
band modulation. The motivation in this case is to minimize power consumption per
bit by limiting LED on-time, yet still providing sufficient information bandwidth.
(cf., [50], [19])

The other alternative is to use a bandpass modulation scheme like M-PSK or QAM
[8, 9]. Because of the continuous wave nature of these modulation formats, the peak
power available is often lower than solid-state pulsed laser sources, which may lead
to shorter range of operation (or conversely, restrict operation to clearer waters). How-
ever, higher data rates may be achieved relative to PPM. A further benefit of bandpass
modulation schemes may appear in real environments where noises around DC may be
significant (for instance, a low-frequency solar ambient fluctuation). Bandpass systems
are also beneficial in full-duplex LOS links operating at the same wavelength, or in retro-
reflector links [16]. In turbid LOS links, a receiver must be able to discriminate another
transmitter’s signal from the backscatter caused by its own transmitter’s signal. In retro
links, the receiver must discriminate the modulated retro return from the backscatter of
the non-modulated interrogator. It has been shown that in underwater laser imaging sys-
tems, using intensity modulation can reduce the impact of backscattered light. Due to the
distributed nature of backscattered light along the beam path, backscatter has a lowpass
response [35]. By using high-frequency modulation, the incoming information signal
(centered at high frequency) can be separated from a “washed out” backscatter (located
near DC). There are practical downsides to bandpass modulation schemes, depending
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on the laser source chosen. For example, in order to modulate a high-power CW source
(>1 W), large power-hungry external electro-optic modulators must be used. Further-
more, these bulk devices limit carrier frequencies to <100 MHz. Lower power sources
like LEDs or laser diodes may be used to achieve some of the above benefits, however
due to the CW nature of laser transmission, may be less power efficient than a baseband
scheme. As always, trade-offs exist.

While there have been few published studies comparing the two flavors of modulation
side by side, unpublished work from SA Photonics (San Francisco, CA) has demon-
strated both QPSK and PPM modulation schemes via a custom semi-conductor/fiber
amplified laser in laboratory test tank environments. The laser wavelength was 532 nm,
and had an output power of 1–3 W depending on the modulation scheme used. An
APD was used at the receiver. 50 Mbps QPSK data (140 MHz RF carrier) was trans-
mitted error free (<10−7) over 13.2 attenuation lengths. 15 Mbps was demonstrated
error free over ∼21 attenuation lengths using an 8-PPM modulation format. Note
that the higher peak power of the PPM pulses allowed for the error-free range to be
extended an additional∼8 attenuation lengths, albeit at the cost of a reduced information
bandwidth.

New studies are looking at error control coding for the underwater channel. Using
forward error correction (FEC) allows link operation at lower SNRs due to the error
correcting features of the coding. Cox et. al. [14], presented a 3.66m uFSO link that
implemented (255,129) Reed–Solomon coding. The transmitter was an 80 mW laser
diode at 405 nm, and an amplified photodiode was used at the receiver. The link used an
on–off keying (OOK) modulation format at 500 kbps. They showed that for a BER of
10−4, a 2.5 dB EB/N0 improvement could be gained by using FEC. In their laboratory
experiment, the FEC link could achieve the same BER as an uncoded link even though
the attenuation coefficient was 1/4 larger. Everett [21] has shown coding gains of 6.8 dB
to 9.5 dB EB/N0 using state-of-the-art Turbo Codes with rates ranging from r = 1/2 to
r = 1/6. The same work also showed a coding gain of 7.7 dB to 9.2 dB EB/N0 using
LDPC codes with code rates varying from r = 1/2 to r = 1/4. All improvements are
relative to an uncoded system with a BER of 10−4. An 80 mW laser diode at 405 nm
was used at the transmitter, with a PMT used at the receiver.

9.5.3 Examples of uFSO links

9.5.3.1 Line-of-sight (LOS) links
The simplest uFSO link geometry is the direct point-to-point link (Figure 9.16(a)).
In this case, each transmitter/receiver pair must maintain accurate line-of-sight (LOS)
between them. For static links where the transmitter and receiver are not expected to
move relative to each other, this link is fairly easy to implement. An example of such a
link is two sensor nodes, fixed to the bottom of the seafloor. For mobile platforms, such
as communication between autonomous underwater vehicles (AUVs), sophisticated
pointing-and-tracking (PAT) technologies must be implemented in order to maintain
the maximum amount of optical power density incident upon the optical receiver. We
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Figure 9.16 uFSO link geometries. (a) LOS, (b) NLOS, and (c) retro-reflector.

have already seen how spatial dispersion may actually help reduce PAT complexity, by
making the link less sensitive to changes in transmitter/receiver pointing.

Commercial transceivers for LOS links are just starting to gain visibility. Ambalux
(Tuscon, AZ) offers a simplex and full-duplex transceiver that transmits 10 Mbps,
Ethernet compatible, data. This LED-based system has been operationally demonstrated
in an 8 m link (c = 0.4/m). A version of this system has also been demonstrated at
longer ranges (z = 42m), and included active pointing and tracking [27].

Laboratory LOS links using bandpass modulation have been demonstrated by [9]
which implemented M-PSK and QAM modulation schemes using a 70 MHz carrier
with a 3W solid state CW laser and an external modulator. A PMT was used at the
receiver. Results showed that even in turbid waters (c = 3.0/m and cz = 11), no loss
of modulation depth was observed as a result of temporal dispersion due to forward
scattering, even with a large receiver FOV of ∼100 degrees. As such, the only chan-
nel impairment was due to attenuation. Therefore, with enough optical power (in this
case, ∼3 W), a 32-QAM link achieving 5 Mbps could still be closed. Previous studies
[8] suggest that at low carrier frequencies (<100 Mhz), the link is relatively immune to
temporal dispersion even up to c = 24/m (cz = 90).

Cox et. al. [15] investigated backscatter suppression in LOS links using polariza-
tion shift keying (PolSK). These links also employed UMTS Turbo Codes to minimize
data errors. PolSK links can be used to help infer information about the uFSO chan-
nel itself, due to the “extra” information inherent in the polarization sensitive signalling
scheme. Such information could be used by a transceiver to optimize its configuration
for a channel whose IOPs change as a function of time.
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9.5.3.2 Non-line-of-sight (NLOS) links
NLOS links are also of interest due to a decreased dependence on pointing and tracking
(Figure 9.16(b)). In clear waters, NLOS links are achieved by either intentionally
diverging the transmit beam, or by using arrays of high divergence sources (like LEDs).
In turbid waters, it is possible that spatial dispersion of a collimated laser source due to
scattering may have the same effect, though this is not often considered in analysis.

Researchers at Woods Hole Oceanographic Institute have begun to investigate NLOS
transceivers for the application of AUV data mining. Farr et. al. [22] have performed
link budget analysis of NLOS geometries (as well as variations of point-to-point links).
While their analysis includes attenuation by the attenuation coefficient, it does not con-
sider spatial dispersion and multiple scattering, and as such is expected to be valid only
in clearer waters. Indeed, this is likely to be the case in the open ocean application tar-
geted in their work. It was found that one disadvantage of the NLOS link is the increase
of laser power necessary due to the intentional divergence of the transmit beam. In a
clear water scenario, analysis showed that a LOS link could achieve 10 Mbps at 100 m
with 6 mW of transmit power. However for the NLOS link, a 50-fold increase in transmit
power is needed to achieve the same data rates at similar range due to use of a broader
transmit beam. That said, laser diodes of 300 mW (or arrays of LEDs totaling the same
power) are available in the blue/green, making such a trade-off reasonable. However, in
turbid waters, the increase in transmit power is expected to increase exponentially with
attenuation coefficient in order to maintain the same data rate or link range. Indeed,
follow-on NLOS experiments by [42] showed 5 Mbps at 200 m in clear waters with
c = 0.025/m. However operation in turbid waters (c = 1.25/m) necessitated a reduc-
tion in both data rate (1 Mbps) and range (30 m). While trade-off studies were performed
in [22], exact details on the experimental system, other than the transmitter operating
at 470 nm, are hard to come by (i.e. choice of transmitter/receiver, transmitter power,
receiver gain, etc.).

Penguin Automated Systems (Ontario, CAN) has developed a NLOS transceiver
for tele-robotic operations consisting of 100s of LEDs in a spherical configuration to
achieve a 120 degree transmitter field of view. Field tests with this system demonstrated
video transfer at 1.5 Mbps at 15 m in turbid lake water [5]. The exact water clarity was
not reported, nor has any details regarding the transceiver hardware.

Finally, a unique method of NLOS communications has been proposed by Arnon
and Kedar [2, 3]. In this geometry, the transmitted signal is reflected off the air–water
interface. Naturally, under normal circumstances the LOS geometry will outperform the
“reflective” NLOS link. However the real power in this unique reflective geometry lies
in its ability to mitigate obstructions between transceiver nodes.

9.5.3.3 Retro-reflector links
In the links described above, light that is modulated with information is transmitted to
a remote optical receiver. In a retro-reflector link, the laser and receiver are situated on
one end of the link where there is sufficient power and payload capacity. On the other
end of the link is a small passive optical retro-reflector that is coupled to an optical mod-
ulator (Figure 9.16(c)). When the laser interrogates a modulated retro-reflector (MRR),
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the light is encoded with information and reflected back towards the source where the
co-located receiver recovers the information signal. Retro-reflector links are ideal for
bottom dwelling sensor nodes, where maximizing battery life is essential to prolonging
the lifetime of the sensor. Replacing power-hungry items like lasers and photoreceiver
electronics for small, efficient retro-reflectors is an attractive proposal to the underwater
communications link designer.

MRR links can be seriously limited by backscatter, similar to the issue previously
discussed in full-duplex links. Mullen et. al. [36] investigated the use of polariza-
tion discrimination to suppress the backscatter signal. This approach relies on the
fact that backscattered light tends to retain its original polarization state. However,
the polarization state of the light at the retro end can be intentionally rotated so
that it is opposite to that of the backscattered light. The receiver polarizer is ori-
ented to accept the retro-reflected light while simultaneously rejecting the backscattered
light. Laboratory experimental results showed that the addition of polarization-sensitive
components increased the useful range of the MRR link by at least two attenuation
lengths.

The challenge now lies in developing an MRR device that can support modulation
speeds on the order of > 1 Mbps. While semiconductor multiple quantum well modu-
lators are typically used for atmospheric links in the IR, similar devices are difficult to
fabricate in the blue/green. Until this technology becomes more mature, micro-electro-
mechanical (MEMS) modulators appear to be the technology of choice. While these
modulators have lower bandwidths than the semiconductor modulators, they have the
advantage of operating at any wavelength. Two different MEMS approaches have been
studied. The first implements a Fabry–Perot cavity with two partially reflective alu-
minum mirrors; one fixed on a glass substrate and the other on a flexible silicon nitride
bridge. The Fabry–Perot cavity is designed such that when interrogated with blue/green
light, an applied voltage to the silicon nitride membrane will result in modulation.
This approach was recently tested in a laboratory test tank by [16]. The transceiver
used a small, compact, 20 mW solid state laser and a PMT receiver. QPSK modula-
tion was implemented at the retro. Error free transmission (<10−4) at 500 kbps was
observed up to 5 attenuation lengths, and extended to 6.47 attenuation lengths using
rate r = 1/2. Reed Solomon forward error control coding. 1 Mbps was achieved
out to 2.77 attenuation lengths, which could be extended to 3.76 attenuation lengths
with FEC.

In the second MEMS approach, a MEMS fabricated mirror was used as one of the
faces of a corner cube. By deflecting the mirror down using electrostatic actuation the
retro-reflectivity of the corner cube could be spoiled, thus modulating the light. This
MEMS structure was capable of bandwidths exceeding 100 kHz [55].

9.5.3.4 Networking
Networking underwater is an up and coming area of study. With the advent of AUVs,
ROVs, and other underwater robots, ocean exploration is poised to grow rapidly in the
future. A popular targeted application for underwater communication networks is data
mining of scientific sensor nodes. Typically, physical retrieval of the nodes is undesirable
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(or in some locations, impossible). In order to limit the frequency of costly physical
retrievals, the nodes must either have large memories, complex data processing, or low
sampling rates; none of which is particularly desirable. Acoustics could be used as a
method of wireless data transfer between the node and, say, an AUV. However due to
the slow data rates and high latency associated with acoustics, extra burden is placed on
both the sensor node and the AUV.

Researchers are now considering optics as an alternative due to the higher bandwidths
they support. On the sensor side, sampling frequency can increase now that higher data
rates are supported between the sensor and the AUV. On the AUV side, mission time is
reduced as less time is spent visiting each node since data transfer time is significantly
decreased (as compared to acoustics).

As a step towards autonomous data mining, a series of tests have been reported by [23]
using the human operated vehicle Alvin. In these tests, a compact, real-time, system was
developed to eventually fit on a small unmanned vehicle (a similar system is reported
in [42]). Results in clear water (c = 0.05/m) show error free detection at 1 Mbps out to
100 m. This study also showed full-duplex communications with the ROV Nereus. Real-
time video transfer from the ROV shows the potential for enabling real-time control
of underwater vehicles in addition to data transfer from the vehicle to a controlling
platform.

Researchers at MIT have developed prototype sensor nodes and AUVs in order
to demonstrate the potential of wireless data collection underwater (cf. [49, 50]).
These studies have used a blend of both acoustics and optics in order to accomplish
autonomous data collection. By using a blend of acoustics and optics, the system
designer can tailor the transceiver based on the expected mission. For example, it is
anticipated the acoustics can be used for location of sensor nodes at long range. This
low bandwidth information can be used to guide the vehicle within range of the opti-
cal link. Once close enough, the optical link will be used for high-speed data transfer.
Should the optical link be broken, or the vehicle move out of range, the acoustic link
can still be used to transmit data, albeit at a slower rate. In addition, the low bandwidth
acoustic link can be used for network activities such as medium access and node dis-
covery. These items can occur in the background during a UUV mission, leaving the
optics only for the high-speed data transfer at mid to close range. The most recent ver-
sion of the optical transceiver has been shown to operate a 2.28 Mbps over 50 m in clear
pool tests [19]. The transmitter is an array of 470 nm LEDs, resulting with a total out-
put of 10 W. An APD is used as the photoreceiver. While yet reported, the FPGA-based
hardware can support several different modulation schemes, providing a software radio
approach to underwater communications. Previous versions of the optical transceiver
have been used for wireless underwater robot control in a clear pool 13.7m × 7.3m in
dimension [18].

A slightly different application is considered by [1], opting for an all-optical approach
to networking. Here, the authors considered small sensor nodes oriented in a star-like
topology, where several nodes all transmit information to a larger “cluster head” node.
The cluster node must implement some method of medium access control (MAC) in
order to handle contention between its “slave” nodes. Unlike RF protocols, which can
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attempt to, “sense” the medium to determine whether or not another node is transmitting,
the directional nature of FSO communications makes it largely impossible to know if
a nearby slave node is attempting communication with the master node. As such, it
is the job of the master node to (1) determine which nodes are trying to send data,
and (2) adaptively regulate the medium between those nodes in order to avoid data
stream collisions. The custom protocol developed also runs adaptively, meaning that it
can handle slave nodes that move in and out of the master node’s range. Such a capability
would be highly desired, for instance, in an underwater network with swarms of AUVs.

9.6 Summary

Presented in this chapter is the unique and quickly growing area of wireless optical
communications underwater. The underwater channel is a complex environment that
has many challenges not seen in other FSO links. Researchers are currently employ-
ing both theoretical and experimental tools to characterize the spatial dispersion (beam
spreading) seen underwater due to scattering.

In our discussion of spatial dispersion, we find that for attenuation lengths less than a
diffusion length (as given by Lerner and Summers in Eq. (9.18)), the only effect of the
water on the optical signal is an exponential reduction in power, as given by the attenu-
ation coefficient. Furthermore, the channel appears to support frequencies up to 1 GHz
(and possibly beyond). We can broadly assume then that in this “minimally scattered”
regime, that the only “loss” is due to the exponential attenuation given by the IOPs.
Theoretical modeling has shown that in this regime, performance may also be sensitive
to changes in system parameters like FOV.

Beyond a diffusion length however, both spatial and temporal dispersion begins to
have a more marked effect. We have denoted this as the “multiple scattering” regime.
Here, the rate of attenuation is given by ksys, due to the contribution of scattered light.
While it may be beneficial that the intensity decreases at a slower rate in this regime,
we have also seen that the frequency response supported by the water begins to decay as
well. This rate of decay is largely influenced by the shape of the VSF. While it has yet
to be developed, we foresee a similar “ksys” term for describing the rate of modulation
loss versus attenuation length or range. Regardless, it should be obvious that in the
multiple scattering regime, the “loss term” can be dependent on different variables and
in different ways than the minimally scattered regime.

The point we wish to make here is that while experiment and modeling are begin-
ning to help the link designer understand how both the environment and system impacts
the link, we have barely scratched the surface in achieving an exhaustive parameteri-
zation of all possible regimes. Furthermore, characterizations will most certainly vary
for different links (LOS, NLOS, retro, etc..). Continued investigation remains a signifi-
cant, non-trivial task both in experiment and simulation. Regardless, we see that as the
physics of propagation is becoming better understood, “real-world” systems will also
improve in terms of technical maturity.
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10 The optical wireless channel
Roger Green and Mark Leeson

10.1 Introduction

Infrared (IR) indoor optical wireless (OW) potentially combines the high bandwidth
availability of optical communications with the mobility found in radio frequency (RF)
wireless communication systems. So although IR is currently overshadowed by a mul-
titude of home and office RF wireless networking schemes, it has significant potential
when bandwidth demand is high. Compared to an RF system, OW offers the advanta-
geous opportunity for high-speed medium- to short-range communications operating
within a virtually unlimited and unregulated bandwidth spectrum using lower-cost
components. Furthermore, OW systems may be securely deployed with immunity to
adjacent communication cell interference because the signal radiation cannot penetrate
opaque barriers such as walls. Low transceiver costs, coupled with rapid deployment
and compatibility with the existing optical fiber communication systems mean that OW
is an attractive alternative when fiber deployment is difficult [1], [2]. Moreover, band-
width congestion in the RF domain has led to the installation of optical hotspots in
public buildings and application-specific OW hotspots can be integrated into future
office designs [3]. Optical wireless communication has attracted considerable attention
from the academic community. From its short-distance, low-speed origins [4], OW has
become a viable addition to communication systems with promising prospects, having
passed the 155 Mbps indoor landmark during the 1990s [5]. In recent years, techniques
such as multispot diffusion (MSD) [6], angular diversity [7], and rate adaptive modula-
tion [8] have been adopted as will be discussed later in this chapter. Furthermore, the
conventional RF community has now accepted that optical wireless is part of the elec-
tromagnetic communication spectrum thanks to work by the Wireless World Research
Forum [9] and the continual work of the commercial Infrared Data Association (IrDA)
[10]. Current diverse application requirements suggest that the future communication
framework will benefit from a combined RF and optical infrastructure [11]. Neverthe-
less, the technology is not without its drawbacks compared to RF techniques. A base
station needs to be situated in every room and the signal is susceptible to the intense
ambient background light from the sun, incandescent and fluorescent lights. Thus, the
first sections of the chapter provide a brief overview of the system configurations,
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sources, detectors, and filters used for OW followed by consideration of bit error rate
(BER) performance in typical indoor scenarios.

10.2 System configurations

Indoor OW network topologies are classified according to the degree of directionality
of the transmitter and the receiver, and on the existence of a direct path between them.
Based on these factors, optical wireless links are classified as: directed, non-directed,
or hybrid. Depending on the existence of a direct path between the transmitter and
the receiver, wireless IR links can be classified as line-of-sight (LOS) or non line-of-
sight (non-LOS) [12]. Directed links do not suffer from multipath distortion. They also
improve power efficiency because, in the case of the transmitter, the emitted energy
is concentrated into a narrow beam (which results in more power per unit area at the
transmitter). In the case of the receiver, the detector can incorporate a directive optical
element of high gain (which increases its sensitivity). A narrow emission beam trans-
mitter and a narrow field of view (FOV) receiver allow the transmitted optical power to
be reduced (for a given distance). This improves the power budget of the system as well
as eye safety. LOS links improve power efficiency and minimize multipath distortion.
Non-LOS links, on the other hand, increase link robustness as they base their opera-
tion on the use of reflective surfaces, which allow the system to operate even when
obstacles exist between the transmitter and the receiver. This means that alignment
between the transmitter and the receiver is not necessarily required. The main disadvan-
tage of the LOS configuration is the possibility of blocking from persons and objects
and the fact that it sometimes requires careful alignment of the transmitter and the
receiver.

Taking into account the individual characteristics of the directed and of the LOS links
it is not difficult to realize that the configuration that provides better power efficiency
and minimum multipath distortion is directed-LOS. The main drawbacks of this con-
figuration are its limited coverage and its susceptibility to blocking. A special case of
this configuration is the tracking system, which benefits from the advantages offered
by directed-LOS links, but provides a wide coverage at the same time. Unfortunately,
mechanical tracking systems are expensive and increase system complexity. Other
options developed to minimize multipath dispersion and to optimize power consumption
include the use of quasi-diffuse transmitters and angle diversity receivers [13].

A potentially attractive configuration is the non-directed non-LOS or diffuse link. In
this topology, careful alignment between the transmitter and the receiver is not required
because the FOV of the receiver and the emission beam of the transmitter are wide.
This, and the fact that this configuration makes use of the reflective properties of ceil-
ings and walls to distribute the energy as uniformly as possible in a close environment,
implies that this topology also provides maximum coverage and mobility. Furthermore,
this configuration presents the advantage of being able to operate even when persons
and objects are blocking the direct path between the transmitter and the receiver. The
main disadvantage of the diffuse configuration is that it presents maximum multipath
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distortion spreading the transmitted pulses, introducing intersymbol interference (ISI)
and causing loss of pulse amplitude. This means that a maximum transmission speed
can be calculated depending on the size of the room where the communication link is
operating.

10.3 Optical sources

One of the advantages of optical wireless is that it leverages the transmitter and receiver
developments in optical fiber systems to offer inexpensive solutions. There are two basic
source choices, namely the light emitting diode (LED) and the laser diode (LD). The
common range of wavelengths for operation is 780 nm to 950 nm [14] since there are
readily available off-the-shelf devices in that band. Utilization of longer wavelengths
(typically 1300 nm and 1550 nm) precludes the use of cheap silicon detectors and GaAs
laser diodes [15] thus adding to the cost. The choice between LEDs and LDs depends
on the application and the configuration where they are to be used. LEDs, for instance,
are preferred for hybrid LOS or non-LOS short-distance indoor applications that require
some degree of mobility. This is because, as they emit a broad beam, careful alignment
of the receiver and the transmitter is not required. Also, LEDs are generally cheaper and
harder to damage than laser diodes, and they are allowed to emit higher optical powers
without damaging the human eye. Furthermore, LED driver circuits are simpler and
LEDs do not require stabilization against temperature variations. LDs, on the other hand,
are often preferred for high-speed directed-LOS links in outdoor applications as the
emission beam of these sources is narrow. This means that the optical power per unit area
is higher allowing for longer transmission distances. Also, LDs can be used at higher
modulation rates than LEDs, allowing for high-speed data communication transmission.
Unfortunately, the driver circuit of LDs is more complicated, and the emitted power is
limited due to eye safety considerations. Furthermore, LDs are sensitive to temperature
variations that modify their spectral emission. The major differences between LEDs and
LDs for optical wireless applications are summarized in Table 10.1.

Table 10.1 Comparison of LEDs and LDs (adapted from [12] and [14]).

Characteristic LED LD

Optical spectral width (nm) 25 – 100 <10−5 – 5
Directionality Broad (divergence > 15◦) Narrow (< 10◦)
Modulation bandwidth ∼kHz to ∼MHz ∼kHz to ∼GHz
Special circuitry required None Threshold and temperature

compensation
Eye safety Considered eye safe May need to be rendered eye safe
Reliability High Moderate
E/O conversion efficiency 10-20% 30-70%
Cost Low Moderate to high
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10.3.1 Eye safety

In addition to any cost implications, LDs may have issues with eye safety, particu-
larly for indoor systems where the emitted optical power has to be strictly restricted.
The International Electrotechnical Commission (IEC) document IEC 60825 defines
the maximum exposure limits [16]. This standard does not distinguish between the
laser and LED emission level and formulas have also been established by the Amer-
ican National Standards Institute as a guideline for the safe use of lasers in terms of
the maximum permissible exposure (MPE) values of intrabeam viewing for near point
sources [17]. The MPE values for the major indoor OW wavelength range of 700 nm
to 1400 nm are shown in Figure 10.1 for exposures of one second, one minute, and
one hour. It may be observed that there is a significant increase in the MPE thresh-
old because water absorption in the cornea prevents the laser power from reaching the
retina.

The decreased safety hazards at longer wavelengths offer the use of high- power light
sources and therewith higher bit rates if one is prepared to stand the increased compo-
nent cost. Nevertheless, shorter-wavelength light sources are perfectly adequate for low
to medium data rates up to 100 Mbps where LEDs may well be employed offering band-
widths only in the MHz range [18]. To round off this part, we consider the impact of the
beam divergence. The IEC standard maximum power in the range 700 nm to 1050 nm
is found by considering exposure over a ten-second period using an empirical formula
and a defined standard configuration. It is thus possible to quantify the allowed emitted
power for Class 1 operation for any source size and divergence half angle. For illustra-
tion, Figure 10.2 shows a plot of the allowed Class 1 power versus beam divergence for
several source sizes operating at 850 nm.

700
0

1

2

3

4

5

6

7

8

9

10

800 900

1 second

1 minute

1 hour

M
P

E
 m

W
 p

er
 c

m

1000
Wavelength in nm

1100 1200 1300 1400

Figure 10.1 MPE variation with wavelength for intrabeam different viewing exposure times.



244 Roger Green and Mark Leeson

0
0

10

20

30

40

50

60

70

80

90

100

10

Point source
0.5 mm diameter
1 mm diameter

1.5 mm diameter or greater

20

Divergence half-angle in degrees

P
er

m
it

te
d

 p
o

w
er

 in
 m

W

30 40
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10.4 Optical detectors

Ideally, the detector should offer high sensitivity and fidelity, with high optical to elec-
trical efficiency conversion, a large detection area, minimum noise, and short response
times at low cost and high reliability. Needless to say, many of these requirements con-
flict and thus some compromise is necessary. The choice of a photodetector for optical
communications is generally between pin photodiodes, avalanche photodiodes (APDs),
and metal-semiconductor-metal (MSM) photodiodes [18]. The first two are usually the
detectors of choice for OW due to their widespread commercial availability. A pin pho-
todetector is simple both in structure and to employ but is about 10–15 dB less sensitive
than an APD [12]. The increased power margin offered by APDs delivers a system that
is more robust to pointing inaccuracy and other losses. However, they need high bias
voltages and exhibit highly nonlinear current gain and sensitivity to reverse bias voltage
giving rise to strong modulation effects from ambient light interference [19].

The performance of a pin photodiode may be quantified via the absorption coefficient
α and the structure of the device [18]. The power absorbed in a length x of semiconductor
is proportional to exp(−αx), and the power that is absorbed creates the photocurrent.
Thus, for a pin diode with a front face reflectivity Rf and a intrinsic region that stretched
from x1 to x2 the responsivity is given by

& = qλ

hc

(
1− Rf

) {exp (−αx1)− exp (−αx2)} (10.1)

where q is the electronic charge, h is Planck’s constant, c is the speed of light, and λ is
the wavelength of the light.



The optical wireless channel 245

The other consideration is that of detector bandwidth, determined by the capacitance
of the device that limits the maximum speed of operation in conjunction with the resis-
tance presented by the receiver. However, to increase the amount of light in indoor OW
systems, large area detectors are to be preferred but this increases the capacitance. The
trade-off implied and methods to ameliorate the effect of the capacitance have been the
subject of some discussion in the literature [20] and will also be considered later in
this chapter. For the illustrative calculations that follow, a pin detector is assumed to be
employed as this is the simplest and cheapest option.

10.5 Optical filters

Optical filtering is widely employed to minimize or eliminate the noise introduced in
the detector by different sources of background illumination. The two most common
optical filtering techniques used to eliminate radiation at unwanted wavelengths are: (a)
creating a filter–detector combination and (b) using a thin-film optical filter before the
photodetector, and these are now briefly described.

10.5.1 Filter–detector combination

This technique involves using a material with long-pass characteristics (like a GaAs
substrate or a colored plastic or glass) in conjunction with a silicon detector. This com-
bination behaves effectively as a bandpass filter, with one of the edges of the pass-band
created by the roll-off of the photodetector’s frequency response, and the other by the
edge of the filtering material’s transmittance.

This process can be illustrated using (10.1) for the response of the photodiode and
the transmittance of an appropriate filter. Multiplying these together gives the overall
responsivity and the results are shown in Figure 10.3 for a Silicon pin diode with a front
face reflectivity of 0.2, x1 = 2 μm, x2 = 500 μm, with absorption data taken from
Aspens [21] with the characteristics of the Schott RG 780 filter [22]. It can be seen
that, since the photodiode only responds to wavelengths below 1100 nm and the filter
passes light at wavelengths above 780 nm, an optical pass-band of approximately 320
nm results.

10.5.2 Thin film filter

Unfortunately, this pass-band is too wide for applications that require maximum back-
ground noise rejection or for high-speed applications using transmitters with narrow
optical spectrum. In these cases, the second technique, which consists in using a thin-
film optical filter at the entrance of the photodetector, gives better results [12]. Thin-film
optical filters consist of multiple layers of thin dielectric film, which can be combined
to provide very narrow optical pass-bands (sometimes below 1 nm). Their main draw-
back is that their response varies with the angle of the incident light. This effect has to
be taken into account when designing the optical front end of the receiver, especially
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Figure 10.4 Angular transmission characteristics of a thin-film bandpass filter calculated using the
Butterworth approximation for a range of incident angles.

in mobile applications and in systems where the filter is used in conjunction with an
optical concentrator. Figure 10.4 shows the transmission spectrum of a thin-film optical
bandpass filter (using a Butterworth approximation [12]) and its angular dependence
with angle of incidence. When using optical filters it is important to remember that, in
order to maximize the signal-to-noise ratio (SNR) at the receiver, the optical spectrum
of the transmitter must lie within the pass band of the filter.
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10.6 Nature of the optical wireless channel

Intensity modulation direct detection (IM/DD) is the only practical transmission tech-
nique in virtually all short-range, indoor applications [23]. An IR source emits an
instantaneous optical power X(t) that propagates through the channel and is incident
upon the optical detector at the receiver. The received signal, Y(t), is then the integra-
tion of the detected optical power over the area of the detectors surface, multiplied by the
responsivity of the photodetector& [24]. At IR wavelengths, a typical photodetector will
be in excess of 106 wavelengths across, resulting in optically incoherent reception with-
out multipath fading [25]. The channel can be modeled as baseband linear time invariant
(LTI) [26], with impulse response h(t), that only changes significantly when the source,
receiver, or reflectors are moved by distances in the order of centimeters. In the major-
ity of indoor applications, transmission takes place in the presence of intense infrared
and visible background radiation, N(t). This can be modeled as additive white Gaussian,
independent of X(t), giving the simplified channel model for an IM/DD link [27]

Y (t) = &X (t) ∗ h (t)+ N (t) (10.2)

where ∗ denotes the convolution operation. Through necessity, as X(t) represents power,
it cannot be negative, and the average optical power, Pav, is proportional to the time
integral of X(t) [28]

Pav = lim
T→∞

∫ T

−T
X(t)dt; X(t)≥ 0, ∀t. (10.3)

This contrasts with the situation found in the electrical domain systems, when X(t) rep-
resents amplitude (which may be negative) resulting in a SNR proportional to |X(t)|2.
This square law dependence means that it is challenging to produce a high SNR at useful
data rates since a higher mean optical power level is needed compared to the electrical
domain and the transmitted power cannot exceed predefined eye safety limits set by the
IEC 60825 regulations previously discussed in Section 10.3.1.

Furthermore, the optical channel path loss is given by the integral of, h(t), the channel
impulse response

H (0) =
∫ ∞

−∞
h (t)dt (10.4)

meaning that the received power is given by

Prec = H (0)Pav watts. (10.5)

Therefore, in addition to the eye safety regulation limit, the specific impulse response
between a given source and receiver is also a major influence on the achievement of
a suitable SNR at the receiver. The actual impulse response itself is the final channel
challenge for an OW system designer and will be examined further in Section 10.9
below.
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10.6.1 Channel noise

In addition to the distortion introduced by propagation through the dispersive channel,
the signal is also degraded by noise, which in general is a term that represents a broad
range of possible real world manifestations that interfere with the desired system per-
formance. In the context of OW communications, however, noise is considered to be
a combination of two major factors, shot noise and interference noise [29], [30], [31].
Furthermore, the noise itself is subject to the same channel as the signal and so the
quantity of noise arriving at the receiver is dependent upon the room configuration and
reflectivity properties, receiver properties such as photodiode area, FOV, position and
orientation plus the original distribution of the noise signal from its source. The accu-
rate modeling of this scenario requires detailed room models and often simulation. As
an introduction, a simplified analysis will be presented to give a feel for the quantities
involved and this will be followed by an overview of the necessary steps to construct a
full model.

The steady or very slow time varying background irradiance produced by natural
and artificial light sources is usually characterized by the DC current it induces in the
receiver photodiode since the shot noise power density, N0, is directly proportional
to that current, Ib, or, alternatively the incident background noise power, Pb, and is
given by [32]

N0 = qIb = q&Pb (10.6)

where & is the photodiode responsivity and q is the electronic charge.
Thus a baseline calculation takes account just of the shot noise and assumes that

non-return to zero on–off keying (NRZ-OOK) is employed. With equal probabilities of
transmitting a zero or a one, the probability of error is given in general by [31], [33]

Pe = 1

2
erfc

(
Pavg&

√
Tb

2N0

)
(10.7)

where erfc is the complementary error function, Pavg is the average transmitted power
and Tb is the bit rate. The argument of the complementary error function is the square
root of the optical SNR, so it is straightforward to plot the behavior of Pe as a function
of the optical SNR, as shown in Figure 10.5

From the figure, it is apparent that an optical SNR of just over 6.7 dB is needed to
achieve the commonly used OW benchmark of Pe = 10−6.

10.7 Interference sources

The estimate above is highly optimistic since all indoor OW systems suffer from ambient
light interference, which acts both to reduce the effective contrast ratio and to increase
shot noise. When dealing with the effects of the channel characteristics on the signal,
it can be assumed that the emission wavelengths are known. Furthermore, in the case
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Figure 10.5 General dependence of Pe on optical SNR for an idealized OW channel.

of infrared communications, signals will occupy a fairly narrow band operating at the
typical center wavelengths of 780 nm, 870 nm, or 970 nm [29] implying that a given
source power is contained within a known range of radiation wavelengths that is well
matched with photodiode responsivities. It is more common to find such infrared devices
characterized by their radiometric properties [34] whereas illumination light sources
are normally characterized by their interaction with the human eye (their photometric
properties) or their electrical properties [35].

10.7.1 Sunlight

The effects of the sun on OW links have been apparent since the beginning of work in the
area [4] and without filtering, daylight can overpower OW IR links [29]. For modeling
purposes, the sun is a relatively broadband source of approximately constant spectral
density over the bandwidth of an OW receiver. It thus induces a constant shot noise
element in the receiver that can be some hundreds of μA or more [32].

10.7.2 Artificial sources

A 60 W light source does not emit all its power at the wavelengths of interest to opti-
cal wireless communications. All illumination light sources, including the sun, emit
radiation to varying degree within a silicon photodiode responsivity range. Commonly
employed daylight filters with a cut off wavelength < 780 nm remove some of the back-
ground radiation but above that wavelength, the light sources still induce a background
photocurrent [29]. The effects of background illumination have most commonly been
included in the modeling of indoor OW by way of practical measurements such as those
in [36], [37] and [38]. Each of the measurement sets in these publications was carried out
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in a different environment using different receivers with different properties so although
they give very good approximations or expectations of the level of received background
noise power that, is present, their results are not totally comparable.

The work by Moreira et al. [31] and [32] has provided through measurement, an
accurate but nevertheless general model for interference from three types of light bulb:
incandescent lamps, fluorescent lamps with conventional ballasts, and fluorescent lamps
with electronic ballasts. Each model is based upon the measurements from a wide-
ranging collection of lamps from many manufacturers. The resultant Fourier series
formulation can be used to represent to a good approximation the level of interference a
given type of lamp will produce.

10.7.2.1 Incandescent lamps
Incandescent, or Tungsten filament lamps are set to become less common under the
new European Parliament and Council Directive 2005/32/EC [39], under which they
are to disappear for energy usage reasons. Nevertheless, they are still very common in
offices and homes so continue to contribute to the noise in current indoor optical wireless
systems. The interference signal for incandescent lamps may be represented as [32]:

iincand(t) = IB

F1A1

∞∑
k=1

ak cos (200πkt + φk) (10.8)

The magnitude factors, ak, and the phase factors, φk, of the 100 Hz harmonics were
determined empirically in [36] and the first 10 are significant. The multiplying factor
contains IB, the level of the background radiation, F1, the filter attenuation factor and
A1, which relates the interference amplitude to IB [31], [32].

10.7.2.2 Fluorescent lamps driven by conventional ballasts
Offices commonly contain fluorescent lamps driven by conventional ballasts and these
have interference effects up to around 2 kHz. The interfering signal can be described by

ifluor(t) = IB

F2A2

∞∑
k=1

[bk cos (100π {2k − 1} t + φk)+ ck cos (100π {2k} t + ζk)]

(10.9)

The phase factors, φk and ζk may again be taken from [36] with the first 20 being sig-
nificant, and F2 and A2 are the corresponding values for this interferer. The magnitudes,
bk and ck, are those of the odd and even Fourier harmonics.

10.7.2.3 Fluorescent lamps driven by electronic ballasts
In recent years, fluorescent lamps driven by electronic ballasts (sometimes known as
high-frequency fluorescent lamps) have developed and are likely to become the domi-
nant type in future since this is the technology employed by energy saving lights [39].
Unfortunately, they are a worst case scenario for indoor optical wireless communication
systems for two reasons. First, they exhibit settling times following initial switch on
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when the output radiation spectrum shifts from one dominated by the infrared emission
to visible light after approximately six minutes [29]. This is commonly observed with
energy saving bulbs that appear initially dim to the human eye, and is of particular rele-
vance in residential settings where users move between rooms tuning lights on and off.
Here, we follow [40] and assume that the bulbs are in their settled state whilst noting
that incorporating the effects of bulb switch on would form an interesting topic for future
work. The second problem is that the harmonic components of their interference extend
to several MHz. The interference signal can be modeled as the sum of two components
(low and high frequency) thus:

ielec (t) = ilow (t)+ ihigh (t) (10.10)

where, similar to Equation (10.9)

ilow(t) = IB

F3A3

∞∑
k=1

[bk cos (100π{2k − 1}t + φk)+ ck cos (100π {2k} t + ζk)]

(10.11)

ihigh(t) = IB

F4A4

∞∑
k=1

dk cos
(
2π fhighkt + θk

)
. (10.12)

The parameters in (10.11) above are those for conventional fluorescent lamps with the
appropriate filter and conversion factors; values for dk and θk may be taken from [36]
with 22 harmonics making significant contributions and fhigh equal to 37.5 kHz [32].

10.8 Impact of interference on BER

The work in [31] and [32] also provides the basis for calculations of the effect of ambient
interference on the BER. Inclusion of the artificial background sources may be achieved
by recognizing that they are periodic and integrating the BER expression over the period.
This approach modifies (BER) to give [31]

Pe = 1

Ti

∫ Ti

0

[
1

2
erfc

(
Pavg&Tb − vi (t)√

2N0Tb

)
+ 1

4

{
1+ erf

(−Pavg&Tb − vi (t)√
2N0Tb

)}]
dt.

(10.13)

The period of the integral Ti is the period of the interference signal and vi(t) is the energy
of the interference within the period of a pulse

vi (t) =
∫ t+T

t
iint (t) dt (10.14)

where iint(t) is the appropriate expression for the type of periodic interferer. When the
only source of noise is the shot element from the signal itself, the SNR is

SNRmax = Pavg&
q

(10.15)
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where (10.6) has been used. It is straightforward from this to produce signal powers
necessary to obtain Figure 10.5, which will typically be in the nW range. In this work,
a responsivity of 0.6 AW−1 was used [31]. To incorporate interference, (10.15) must be
modified so that the current is the sum of the background current levels for the ambient
sources. Moreover, the integral (10.14) must be obtained numerically for use in the BER
calculation.

As an illustrative example, standard fluorescent lights are considered here in the pres-
ence of indirect sunlight. It is assumed that optical filtering is used at the receiver.
A value of 200 μA is used for the sunlight background current, Psun, [31], [32] and
the mean background power level for the fluorescent lighting is parameterized by
Pfluor = KPavg. This approach makes the optical SNR degradation depend only on
the background power level and not on the bit rate, which is chosen to avoid ISI (see
Section 10.9 below).

Figure 10.6 shows the results of the calculations for values of K = 0, 2, and 4. The
first of these represents only sunlight and (10.15) must be modified since the shot noise
comprises that from the signal and that from the sunlight thus

SNRmax =
P2

avg&2Tb

q& (
Pavg + Psun

) . (10.16)

From this equation, one can easily form a quadratic expression for the signal power
with no interference. It should be noted that although the shape of the K = 0 curve
is the same as in Figure 10.7, the actual signal levels differ greatly (with sunlight hun-
dreds of nanowatts are needed whereas in the dark, less than 1 nW). When the level of
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Figure 10.6 SNR versus optical SNR with background sunlight and K = 0 (solid line), K = 2 (dotted line),
and K = 4 (dashed line).
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Figure 10.7 Calculated three bounce impulse response.

the fluorescent background light becomes large, power penalties of several dBs rapidly
develop.

10.9 Channel impulse response

The impulse response, h(t) is unique to a given source and receiver configuration within
the environment in which they are deployed. Hence, the position and orientation of
the source and transmitter, together with source properties such as the radiation emis-
sion pattern and receiver properties such as FOV and active collection area, are factors
contributing to h(t). Coupling these with the dimensions of the environment and any
enclosed objects, along with their respective reflectivity coefficients, gives an essen-
tially infinite number of possible impulse responses. Furthermore, the impulse response
not only dictates the path loss but also the degree to which ISI will affect the transmitted
signal as it is reflected around the room [41], [42].

The closed-form approximations originally employed in early work [4] offer rela-
tively simple ways to model basic configurations and conduct rudimentary analyses of
factors such as material reflectivity and the source intensity profile but they are too
complex when considering multiple reflections. At the other extreme, experimental char-
acterization [26], [43], [44] is expensive and time consuming and must be performed on
a channel-by-channel basis [45].

Although other analytical methods such as the ceiling bounce approach [46] may be
employed to add sophistication, it falls to simulation to provide insight into the optical
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wireless channel impulse response. A general simulation method was first proposed
by Barry et al. [47] using techniques borrowed from ray tracing [48]. This offered
the ability to determine, with relatively straightforward implementation, the impulse
response for a system where the signal underwent any number of reflections for arbitrary
source–receiver configurations inside an arbitrary empty rectangular room. However, the
algorithm was recursive meaning that the computational time rose exponentially and the
memory requirements were impractical beyond three reflections. The memory require-
ments were addressed by López-Hernández and Betancor in [49] using a method of
dividing the simulation into time rather than reflections. Carruthers and Kannan [46]
applied the algorithm iteratively allowing for the computational time to be proportional
to the square of the number reflections required. Moreover, their method also introduced
the possibility of simulating scenarios with multiple transmitters and receivers without
considerable time penalties.

An alternative simulation approach, based on a statistical model, was proposed by
Pérez-Jiménez, Berges, and Betancor [50]. In this method the root-mean-square (RMS)
delay spread and mean excess delay were estimated based purely upon the known geo-
metric factors of the system configuration such as transmitter and receiver positions
and orientation. The initial impulse response obtained was then adjusted until it fit-
ted either a Rayleigh or a Gamma function but the method has the disadvantage that
it required an initial impulse response. Another related method based upon a mixed
deterministic Monte Carlo ray tracing algorithm was beneficial to computational time
by excluding rays that would never impinge on the receiver [51]. Finally another sta-
tistically based simulation technique was presented in [52] based on a random walk. A
ray was generated with a pseudo random direction and traced around the environment
with a new pseudo random direction when it hit a surface until it eventually reached the
receiver. The method worked well for small spherical diffusers and spherical reflective
environments but is not generally applicable to random environments.

Here an outline is given of the methodology employed to incorporate the ISI from
multiple reflections. Fuller explanations are contained in [53] and [40] in addition to
[47]. Independent of which technology is used in the transmitter, the radiation it emits,
if incident upon the boundaries of the environment or the surfaces of objects, will be
reflected with an intensity distribution that is predominately determined by the angle of
incidence of the radiation, and the roughness of the reflection surface.

Surfaces that are considered rough under the Rayleigh criterion [54] reflect radia-
tion with a intensity distribution function, R(φ), that can be correctly approximated by
Lamberts generalized cosine law [55]

R (φ) = ρ
n+ 2

2π
Pi cosn (φ) (Wsr−1) (10.17)

where ρ is the reflectivity coefficient of the material, Pi is power of the incident wave, n
is the Lambertian order and φ is the angle of observation. An ideal Lambertian diffuser,
where the surface will look equally bright when observed from any angle, is found
by setting n = 1. Surfaces that are smooth according to the Rayleigh criterion require
consideration of diffuse and specular components, and the interested reader is referred
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to the work of Phong for a suitable model [56]. Using the assumption that surfaces
within a room reflect radiation in accordance with Lambert’s model, the path of rays
from the transmitter may be followed to obtain the response of the room to an impulse.
It is known [26] that for an intensity modulated direct detection scenario, where the
movement of the sources, receivers and any mobile objects within the environment are
slow compared to the bit rate of the system, no multipath fading occurs. Furthermore,
since the channel can be deemed LTI, it can be completely characterized by its impulse
response h(t) [57]. We thus have all that is needed to implement a fuller model once the
impulse response has been obtained.

The calculations in Section 10.7 above were made at 10 Mbps so that there was no
ISI from pulse to pulse. This statement may be made based on the impulse response that
will now be presented [40]. The scenario considered is the room used by Wong et al.
[33], which had the same dimensions as configuration A in [47]. The room width and
depth were 5 m, and the height was 3 m. The room was empty and the reflectivity of all
surfaces was set to ρ = 0.8; a single Lambertian emission profile (n = 1) transmitter
was placed centrally upon the ceiling, orientated towards the floor. A receiver with a
FOV of 90◦, active area 1 cm2 and unity photodiode responsivity was positioned in
the middle of the floor, vertically orientated towards the ceiling. Running a program
to implement the method outlined above with three reflections [40] gives an impulse
response as shown in Figure 10.7.

The channel impulse response clearly shows a spike for the LOS path followed by
a long tail from the reflections that will cause ISI. This is extremely apparent when a
simulation is run to include the bit combinations that can occur in transmission using
the highest bit rate from [33] of 80 Mbps. Figure 10.8 shows the large penalty incurred
at this bit rate for K = 10 with 10 Mbps shown for comparison (not impacted by ISI).

10.10 Hardware aspects of the receiver-amplifier in the
indoor channel environment

10.10.1 Bootstrapped transimpedance amplifier (BTA)

This configuration combines the well-known benefits of the transimpedance amplifier
with those of the bootstrapping approach – which itself will be reviewed and further
developed later on in this chapter. The transimpedance amplifier uses positive feedback
to gain an effective capacitance reduction – bandwidth enhancement – using a high gain
amplifier within a feedback configuration of the general form shown in Figure 10.9.

It can readily be shown that :

V0 = Ip.RF

[1+ 1/A]− jω(Cd/A).RF

in which Ip is the photocurrent, and other symbols are as defined in the figure above.
Thus the bandwidth of the system is enhanced by the gain of the amplifier A. Clearly,
the larger the value of A, the greater is the apparent bandwidth enhancement. However,
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Figure 10.9 Basic transimpedance amplifier configuration.

it can be shown that instability easily occurs for large values, so another method has
been devised which requires lower values of A and yet which offers the same or better
bandwidth enhancements – therefore with less likelihood of instability, especially at
the higher frequencies. The bootstrapping technique is well known as one which also
offers bandwidth enhancement – albeit with low gain ( < 1 ), which is not the optimum
situation for a front end amplifier in terms of noise figure, as a consequence of the Friis
formula:

F = F1 + [F2 − 1]

G1
+ [F3 − 1]

G1G2
. . .
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where F is the overall noise figure, F1 is the noise figure of stage 1, and G1 is the gain
of stage 1, and so on. Ideally, of course, G1 should be set to as high a value as possible
to minimize the effect of F2, and this therefore makes the first stage crucial.

A further development which was investigated by Green and McNeil [58] combined
the transimpedance amplifier with the bootstrapping technique, also later investi-
gated by Idrus et al. [59]. Bootstrapping is another effective bandwidth enhancement
method in which the effective capacitance of a photodetector, Cd can be reduced to a
value:

Cd → Cd · (1− A)

where A is the gain of the stage, adjusted to be slightly less than unity. The band-
width of the front end including bootstrapping is thus increased by the factor 1/(1− A).
Conceptually, the arrangement can be set up as shown in Figure 10.10:

In this case, the bootstrap function is a loop outside of the transimpedance amplifier,
and the available bandwidth is many times greater than that available by either technique
alone. In fact, it facilitates a gain–bandwidth trade-off overall which permits better sta-
bility in the transimpedance stage. Using the terms for gain in Figure 10, the apparent
bandwidth of the whole system is thus increased by the term:

f0 → f0 · A2/(1− A1)

which can be very large. An alternative configuration is also shown in Figure 10.11. In
this case, the high gain of the transimpedance amplifier and its bandwidth enhancement
capabilities are included in the feedback loop for bootstrapping. Care is needed to ensure
that the [1/A2] term compensates properly for the transimpedance gain A2. Even though
the transimpedance stage is within the bootstrap loop, similar benefits are possible but
the whole setup is more critical, therefore. In the example of Figure 10.11, the bootstrap
stage is usually an emitter or source follower, where the gain can be generally set to be
less than unity, so that the gain of the stage – to eliminate the possibility of instability
and oscillation – is never an issue.

Cd

Ip
RB2

RF

RB1 Ip*

Transimpedance
amplifier

A2 >> 1

Bootstrap
stage

A1 ~ 1

Figure 10.10 One possible bootstrapped transimpedance amplifier configuration.



258 Roger Green and Mark Leeson

Cd

Ip
RB2

RF

RB1

Cx

Ip*

Transimpedance
amplifier

1/A2

A2 >> 1

Figure 10.11 Another version of the bootstrapped transimpedance amplifier.

Bandpass
filters

Photodiode

ωs (optical) Pump at
ωp

RL

ωp

ωp +/– nωs

Figure 10.12 Basic PPA configuration.

10.10.2 Photoparametric amplifier (PPA)

This configuration takes advantage of the phenomenon of parametric amplification
which has been exploited in RF microwave communications systems but only relatively
recently in optical communications. Essentially, the parametric properties of a device
are varied in sympathy with a control signal, usually called the pump, such that a sig-
nal at another frequency is amplified by energy transfer. Frequency relationships can
be established, and an excellent text book on the subject of all electronic parametric
amplification was produced by Howson and Smith [60]. Moving forward, the concept
of parametric amplification in an optoelectronic device was then investigated by many
authors, including Green and Khanifar [61]. This approach is quite radically different to
the former, in that, instead of the incoming signal being electronic, it is an optical one
modulated at some frequency ωs, and optoelectronic conversion (via standard photode-
tection principles) and parametric amplification both take place within a photodiode, as
shown in Figure 10.12:
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This configuration gives gain according to both the pump frequency and also the
signal frequency. The particular benefit of the parametric approach is that the mixing
process gives gain at a very low noise figure – less than 3 dB in the parametric amplifier
and similarly for the photoparametric version. Realizable gains of 20 dB or more have
been achieved, where the gain is defined by:

Gain = Output voltage across load with pump at frequency (ωp ± nωs)

Output voltage across load without pump at frequency ωs
.

In the configuration shown the gain is theoretically given by the expression:

Gain = (β/2).(ωi/ωs)

where β is a term related to device parameters such as doping densities in the N and
P regions (assuming a PN junction), and the idler frequency ωi is ωp ± nωs with n an
integer. A similar expression can be used for a PIN diode except that the gain term is
smaller. In practice, interestingly, it has been found that, as long as the C-V character-
istic of the diode used is steep – and the diode reverse biased so as to operate in this
region – then the gain term is quite near to that given above. The concept can be used to
implement a very neat fiber–radio interface, as demonstrated by Idrus and Green [62].
The basic principles were further demonstrated in a paper by Leeson et al [63].

One of the points associated with the photoparametric amplifier as described is that
the output frequency is higher than that of the input, i.e. it is an up-converter. Whereas
this higher frequency is quite usable via standard RF detection techniques, it remains, in
certain circumstances, inconvenient. It is for this reason that attention has moved to the
double version of the configuration, involving a second mixing stage.

10.10.3 Double heterodyne photoparametric amplifier (DHPPA).

One of the key points about any communication system is that the noise performance
of the system is primarily determined by the noise figure and gain of the first stage
as indicated earlier using the standard Friis formula. Consequently, with a PPA as the
front end, it becomes relatively feasible to configure a front end involving also a second
stage of mixing in order to translate the up-converted signal from the PPA action to
another frequency such as baseband, to permit a direct detection approach overall yet
with more sensitivity than a basic photodiode detector alone offers, at the relatively low
noise penalty given by parametric amplification. It is called the double heterodyne PPA,
or DHPPA [64]. It is particularly beneficial in optical wireless configurations due to the
generally adverse signal-to-noise environment found there. An example of a DHPPA is
shown in Figure 10.13 for an application in a radio over fiber situation, but which can
be equally used in optical wireless in which it has been evaluated recently [62].

The particular merits of the double conversion approach can be quite similar to those
of a conventional double superheterodyne configuration in RF systems, as the technique
in general of heterodyning is very useful for obtaining selectivity and sensitivity. Several
subcarriers can be combined at the transmitter end and used collectively to modulate the
output of a laser diode operating in its most linear region above threshold. The output
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Figure 10.13 DHPPA configuration in a radio over fibre application. (After [62].)

of the laser diode can then either go via an optical fiber to some remote receiving end,
such as a fiber hub or other optical fiber termination, or alternatively the output could
pass through free space on an optical wireless link to an optical antenna [66] coupled to
a photodetector/receiver-amplifier combination.

On reception, in either case, the photodiode is used not as a direct detector, but in
the photoparametric mode to create a spectrum of diverse frequency components in the
manner described above for the PPA. After this point and suitable bandpass filtering to
extract the up-converted signal, the resulted higher-frequency signal passes to a second
stage mixer, which has another input signal, designated LO2 in Figure 10.13. If LO2
is the same frequency as LO1 (the PPA pump frequency), then, if the output is passed
through a lowpass filter, the result is a baseband signal which exactly (in theory at least)
matches the original input signal in spectrum, the benefit being that the configuration
is amplifying and at low noise penalty (∼3 dB or less in theory). Additionally, changes
to other frequencies than baseband can be implemented. The technique is thus quite
versatile, and can be used for optical-to-RF interface systems overall, and work has
gone on at Warwick University examining the options for integration within a mixed
optical–RF infrastructure using RF, optical fiber- and optical wireless links [65].

10.10.4 Enhanced bandwidth receiver

One of the main issues in optical wireless is obtaining bandwidth at the front end
in spite of relatively high photodiode capacitance, in comparison to values in optical
fiber communications. Of course, as discussed above, this capacitance can be turned
from a disadvantage to an advantage when using parametric pumping of it to achieve
gain. However, there are many circumstances when bandwidth is required, especially
as the effect of the capacitance is to reduce either the gain or bandwidth because of the
gain–bandwidth product rule. It is interesting to note that many new ideas for circuit
configurations are actually reinventions of past ones, updated to new application areas.
One case in point is with regard to reducing the effect of input capacitance in a front
end optical wireless receiver amplifier. In the past, video systems engineers struggled
considerably to extract sufficient resolution from video cameras based on vacuum tube
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Figure 10.14 The input aspects of a vacuum tube imaging device and equivalent circuit.

devices such as the vidicon and equivalents. The principal limitations to the performance
lay in the grid-cathode capacitance, as it effectively shunted the charge-, and hence, ulti-
mately, current-generating mechanisms increasingly at higher frequencies, as shown in
Figure 10.14.

In Figure 10.14, Cgk represents the grid-cathode capacitance, Ia the anode current,
Vg the grid voltage supplied via a bias/load resistor Rb, and Va and Vk the anode and
cathode voltages respectively. Ip represents the photocurrent in the equivalent circuit.
Reducing the effect of this capacitance was brought about using Percival coils (after the
inventor), in which an inductance was placed in series with the input of the subsequent
head amplifier in order to resonate associated capacitance and hence create a peak in the
frequency response to reduce the effect of high-frequency rolloff.

Clearly, the equivalent circuit of such a vacuum tube and its head amplifier are very
similar to the input stage of an optical receiver-amplifier connected to a photodiode in
an optical wireless or optical fiber receiver in its simplest possible form. Therefore, we
can take similar remedial action in order to extend the high-frequency performance of
front ends for optical wireless. In the circuit in Figure 10.15, there is a basic in bootstrap
configuration as discussed in an earlier section, in a BJT implementation:

A typical transistor for Q1 might be the Philips BFR540, which offers a high gain–
bandwidth product. The 2K resistors effectively form the load. The output is taken
from the emitter of Q1, and positive feedback is from the emitter to the lower side
of the photodiode to provide the standard bootstrap action. The issue is concerning that
which limits the bandwidth of the bootstrap action itself: Q1 has three aspects which
do so, being the base-collector, base-emitter, and emitter-collector capacitances. The
base-emitter capacitance is itself bootstrapped, so its effects are reduced. The emitter-
collector capacitance does not restrict bandwidth so much as it shunts the relatively low
output impedance of the stage, whereas the base- collector capacitance bypasses the
input signal current at a high impedance point of the circuit. Clearly, anything which
reduces this effect is desirable, so, using the ideas of the Percival coil, input tuning can
alleviate the situation. One possible configuration for a double implementation of this
[68] is shown in Figure 10.16.

The output is generally taken from the emitter of Q1. In terms of bootstrapping, this
output is also used to feed a second stage using Q2 which drives the collector of Q1,
thus ensuring that the base-collector voltage of Q1 remains essentially constant and thus
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Figure 10.15 Bipolar implementation of a bootstrap amplifier, usable in an optical wireless front end.
(After [68].)
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Figure 10.16 Double bootstrap configuration for enhanced high frequency performance. (After [68].)

reducing the capacitive current which would have gone to an AC ground in the form
of the supply rail. The situation is further improved by the peaking coils in the base
of Q1 (in a similar way to the use in the video systems of old) and also in the base of
Q2, in each case to resonate with the effective input capacitances in order to extend the
bandwidth further.

Note that the process of bootstrapping combined with Percival coil peaking can
extend the bandwidth of a high impedance front end by factors of 10 or more,
depending on the required flatness of response and also taking account of the noise
performance. Under shot-noise-limited conditions, the SNR degradation caused by the
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process corresponds with the increase in bandwidth for AWGN. However, this must be
compared with obtaining the same bandwidth using equalization, where this time the
noise power is a function of bandwidth cubed for frequencies well above the corner
frequency.

10.11 Modulation schemes for optical wireless

10.11.1 Pulse position modulation pulse width modulation

Combining L-level pulse-position modulation (L-PPM) and L-level pulse-width mod-
ulation (L-PWM), this section describes two new hybrid modulation schemes. L-level
Pulse-Position-Pulse-Width Modulation (PPMPWM) is one such scheme, which has
a relatively low bit error rate, and improved power and bandwidth efficiencies com-
pared to PPM [10]. The properties of the PPMPWM scheme can be demonstrated
effectively through simulation to show that the scheme is effective in these respects.
In early manifestations of optical wireless, OOK i.e. on–off keying was used but this
was found to be much less than optimum, and more commonly L-PPM has been used,
and extensively adopted by bodies such as the IrDA. L-PPM itself has a low Bit Error
Rate (BER) and high power efficiency, and is a relatively simple scheme, and so is
widely used in optical wireless communications. However, with low bandwidth effi-
ciency, and as the width of its pulse can be narrow, this is not good from the point
of view of required receiver performance. Other schemes exist, and a range of mod-
ulation schemes commonly used for optical wireless is shown in Figure 10.17. OOK
assigns a binary code to the data directly, and is thus simple to implement. L-PPM
(designated simply as PPM in the figure), assigns a pulse position within a time window.
The number of slots in which the pulse can be positioned corresponds directly to the data
value.

Thus, if a pulse is 1/16 of the available time window, as shown, then it can occupy any
one of the 16 time slots. Demodulation therefore requires accurate time synchronization
between the two ends of the communication system, in order to detect the pulse posi-
tion. Another modulation scheme is also Pulse Width Modulation (PWM), commonly
also used in speed control circuits. Another variation is Pulse Position Modulation Pulse
Width Modulation (PPMPWM), combining the latter two schemes. All of these are illus-
trated in Figure 10.17 above. In the latter case, two such possibilities are shown, as now
there are two independent variables available. In the first example above (sub-figure (d),
parameter r = 1), this means that, if we consider pulse positions, there are (r+ 1), i.e. 2
positions as shown in the example. For 16 possible data words, then this means that, for
each of these 2 positions there are 8 pulse widths, as shown. In sub-figure (e) above in
Figure 10.17, then the result for r = 3 is also shown, so that there are 4 pulse positions
and 4 pulse widths. The modulation schemes can be compared in several ways, and one
way is in terms of power efficiency, as shown in Figure 10.18, where the reference signal
is OOK.

Another comparison is via bandwidth efficiencies, and this is shown in Figure 10.19.
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Figure 10.17 An example range of modulation schemes for optical wireless communications. (After [69].)
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Figure 10.18 Relative power efficiencies of OOK, PWM, PPM, and PPMPWM. (After [70].)

From Figure 10.18 it is easy to see why PPM has been extensively used, especially
when the relatively meager power supply of portable equipment using optical wire-
less (PDAs, cellphones, etc.) is considered. However, this is clearly at the expense of
bandwidth efficiency, shown in Figure 10.19. The PPMPWM hybrid scheme is one
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Figure 10.19 Bandwidth efficiencies of various modulation schemes. (After [70].)

option where these aspects can be traded off, and this is clearly shown. The relation-
ships between these parameters for the schemes illustrated are detailed in reference [67],
which discusses some collaborative work undertaken between Warwick University in
the UK and the Northwestern Polytechnical University in Xi’an, China.

10.11.2 Pulse amplitude pulse position modulation (PAPM)

Another possibility is to consider amplitude modulation in conjunction with pulse
position, and this has been studied by Zeng and Green [69]. The objective of the
scheme is to combine each modulation type in order to compensate for the short-
comings in either bandwidth efficiency or power efficiency, in a parallel way as was
discussed for PPMPWM. In Figure 10.20 a typical PAPM sequence of possibilities is
shown.

PAPM is thus a multi-level modulation scheme. It can be expressed as M-n-PAPM,
where M is the number of amplitude levels, and n is the pulse numbers within a clock
cycle. The bandwidth and power requirements of M-n-PAPM are given, respectively, by:

BM-n-PAPM = n

log2 nM
BOOK

and

PM-n-PAPM =
√

2M2

n log2 nM
POOK .

Such a hybrid scheme may be made adaptive dynamically [70]. The merits of M-n-
PAPM can be summarized graphically in Figure 10.21.
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Figure 10.20 Pulse amplitude pulse position modulation options for the case of 2 amplitudes and 4 pulse
positions. (2-4-PAPM, after [69].)
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It can be seen that various parameters (i.e. M, n values) can provide less band-
width requirements than OOK or less power requirements, but not both. However,
the M-n-PAPM does fill in the gap in the characteristic above whereby one can
compare PPM and PAM with OOK, as these are also plotted in Figure 10.21 for clar-
ification. Thus, a continuum of possibilities exists to permit the system designer to
use a modulation scheme which is suitable for a particular set of circumstances and
requirements.
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10.12 Optics for optical wireless

10.12.1 The optical antenna

Optical collection and distribution optics are crucial in optical wireless because of the
adverse environment in terms of the ambient illumination and its effect on both sig-
nal masking and receiver shot noise as discussed earlier. In general, the requirements
for reception are, if anything, more critical than those for transmission as they have to
help the receiver optoelectronics extract as much as possible from what is usually a
relatively adverse illumination environment. If the indoor channel is considered, then
room lighting is usually quite high in level, and can contain a rich supply of the same
range of wavelengths as are used for optical wireless communication. In Sections 10.4
and 10.5 previously, the optics and especially filter characteristics were introduced, and
their importance in terms of the illumination environment, sources, and detectors. In
particular it was shown how the combination of the photodiode responsivity and high
pass infrared filter characteristics could be combined to give a bandpass function. The
point was also made that narrow band filters are sensitive to illumination angle, so that
one has to be careful, when designing the optical side of the indoor channel, that the
receiver is blind to the source at angles greater than those defining the optical passband
corresponding to the source (i.e LED or laser) wavelengths. Nevertheless, it is possible
to use optical structures to help the channel operate effectively, and a range of concen-
trators or lenses can be used for this purpose. In general, the Infrared Data Association
(IrDA) has defined standards for high data rate links (eg. Gigabit IR) which use hemi-
spherical concentrators, as shown in Figure 10.22. These concentrators have the merit
of very wide acceptance angle – typically up to 180◦ but at low concentrations, the latter
being defined in general as the ratio of the input area to the output area.

The detector does not cover the whole of the base of the concentrator because,
although this would mean more light was collected (rays B in Figure 10.22 would not
be lost), the device capacitance would, pro rata, be higher and the receiver bandwidth

Filter
material

R

A

B

Detector

Figure 10.22 Hemispherical concentrator with filter. (After [66].)
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A

B

D
F

Figure 10.23 Optical antenna. (After [66].)

reduced correspondingly. The filter material provides a high degree of ambient spec-
trum suppression, but has to be on a curved surface, which makes it more expensive to
produce. The refractive material, R, is often dyed with a visible wavelength blocking
material as a cheap and cheerful filter, but a broad range of infrared can pass. A better
solution to ambient wavelength suppression can be achieved by using a narrowband filter
of only sufficient bandwidth to allow source (i.e. communication) wavelengths through
over the angles of probable illumination. One way of doing this is demonstrated in
the Optical Antenna (= DTIRC = Dielectric Totally Internally Reflecting Concentrator)
shown in Figure 10.23 [66].

The essence of its action is that rays from several directions (such as from A and B)
can, using the process of total internal reflection, all strike the detector D in a way not
possible with a simple lens. A convex lens itself provides a very high degree of con-
centration, but its capture angle (the angle over which rays striking it hit the focus) is
very small, which makes it only suitable for point-to-point links. However, the Opti-
cal Antenna permits a capture angle range from that of a lens (a few degrees) to ±60◦
typically. Therefore, the system designer can trade off capture angle for optical con-
centration for a given collection surface radius of curvature and arc angle. Note also
that the optical filtering is done using a small but flat filter just in front of the detector
but on the output lower surface of the concentrator section as shown in Figure 10.23.
Clearly, one has to consider what optical bandwidth is necessary for a given application,
and temper that with the acceptance angle capability of the filter itself. The narrower
the filter optical bandwidth, the smaller the range of acceptance angles for the filter, so
that, above some well-defined incident angle, the filter will become blind to the incident
illumination – a practical trade-off as mentioned earlier.

10.13 Concluding remarks

This chapter has addressed the indoor optical wireless channel. It has examined the
transmitter side, the receiver-amplifier aspects, and also the optics associated with both
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ends. There has been discussion of various modulation schemes, which permit permu-
tations of bandwidth and power efficiency, especially important in low-power handheld
devices and systems. Noise has also been addressed, based on that caused by ambient
light in particular, which is particularly severe in comparison to that obtained in optical
fiber communications systems.
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11 Hybrid RF/FSO communications
Nick Letzepis and Albert Guillén i Fàbregas

11.1 Introduction

In free-space optical (FSO) communication an optical carrier is employed to con-
vey information wirelessly. FSO systems have the potential to provide fiber-like data
rates with the advantages of quick deployment times, high security, and no frequency
regulations. Unfortunately such links are highly susceptible to atmospheric effects. Scin-
tillation induced by atmospheric turbulence causes random fluctuations in the received
irradiance of the optical laser beam [1]. Numerous studies have shown that performance
degradation caused by scintillation can be significantly reduced through the use of
multiple-lasers and multiple-apertures, creating the well-known multiple-input multiple-
output (MIMO) channel (see e.g. [2], [3], [4], [5], [6], [7], [8], [9], [10]). However, it is
the large attenuating effects of cloud and fog that pose the most formidable challenge.
Extreme low-visibility fog can cause signal attenuation on the order of hundreds of deci-
bels per kilometer [11]. One method to improve the reliability in these circumstances is
to introduce a radio frequency (RF) link to create a hybrid FSO/RF communication sys-
tem [12], [13], [14], [15], [16], [11]. When the FSO link is blocked by cloud or fog, the
RF link maintains reliable communications, albeit at a reduced data rate. Typically a mil-
limeter wavelength carrier is selected for the RF link to achieve data rates comparable
to that of the FSO link. At these wavelengths, the RF link is also subject to atmospheric
effects, including rain and scintillation [17], [18], [19], [20], [21], but less affected by
fog. The two channels are therefore complementary: the FSO signal is severely attenu-
ated by fog, whereas the RF signal is not; and the RF signal is severely attenuated by
rain, whereas the FSO is not. Both, however, are affected by scintillation.

Most works on the hybrid channel [12], [13], [14], [16], [11] consider the RF and FSO
links as separate channels, i.e. the channels do not aid each other to compensate signal
level fluctuations. In these works, the main purpose of the RF link is to act as a backup
when the FSO link is down. In [15] a hybrid channel coding scheme is proposed that
combines both FSO and RF channels and adapts the code rate to the channel conditions.
Multilevel coding schemes have also been proposed in [22] for the hybrid channel.

Lacking so far in the literature on hybrid FSO/RF channels is the development of a
suitable channel model and its theoretical analysis to determine the fundamental limits

Advanced Optical Wireless Communication Systems, ed. Shlomi Arnon, John R. Barry, George K.
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of communication. This is the central motivation of this chapter. We propose a channel
model for hybrid FSO/RF communications based on the well-known parallel chan-
nel [23], that takes into account the differences in signalling rate, and the atmospheric
fading effects present in both the FSO and RF links. These fading effects are slow
compared to typical data rates, and as such, each channel is based on a block-fading
channel model. Previously in [2], [3], using a block-fading channel model, we exam-
ined the outage probability of the multiple-input multiple-output (MIMO) FSO channel
under the assumption of pulse position modulation (PPM) for several well-known scin-
tillation distributions, i.e. lognormal, exponential, gamma-gamma, lognormal-Rice, and
I-K distributed scintillation [1]. In particular, we examined the outage exponent [24],
[25], which describes the slope of the outage probability curve in the asymptotic high
power regime. In this chapter, we extend this analysis to include an RF link to cre-
ate a hybrid FSO/RF channel. The message to be transmitted is encoded into parallel
FSO and RF bit streams which are sent across the FSO and RF channels simultane-
ously. We examine the case when perfect CSI is known at the receiver only (CSIR
case), then we consider the case when CSI is also known at the transmitter (CSIT
case), and power allocation is employed to reduce the outage probability subject to
power constraints. When CSI is not available at the transmitter, we derive the outage
exponents of the hybrid channels for general scintillation distributions in each of the
channels. On the other hand, when CSI is available at the transmitter, we derive the
optimal power allocation algorithm subject to both (individual) peak and (total) average
power constraints. For FSO channels with fixed equiprobable input distributions, the
optimal solution involves non-convex optimization, which has prohibitive complexity
for implementation in practical systems. To remedy this, in [26], we proposed a low
complexity, suboptimal solution. In this chapter we consider an alternative approach.
Rather than enforcing equiprobable signalling, we consider two alternative signalling
strategies: time-sharing; and signalling with the optimal input distribution. For these
strategies, the power allocation problem becomes convex, and hence yields a tractable
solution. Moreover, we further calculate the outage exponents with CSIT, showing that
for any finite peak-to-average power ratios, the exponent is given by the same expo-
nent as the no-CSIT case. However, the larger the peak-power constraints are, the more
reliable transmission becomes, eventually removing outages altogether.

The remainder of this chapter is organized as follows. In Section 11.2 we present
our channel model and assumptions. Section 11.3 reviews the required information-
theoretic preliminaries. Section 11.4 presents our main results for the CSIR-only case
while Section 11.5 discusses power allocation and outage exponents for the CSIT case.
Section 11.6 draws final concluding remarks. Proofs of our results can be found in the
appendices.

In this chapter random variables and their realizations are denoted by upper and lower
case letters respectively, e.g. if X is denotes a random variable, then a random sample
drawn (or realisation) from X is denoted by x. The probability density and cumulative
distribution of the random variable X is denoted by fX and FX respectively. Conditional
densities are denoted by fY|X(y|x), and where necessary, to highlight their importance,
we explicitly list certain parameters of a density following a semicolon, e.g. the density
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fX(x; θ ) is parameterized by θ . The expectation operator of a random variable is denoted
by E. These notations carry over to random vectors in the usual way, where vectors are
denoted by bold-face characters.

11.2 Channel model

The hybrid communication system considered in this chapter is illustrated in
Figure 11.1. First, a binary message sequence is jointly encoded into parallel FSO
and RF bit streams. Each bit stream is modulated according to a discrete modulation
scheme, up-converted to its respective carrier frequency, and transmitted simultaneously
through an atmospheric channel to the hybrid receiver. The hybrid receiver simultane-
ously down-converts each carrier signal, demodulates, and jointly decodes the received
sequences to recover the original message.

The development of a suitable model that captures the essential ingredients of the
hybrid system is crucial before we can embark on its information-theoretic study. In
practice, the FSO link operates with frequencies in the Tera-Hertz (THz) range, whereas
RF link would typically operate at millimeter wavelengths, i.e. the Giga-Hertz (GHz)
range. As a consequence of these vastly different carrier frequencies, there are several
important physical features that must be captured, which are discussed in the sequel.

11.2.1 Hybrid signalling

Since the FSO carrier frequency is many times higher than the RF, it can therefore
support higher signalling rates. This feature is captured through the definition of a hybrid
symbol, which is composed of N FSO symbols and a single RF symbol in parallel. More
formally, we define a hybrid constellation as follows.

DE FI N I T I O N 11.1 (Hybrid constellation) Let Xrf and Xfso denote discrete RF and
FSO constellations respectively, where |Xrf| = M = 2m and |Xfso| = Q = 2q. The
hybrid symbol constellation is defined as

X � XN
fso × Xrf, (11.1)

Encoder

FSO
modulator

RF
modulator

RF
up

Laser

Atmospheric
channel

RF
down

Photo-
detector

Decoder

Aper-
ture

Figure 11.1 Hybrid FSO/RF communication system.
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where N ≥ 1 is a positive integer. The total size of the hybrid constellation is therefore
|X | = 2Nq+m. The ratio between the number of FSO bits and the total number of bits is
defined as

δ � Nq

Nq+ m
. (11.2)

Practical RF systems commonly modulate information using both the amplitude and
phase of the carrier. At the receiver, a heterodyne operation is employed to down-
convert to baseband and recover the in-phase and quadrature components [27]. Hence
for the RF link we assume Xrf ⊂ C is some arbitrary discrete complex constella-
tion, e.g. Phase-Shift-Keying (PSK) or Quadrature Amplitude Modulation (QAM), and
symbols are drawn independently and identically distributed (i.i.d.) and equi-probable
from this constellation. In addition, Xrf is normalized to have unit average energy, i.e.
1
M

∑
x̂∈Xrf

|x̂|2 = 1.
Whilst it is also possible to modulate the amplitude and phase of the optical carrier,

this requires the corresponding heterodyne/homodyne operation to be performed opti-
cally before photodetection [28]. This requires complicated receive optics to implement
the optical heterodyne as well as to maintain coherence with the optical carrier. Most
practical FSO links employ the much simpler intensity modulation and direct detec-
tion (IM/DD), i.e. only the power of the optical carrier is modulated. For simplicity we
assume IM/DD such that Xfso ⊂ R

J+, i.e. the FSO symbol is divided into J time slots,
where in each time slot, a specified amount of optical energy is transmitted. This general
constellation scheme covers the special cases, for example, J = 1, Q-ary Pulse Ampli-
tude Modulation (PAM) or J = Q, Q-ary Pulse Position Modulation (PPM). As in the
RF link, we assume the FSO symbols are drawn i.i.d. from Xfso. However, unlike the
RF link, as we shall see later, optimizing the input constellation symbol probabilities
will be beneficial both in reducing the complexity of the power allocation strategy, and
improving outage performance. For all x = (x[1], . . . , x[J]) ∈ Xfso, let fX(x) denote
the discrete input probability distribution. We assume the constellation is normalized to
have unit energy, i.e.

∑
x∈X fX(x)

∑J
j=1 x[j] = 1.

11.2.2 Hybrid channel model

There are several important differences in how the atmosphere will affect the two car-
riers. Both carriers are affected by (scintillation induced) fading, but with different
coherence times. Typically the optical carrier experiences much shorter coherence times
(10s of msec) compared to the RF carrier (100s msec) [1], [17], [18], [19]. In addition,
each carrier is affected by particulate matter comparable to their respective wavelength.
Optical wavelengths are adversely affected by fog/cloud and aerosol particles [1]. On the
other hand, RF millimeter wavelengths are predominantly affected by rain droplets [17],
[18], [19].

It is important to note that in both the FSO and RF channels, the aforementioned
fading effects are slow compared to their typical signalling rates. In the information-
theoretic literature, slow-fading channels are simplistically modeled by the block-fading
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channel [29], [30]. In this setting, the transmitted codeword is divided into a finite
number of blocks each consisting of an equal number of channel uses (or symbols). The
symbols within a block experience the same fading realization, which is drawn i.i.d.
from block to block. Given the slow-varying nature of scintillation, the block-fading
model is appropriate for both FSO and RF channels, i.e. we model the overall hybrid
channel as a parallel block-fading channel. However, within this framework, we must
still model the difference in coherence time between the two channels. To capture this
important effect, as shown in Figure 11.2, we assume the FSO and RF components of
the hybrid codeword experiences A and B i.i.d. fading realizations respectively. Typi-
cally A ≥ B, since the fading on the FSO link is usually faster than that of the RF link.
We assume the FSO component of K hybrid symbols are affected by the same FSO
fading realization. Similarly the RF component of L hybrid symbols is affected by the
same RF fading realization. Note that since the total number of hybrid symbols must
be consistent between the two channels, then we have the requirement AK = BL. With
these assumptions, we write the parallel FSO and RF block-fading channels as follows.

For the FSO link, we write the received optical irradiance signal as

ra[k, n] = ρha
pa

N
xa[k, n]+ λ, (11.3)

where: ra[k, n] = (ra[k, n, 1], . . . , ra[k, n, J]) ∈ R
J+ denotes a J vector representing the

received optical energy in each of the J time slots of FSO symbol n = 1, . . . , N of hybrid
symbol k = 1, . . . , K in block a = 1, . . . , A; xa[k, n] = (xa[k, n, 1], . . . , xa[k, n, J])∈Xfso

denotes the nth transmitted FSO symbol vector of hybrid symbol k in block a; ρ models
long-term fading effects; ha > 0 denotes the fading in block a due to scintillation,
assumed to be drawn i.i.d. from some arbitrary density fH(h) with nonnegative support;
pa denotes the power allocated to block a, and λ ≥ 0 models background irradia-
tion/dark current (assumed to be constant). In (11.3) the 1/N factor ensures the FSO
and RF components of the hybrid symbol have the same energy.

For the RF channel we similarly write the lth received symbol of block b as

ŷb[l] =
√
ρ̂ĥbpbx̂b[l]+ σ̂ ẑb[l], (11.4)

for l = 1, . . . , L and b = 1, . . . , B, where: x̂b[l] ∈ Xrf denotes the transmitted symbol; ρ̂
models long-term fading effects; hb > 0 denotes the scintillation of block b, drawn from
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some arbitrary density fĤ(ĥ) with nonnegative support; p̂b denotes the power allocated to
block b; ẑb[l] ∼ NC(0, 1) models zero mean, unit variance complex additive Gaussian
white noise (AWGN); and σ̂ 2 denotes the RF noise power. We assume ha and ĥb are
independent. Note that, as opposed to what happens in the RF channel, in the FSO
channel, the received signal scales with pa rather than

√
pa.

The parameters 0 < ρ, ρ̂ < 1 in (11.3) and (11.4) model differences in the relative
strengths of the two parallel channels, e.g. it reflects long-term fading effects due to rain,
fog, or cloud as well as other parameters such as aperture/antenna gains and propagation
loss. When ρ > ρ̂, the FSO channel is much stronger than the RF, e.g. modelling the
effects of severe rain attenuation. On the other hand, if ρ < ρ̂, then the RF channel is
stronger than the FSO channel, e.g. modelling the effects of severe fog/cloud attenua-
tion. Although in practice ρ and ρ̂ are randomly varying with time (and are also most
likely correlated random variables), we assume they remain unchanged over many code-
word time intervals and therefore are fixed constants. Under this assumption, as we shall
see later, these parameters will not affect the asymptotic outage analysis that is to follow.

11.2.3 Channel state information and power adaptation

In wireless optical communications, efficient power adaptation not only extends the bat-
tery lifetime in portable applications, but also reduces stress on the semiconductor laser
device, extending its lifetime as well. However, in order to adapt the power, we first
require knowledge of the fading at the transmitter, commonly referred to as the channel
state information (CSI). Since the fading is slow, the CSI can be estimated at the receiver
and conveyed to the transmitter via a feedback link.

In this chapter, we consider two channel state information (CSI) scenarios. First we
will assume only the receiver has perfect CSI and the transmitter allocates power uni-
formly across all blocks (CSIR case). Then we will consider the case where perfect CSI
is also known at the transmitter (CSIT case), i.e. the transmitter has perfect knowledge of
h1, . . . , hA and ĥ1, . . . , ĥB. The transmitter then performs power allocation to reduce the
outage probability subject to power constraints. It is important to note that this assump-
tion is impossible in practice, as the transmitter will only have access to past estimates of
the fading (causal CSI), which may also contain imperfections due to estimation errors
at the receiver (imperfect CSI) [31], [32]. Nevertheless, the assumption of perfect CSI
at the transmitter serves as an important performance benchmark for practical systems.

The transmit power for both channels is ultimately drawn from the same power
resource. As such, we assume the long-term average power consumed by the hybrid
system is constrained according to

E
[〈p〉]+ E

[〈p̂〉] ≤ Pav, (11.5)

where 〈p〉 = 1
A

∑A
a=1 pa and 〈p̂〉 = 1

B

∑B
b=1 p̂b. Practical communication systems have

limitations on the short-term power that can be transmitted. Since the FSO and RF links
will realistically have different short-term (or peak) power limitations, we assume each
is subject to its own individual short-term power constraint, i.e.
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〈p〉 ≤ αfsoPav and 〈p̂〉 ≤ αrfPav, (11.6)

where αfso and αrf denote the peak-to-average power ratios (PAPRs) for the FSO and
RF channels respectively.

11.2.4 Photodetection models

The FSO channel model (11.3) only describes the received optical energy in each of the J
time slots of an FSO symbol interval. In order to jointly decode the FSO and RF signals,
the optical signal must be converted to an electrical one via photodetection. However, the
photodetection process itself introduces many additional noise effects uncommon in RF
systems. In the optical communications literature, a plethora of photodetection models
have been considered, each dependent on certain photodetector device and channel
model assumptions. For a detailed review and comparison of these models the inter-
ested reader is referred to [28], [33], [34]. As we shall see later, whilst the photodetection
model may affect the power adaptation scheme, it does not affect the asymptotic slope of
the outage probability curve (i.e. the outage exponent). However, for the sake of compar-
ison, in the following we summarize some of the commonly employed photodetection
models that will be considered in this chapter.

In this section, for ease of exposition and brevity of notation, we drop indices a, k, n
in (11.3) and consider non-fading FSO channels of the form

r = γ x+ λ, (11.7)

where r = (r[1], . . . , r[J]) and x = (x[1], . . . , x[J]) ∈ Xfso and γ denotes the transmitted
optical power. Conversion back to (11.3) is straightforward by letting γ = ρhapa/N and
replacing the appropriate indices a, k, n.

Given the received irradiance vector r, the photodetector converts it into an electrical
signal vector y = (y[1], . . . , y[J]). In this chapter, we will mostly be concerned with
the channel from the transmitted signal vector x to the photodetector output vector y. In
particular, we consider channels for which the transition probability can be written as

fY|X(y|x; γ , λ) =
J∏

j=1

fY|X(y[j]|x[j]; γ , λ). (11.8)

Note that we have made explicit the dependence of the channel transition probabilities
on the transmitted optical power γ and background irradiation λ. This will be useful
later on, when fading is introduced.

Under ideal photodetection, thermal noise is negligible and the photodetected electri-
cal signal represents discrete photon counts. The photon count over a given time interval
is a Poisson random variable whose rate is proportional to the average irradiance over
the time interval [28]. Let y[j] denote the photodetector output induced by the received
optical energy r[j] as given by (11.7). For the ideal photodetection case, the conditional
density of y[j] is the discrete Poisson distribution given by

fY|X(y[j]|x[j]; γ , λ) = (γ x[j]+ λ)y[j]

y[j]! e−(γ x[j]+λ) (11.9)
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for i = 1, . . . , Q. This is the well-known Poisson channel, used in a number of works on
FSO communications (see e.g. [10], [7], [35]).

As the average irradiance increases due to increased background irradiation or high
optical signal power, these statistics can be well approximated by Gaussian statis-
tics [36], [37]. In Appendix A we show that the Kullback–Leibler divergence [23]
between the Poisson distribution and a Gaussian distribution with the same mean
and variance approaches zero as the mean increases. This implies that, provided λ is
sufficiently large, y[j] ∼ N (γ x[j]+ λ, γ x[j]+ λ). Hence we may approximate (11.9) as

fY|X(y[j]|x[j]; γ , λ) ≈ 1√
2π (γ x[j]+ λ)

exp

(
− (y[j]− (γ x[j]+ λ))2

2(γ x[j]+ λ)

)
. (11.10)

In addition to background irradiation (and/or dark current), the photodetected signal
will also be corrupted by thermal noise. We assume this noise source is AWGN with zero
mean and variance σ 2. Thus the overall received electrical signal will be the convolution
of (11.9) with the Gaussian thermal noise density. For large enough λ, where we may
use the approximation (11.10), then we have

fY|X(y[j]|x[j]; γ , λ, σ 2) ≈ 1√
2π(γ x[j]+ λ+ σ 2)

exp

(
− (y[j]− (γ x[j]+ λ))2

2(γ x[j]+ λ+ σ 2)

)
.

(11.11)

It is important to note that (11.10) and (11.11) are signal-dependent Gaussian noise
channels, i.e. the noise variance is dependent on the value of x[j]. Moreover (11.11)
implies we may write the photodetected channel model as

y[j] = γ x[j]+ λ+
√
γ x[j]+ λ+ σ 2z[j], (11.12)

where z[j] ∼ N (0, 1). In addition, we may ignore the constant background irradiation
contribution to the mean signal level, firstly because it can be removed straightfor-
wardly by receiver electronics, and secondly it does not affect the input–output mutual
information of the channel [23]. Hence we have

y[j] ≈ γ x[j]+
√
γ x[j]+ λ+ σ 2z[j]. (11.13)

When λ+ σ 2 � γ then the signal-dependent contribution to the noise variance can be
considered negligible and we arrive at the signal-independent Gaussian noise model, i.e.

y[j] ≈ γ x[j]+
√
λ+ σ 2z[j]. (11.14)

Many works on FSO communications have employed the signal-independent photode-
tection model, see e.g. [38], [39], [40], [41], [4], [42].

Comparing (11.13) and (11.14) with the received RF electrical signal model (11.4)
we see an important difference: the received FSO photodetected signal is proportional
to the optical power, whereas the received RF signal is proportional to the square root
of the transmitted RF power. As we shall see later, this difference in power scaling will
have significant repercussions on the optimal power allocation strategy.
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11.3 Information-theoretic preliminaries

11.3.1 Mutual information

Consider a particular transmitted hybrid codeword consisting of A and B FSO and RF
blocks respectively, with vector power allocations p = (p1, . . . , pA) and p̂= (p̂1, . . . , p̂B).
The FSO and RF components of the transmitted codeword experience vector chan-
nel realizations h = (h1, . . . , hA) and ĥ = (ĥ1, . . . , ĥB), respectively. In the limit
as K, L → ∞, the largest achievable rate supported by the hybrid channel is the
input–output mutual information [23]

Itot(p, p̂, h, ĥ) = N

A

A∑
a=1

IXfso (haρpa/N, λ, σ 2)+ 1

B

B∑
b=1

IXrf (ĥbρ̂p̂b, σ̂ 2), (11.15)

in bits per hybrid channel symbol, where

IX (θ ) = E

[
log2

fY|X(Y|X; θ )

fY(Y; θ )

]
(11.16)

denotes the input–output mutual information of the vector input channel with constella-
tion X , parameterized by the vector θ . Note that the achievable rate (11.15) implicitly
assumes joint encoding and decoding across FSO and RF channels.

11.3.1.1 FSO channel mutual information
For the FSO channel, as discussed in Section 11.2.4, the transition probabilities
fY|X(Y|X; θ ) in (11.16) depend on the actual photodetection model. For the Poisson
model (11.9), assuming the input vector symbols are drawn from Xfso using density
fX, we have

IPoisson
Xfso

(γ , λ) = −E

⎡
⎣log2

⎛
⎝ ∑

x′∈Xfso

fX(x′)e
∑J

j=1 Yj log

(
λ+γ x′j
λ+γXj

)
−γ (x′j−Xj)

⎞
⎠
⎤
⎦ , (11.17)

where the expectation is over the dependent random vectors (X1, . . . , XJ) and
(Y1, . . . , YJ). For the case when thermal noise and background irradiation are large, the
signal-independent noise model (11.14) is valid. Thus,

Iawgn
Xfso

(
γ 2

λ+ σ 2

)
= −E

⎡
⎣log2

⎛
⎝ ∑

x′∈Xfso

fX(x′)e
−∑J

j=1
γ 2

λ+σ (Xj−x′j)2+2 γ√
λ+σ2

(Xj−x′j)Zj

⎞
⎠
⎤
⎦ ,

(11.18)

where Zj ∼ N (0, 1). Figure 11.3(a) compares the mutual information of the Poisson
channel (11.17) with that of the signal-independent Gaussian noise channel (11.18)
(with σ 2 = 0, i.e. zero thermal noise) for on–off keying (OOK) with equi-probable
symbols. We see that both sets of curves have similar shape. The Gaussian approxima-
tion tends to underestimate the mutual information at low powers and over-estimates for
high powers.
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Figure 11.3 Mutual information of OOK: (a) compares Poisson channel (11.17) (solid) to the signal
independent Gaussian noise channel (11.18) (dashed), with equi-probable symbols σ 2 = 0 and
increasing λ; (b) compares (11.22) with Q = 2 to OOK with equi-probable signalling (dashed)
and λ = 10, various other input distributions are also shown (thin dashed), where
β = β1 = 1− β0. Time-sharing is also included for the sake of comparison (dash-dotted).
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11.3.1.2 FSO channel, time-sharing mutual information
On closer inspection of Figure 11.3(a) we see that both sets of curves are not concave
with γ . Moreover, we see that the curves are convex until a certain threshold power, at
which point they become concave. This suggests equi-probable signalling is suboptimal,
since, in the convex region, a higher achievable rate is possible via timesharing. More
specifically, if the mutual information for equi-probable inputs is convex between 0 ≤
γ < γts we can employ time-sharing between points (0, 0) and (γts, IXfso (γts, λ)), i.e.
when γ < γts we transmit using a peak power of γts, but only for a fraction of γ /γts

of the block interval and zero power for the remaining 1 − γ /γts fraction. Hence the
average power of the block is γ , and the resulting achievable rate is therefore given by

Its
Xfso

(γ , λ) =
{

IXfso (γts, λ) γ
γts

γ < γts

IXfso (γ , λ) otherwise.
(11.19)

The threshold γts is the point at which the tangent to the curve IXfso (γ , λ) passes through
the origin. Hence γts is the solution to

IXfso (γ , λ) = γφXfso (γ , λ), γ > 0, (11.20)

where

φX (γ , λ) � ∂

∂γ
IXfso (γ , λ) (11.21)

is the derivative of the mutual information with respect to γ .1 Note that γts is depen-
dent on Xfso and the background irradiation λ. Threshold values for some example
modulation schemes are listed in Table 11.1.

Figure 11.3(a) also compares with the resulting time-sharing scheme (dash-dotted
line) using the parameters from Table 11.1. As we observe, some improvement is
possible, especially for low γ .

For signal-independent Gaussian channels, φX (γ , λ) is the minimum mean-squared
error (MMSE) [43]. Whereas for Poisson channels it is a certain function of the
MMSE [44], and we provide further details for its computation in Appendix B.

11.3.1.3 FSO channel, optimal PAM mutual information
Whilst time-sharing obtains a higher achievable rate than fixed equi-probable signalling,
the periods of zero power transmission represent an inefficient use of the block interval.

Table 11.1 Time-sharing thresholds for the Poisson channel,[
γts, IXfso

(γts, λ)
]
, where γts is measured in Decibels.

λ (dB) OOK 2PPM 4PPM

0 [1.80,0.49] [3.16,0.52] [3.76,1.09]
10 [6.50,0.60] [6.18,0.62] [8.48,1.29]
20 [11.33,0.65] [12.80,0.66] [13.38,1.38]

1 Note that if IXfso
(γ , λ) is concave, the only solution to (11.20) is γ = 0
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Time-sharing is in fact a naive way of changing the input distribution from the channel’s
perspective.2 For example, if equi-probable OOK is employed, in the time-sharing inter-
val, γ < γts, from the channel’s perspective the probability of a pulse being input to the
channel is reduced from 1

2 to γ
2γts

. It turns out we can obtain an even higher achiev-
able rate by optimizing the input distribution. In particular, for a fixed number of PAM
mass points, we find the mass point locations and their probabilities that maximizes the
mutual information subject to an average (block) power constraint, i.e. for Q-ary PAM,
let μ0, . . . ,μQ−1 and β0, . . . ,βQ−1 denote the mass point locations and their associated
probabilities, then

Iopt
XPAM

(γ , λ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Maximize: IXPAM(μ, β, λ)

Subject to:
∑Q−1

q=0 μqβq ≤ γ∑Q−1
q=0 μq = 1

0 ≤ βq ≤ 1, q = 0, . . . , Q− 1,

(11.22)

where, e.g. for the Poisson channel,

IXPAM(μ, β, λ) = −
Q−1∑
q=0

βq log2 βq

−
Q−1∑
q=0

βqEY|X=μq

⎡
⎣log2

⎛
⎝1+

∑
j �=q

βj

βq

(
λ+ μj

λ+ μq

)Y

e−(μj−μq)

⎞
⎠
⎤
⎦ .

(11.23)

Note that a peak power constraint may also be considered in (11.22). Indeed, for
bandwidth constrained Poisson channels with average and peak power constraints,
the capacity-achieving input distribution is proven to be discrete, i.e. a PAM scheme
whereby the mutual information is maximized over the mass point locations and their
associated probabilities [45]. When there is no peak power constraint, the optimal input
distribution has only been conjectured to be discrete [45]. For high photon counts it has
been shown to be approximately exponential [46].

The solid line in Figure 11.3(b) shows the mutual information Iopt
XOOK

(γ , λ) in compar-
ison to equi-probable OOK as shown by the dot-dashed curve. From this figure, we see
optimizing over the input distribution not only results in a larger acheivable rate (for the
same average power), but it also results in a concave mutual information curve. As we
observe, optimizing the input distribution yields significant gains also when compared
to time-sharing.

11.3.1.4 RF channel mutual information
For the RF channel (11.4) with power γ̂ and noise variance σ̂ 2, the mutual information
is [47]

2 That is, picking a symbol interval from the entire block uniformly at random.
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Iawgn
Xrf

(
γ̂

σ̂ 2

)
= −E

⎡
⎣log2

⎛
⎝ ∑

x̂′∈Xrf

fX̂(x̂′)e−
γ̂

σ̂2 |X̂−x̂′|2−2
√

γ̂

σ̂2 &{(X̂−x̂′)Z∗}
⎞
⎠
⎤
⎦ , (11.24)

where the expectation is over the independent random variables X̂ and Z ∼ NC(0, 1).
From (11.18) and (11.24) we see that for signal-independent Gaussian channels, the
mutual information need only be parameterized by a certain ratio of the various channel
parameters. For the RF channel it is the signal-to-noise ratio (SNR), i.e. γ̂

σ̂ 2 . However, it

is important to note that for the FSO case, as a consequence of (11.14), γ 2

λ+σ 2 is not the
SNR, since it is proportional to the optical power squared.

11.3.2 Outage probability

Suppose the hybrid system is required to operate at a target rate of R bits per hybrid
channel symbol. Since A and B are finite, and Itot is a function of h, ĥ, which are real-
izations of the fading random variables, then Itot is also a random variable.3 Moreover,
there is a non-zero probability that Itot < R, i.e. the channel cannot support the desired
target rate. Such events are referred to as outages, and the probability that they occur,

Pout(Pav, R) � Pr
{

Itot(p, p̂, h, ĥ) < R
}

, (11.25)

is called the outage probability. Note that we have written Pout as a function of the
average power constraint Pav as well as the target rate total R. The information outage
probability lower bounds the codeword error probability of any coding scheme [29],
[30] and has been shown to be the fundamental limit of block-fading channels [49].
In particular, there exist coding schemes of sufficiently large block length whose error
probability is arbitrarily close to the outage probability; conversely, the error probability
of any sufficiently long code is lower-bounded by the outage probability. In order to
simplify the expressions that will follow, we define the rate of the underlying binary
code as

Rc = R

Nq+ m
. (11.26)

11.3.3 Outage exponent

Analytical computation of the outage probability (11.25) requires a closed-form expres-
sion of the distribution of the instantaneous input–output mutual information (11.15).
Such a task is intractable in general, and the usual approach is to numerically compute
the outage probability via Monte Carlo simulations. Whilst this approach is simple to
implement, at low outage probability values, it requires lengthy simulations to count
enough outage events for a reliable estimate. In addition, it reveals little insight as to
how various channel model and system design parameters affect the outage performance

3 The channel is therefore not information stable and the channel capacity in the strict Shannon sense is
zero [48].
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of the system. Towards this end, we study the outage exponent, which is substantially
simpler to compute analyically. The outage exponent is defined as

d(k) � lim
Pav→∞

− log Pout(Pav, R)

(log Pav)k
, (11.27)

where k = 1, 2. In simple terms, the outage exponent describes the slope of the outage
probability curve (when plotted on a log-log scale) in the high power regime. The larger
the outage exponent, the faster the outage probability will decrease with increasing
power. Note that by including the integer k, (11.27) is more general than the outage
exponent normally defined in RF systems [24], [25]. This modified definition is required
to allow for scintillation cases where the resulting outage probability curve will not con-
verge to a constant slope when plotted on a log-log scale, but does when plotted on a
log-log2 scale (most notably under weak turbulence conditions where the scintillation is
log-normal distributed [2]).

Clearly, the outage exponent will depend on the distribution of the fading coeffi-
cients. Rather than assuming a specific distribution, we characterize the fading via the
component channel’s single block transmission outage exponent, defined as

d(i)
fso � lim

γ→∞−
log Pr{Ifso(hγ ) < Rfso}

(log γ )i
(11.28)

d(j)
rf � lim

γ→∞−
log Pr{Irf(ĥγ ) < Rrf}

(log γ )j
, (11.29)

for given component channel rate constraints 0 < Rfso < Nq and 0 < Rrf < m, where
i, j ∈ {1, 2}. We see that (11.28) and (11.29) imply

FH

(
c

γ

)
.= e−d(i)

fso(log γ )i
, FĤ

(
c

γ

)
.= e−d(j)

rf (log γ )j
, (11.30)

where c > 0 is some arbitrary constant (which in this case is the inverse of the mutual
information function). In other words, (11.28) and (11.29) each define a family of scintil-
lation distributions whose left-sided tail behaves like (11.30). In Table 11.2 we list some
single block transmission outage exponents (derived in [2]) for some typical scintillation
distributions [1].4

Note that the exponents derived in [2] defined the outage exponent in terms of
the received electrical SNR. In this chapter, we define the FSO exponent in terms of
the transmitted optical power. This results in a factor of 2 in the exponents listed in
Table 11.2 compared to those given in [2].

4 Note that if MIMO FSO with transmit repetition and equal gain combining is employed, then the exponents
listed in Table 11.2 are simply multiplied by NtNr , where Nt and Nr denote the number of lasers and
apertures respectively [2].
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Table 11.2 Outage exponent for some typical scintillation distributions.

Distribution PDF f (h) SNR exponent

Exponential exp(−h) d(1) = 1

Lognormal 1
hσ̄
√

2π
e−(log h−μ̄)2/(2σ̄ 2) d(2) = 1

4 log(1+σ̄ 2)

Gamma-gamma 2(āb̄)
ā+b̄

2

�(ā)�(b̄)
h

ā+b̄
2 −1Kā−b̄(2

√
āb̄h) d(1) = min(ā, b̄)

Lognormal-Rice (1+r̄)e−r̄√
2πσ̄

∫ ∞
0

1
v2 I0

(
2
√

(1+r̄)r̄h
v

)
e
− (1+r̄)h

v − 1
2σ̄2

(
log v+ 1

2 σ̄
2
)2

dv d(1) = 1
2

I-K

⎧⎪⎨
⎪⎩

2ᾱ(1+ρ̄)
[

(1+ρ̄)h
ρ̄

] ᾱ−1
2 Kᾱ−1(2

√
ᾱρ̄)Iᾱ−1(2

√
ᾱh(1+ρ̄)) h< ρ̄

1+ρ̄
2ᾱ(1+ρ̄)

[
(1+ρ̄)h

ρ̄

] ᾱ−1
2 Iᾱ−1(2

√
ᾱρ̄)Kᾱ−1(2

√
ᾱh(1+ρ̄)) h> ρ̄

1+ρ̄
d(1)= 1

2 ᾱ

11.4 Uniform power allocation

First let us assume that perfect CSI is known only at the receiver (CSIR case). The
transmitter allocates power uniformly across all blocks, i.e. p1 = · · · = pA = p̂1 =
· · · = p̂B = p = Pav.

TH E O R E M 11.1 Suppose the mutual information of the FSO and RF non-fading chan-
nels are monotonically increasing functions of power, and asymptotically behave as
follows,

lim
γ→∞ IXfso (γ , λ, σ 2) = q (11.31)

lim
γ→0

IXfso (γ , λ, σ 2) = 0 (11.32)

lim
γ̂→∞

IXrf (γ̂ , σ̂ 2) = m (11.33)

lim
γ̂→0

IXrf (γ̂ , σ̂ 2) = 0. (11.34)

Define component channel SNR exponents d(i)
fso and d(j)

rf as in (11.28) and (11.29) respec-
tively. Assuming ρ, ρ̂ > 0 and i = j = k, then the overall hybrid outage exponent is
given by

d(k) = inf
K(δ,Rc)

{
d(k)

fsoκ1 + d(k)
rf κ2

}
, (11.35)

where

K(δ, Rc) �
{
κ1, κ2 ∈ Z :δ

κ1

A
+ (1− δ)

κ2

B
> 1− Rc, 0 ≤ κ1 ≤ A, 0 ≤ κ2 ≤ B

}
.

(11.36)
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The generality of conditions (11.31) to (11.34) imply that the theorem is applicable to
all of the photodetection models discussed in Section 11.2.4 and most practical discrete
modulation schemes of interest. However, it should be noted that the time-sharing and
optimal PAM signalling strategies described in Section 11.3.1 cannot be applied as they
require knowledge of the CSI at the transmitter.

From Theorem 11.1, we see that the overall outage exponent depends on Rc, δ,
A, B and the individual exponents d(k)

fso and d(k)
rf in a non-trivial way. However, if

one considers (κ1, κ2, d(k)) as a three-dimensional space, we see that the overall out-
age exponent is dominated by the end points (A(1 − Rc)/δ, 0, d(k)

fsoA(1 − Rc)/δ) and

(0, B(1−Rc)/(1− δ), d(k)
rf B(1−Rc)/(1− δ)) of the line of intersection between the planes

defined by d(k) = κ1d(k)
fso + κ2d(k)

rf and δ κ1
A + (1− δ) κ2

B = 1− Rc. Thus we find, as a rule
of thumb, if

d(k)
fso

d(k)
rf

<
B

A

δ

1− δ
= B

A

Nq

m
, (11.37)

then the scintillation on the FSO channel will dominate the overall hybrid exponent (and
vice versa).

Although in general, the solution to (11.35) can be straightforwardly determined
numerically, it is difficult to obtain insight as to how the various system parameters influ-
ence the overall SNR exponent. However, for the most basic and interesting scenario,
A = B = 1, the solution to (11.35) reduces to a simple intuitive form.

CO RO L L A RY 11.1 Suppose A = B = 1. The solution to (11.35) is divided into two
cases as follows.

(1) If δ ≤ 1
2 , then

d(k) =

⎧⎪⎪⎨
⎪⎪⎩

d(k)
fso + d(k)

rf 0 < Rc ≤ δ

d(k)
rf δ < Rc ≤ 1− δ

min(d(k)
fso, d(k)

rf ) 1− δ < Rc < 1.

(11.38)

(2) If δ ≥ 1
2 , then

d(k) =

⎧⎪⎪⎨
⎪⎪⎩

d(k)
fso + d(k)

rf 0 < Rc ≤ 1− δ

d(k)
fso 1− δ < Rc ≤ δ

min(d(k)
fso, d(k)

rf ) δ < Rc < 1.

(11.39)

From Corollary 11.1 we can see directly how the hybrid system parameters will affect
the asymptotic slope of the outage probability curve for the single block transmission
case. In particular, we see that the asymptotic slope is affected by the SNR exponent
of the individual component channels (which is in turn dependent on the scintillation
distribution), the size of the FSO/RF signal set constellation, and the overall binary code
rate of the system. In most practical systems, δ ≥ 1

2 , i.e. in a hybrid symbol period,
the number of transmitted FSO bits will be greater than the number of RF transmitted
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bits. From (11.39), we see that the highest diversity is achieved if the binary code rate
Rc is set to be less than 1 − δ = m/(m + nq), i.e. the total information rate is less than
the maximum information rate of the stand-alone RF channel. If 1 − δ < Rc ≤ δ, the
exponent is the same as a single FSO link, i.e. the additional coding over an RF link
will not improve the asymptotic slope of the outage probability curve. For high binary
code rates, δ < Rc < 1, the asymptotic performance is dominated by the worst of
the two exponents. Note that code rates above δ are not achievable with a stand-alone
FSO link.

Although we have concentrated on the single block case, given the short coherence
time of the optical channel compared to the RF channel, the cases of A = 2, 3 and B = 1
are also of practical interest and are readily evaluated from Theorem 11.1. In particular,
these provide significant outage exponent improvements for lower rates, compared to
the single block case. This is illustrated in Figure 11.4, which plots the hybrid outage
exponent with, d(k)

fso = 2, d(k)
rf = 1 and δ = 0.8 for a: A = 1, B = 1 system (dash-dotted

line); A = 3, B = 1 system (solid line); and a stand-alone FSO link with three blocks,5

i.e. A = 3, B = 0 (dashed line). By coding over more FSO blocks, vast improvements
in the outage exponent can be seen, particularly as the code rate decreases. In addition,
we see that the A = 3, B = 1 exponent exceeds that of the stand-alone FSO system by
d(k)

rf for most code rates.

TH E O R E M 11.2 Define component channel outage exponents d(i)
fso and d(j)

rf as
in (11.28) and (11.29) respectively. Suppose i > j then the outage exponent is

d(i) = d(i)
fso

(
1+

⌊
A

δ
(δ − Rc)

⌋)
0 < Rc ≤ δ (11.40)

d(j) = d(j)
rf

(
1+

⌊
B

1− δ
(1− Rc))

⌋)
δ < R < 1. (11.41)

Otherwise, if i < j then the outage exponent is

d(j) = d(j)
rf

(
1+

⌊
B

1− δ
(1− δ − Rc)

⌋)
0 < Rc ≤ 1− δ. (11.42)

d(i) = d(i)
fso

(
1+

⌊
A

δ
(1− Rc)

⌋)
1− δ < Rc < 1 (11.43)

Theorem 11.2 shows how the overall performance of the hybrid channel will be
affected when one of the component channels has an asymptotic outage probability that
decays with power much faster than the other. In particular, we see that the overall outage
exponent will be dominated by the worst of the two component channel outage expo-
nents unless the binary code rate is below a certain threshold dependent on the ratio of
FSO bits to total transmitted bits (δ). Note that the exponents in Theorems 11.1 and 11.2
are related to how outage-approaching codes should be designed. In particular, they are
a form of the Singleton bound on the blockwise Hamming distance [49], [50], [51], [25].

5 Note that for the stand-alone FSO system with A blocks, the exponent is given by d(k) = d(k)
fso(1+ �A(1−

Rc/δ)�) for 0 < Rc < δ, since we have defined Rc with respect to the hybrid system.
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Figure 11.4 Hybrid channel outage exponent (11.35) with d(k)
fso = 2, d(k)

rf = 1 and δ = 0.8: A = 1, B = 1
system (dash-dotted line); A = 3, B = 1 system (solid line); and a stand-alone FSO link with
three blocks, i.e. A = 3, B = 0 (dashed line).

11.4.1 Numerical results

To demonstrate the implications of our asymptotic results, we conducted a number
of Monte Carlo simulations. This involved computing the mutual information curves
IXfso (γ ) and IXrf (γ ) for a given constellation. These curves are then used as lookup
tables to determine the total mutual information (11.15) for a given set of vector fading
realizations h and ĥ, which are generated randomly according to one of the distributions
listed in Table 11.2.

We note that since all the models under consideration meet the conditions in Eqs.
(11.31)–(11.34), they all have the same exponents, provided the coding rates and modu-
lations are the same. Figure 11.5(a) confirms this fact for transmission with R = 3, 9 and
15 (Rc = 1

6 , 1
2 and 5

6 ) over the Poisson channel (solid lines) and the signal-independent
Gaussian model (11.14) with σ 2 = 0 (dashed lines). The FSO link employs OOK
modulation while the RF link employs 64-QAM; we assume N = 12. For these param-
eters we have that δ = 2

3 . Not only the exponents are the same, but we also observe
very little quantitative difference between the Poisson and signal-independent Gaussian
models. In particular, the difference becomes smaller for high rates. This is due to the
fact that for high rates, the mutual information for both Poisson and Gaussian models
saturate at the same point.

Figure 11.5(b) shows the outage probability for the same setup as 11.5(a), but assum-
ing a lognormal scintillation distribution in the RF link. The Poisson channel model is
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(a) Poisson vs. Gaussian models for FSO with gamma-gamma scintillation (a = b = 2); RF:
exponential scintillation.
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Figure 11.5 Outage performance for the hybrid FSO/RF channel with ρ = ρ̂ = 0.5, λ = σ 2 = 10, N = 12
OOK modulation (FSO link) and 64-QAM modulation (RF link).
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assumed for the FSO link. The lognormal scintillation distribution is the only one that
induces a nonzero second order exponent d(2). Therefore, the results of Theorem 11.2
are relevant in this case, where the first- and second-order exponents d(1) and d(2) are
related. In particular, for A = 1 we have that when R = 3, we have that d(2) = 1

4 log 2

(as given in Table 11.2), while for R = 9, 15 from Theorem 11.2 we obtain that d(1) = 2.
Instead, in the case where A = 2, for R = 3 we have that d(2) = 1

4 log 2 , while for

R = 9, 15 we have d(1) = 4, 2, respectively. In both cases, for R = 3, the dominating
exponent is that of the RF link, i.e., d(2), while for higher rates the dominating exponent
is that of the FSO link, i.e., d(2) = 0 and d(1) is finite.

11.5 Power allocation

Since the fading experienced on both the FSO and RF links is slow compared to typ-
ical signalling rates, it is reasonable to assume the receiver is able to estimate the CSI
and feedback this information to the transmitter. Using this information, the transmitter
can therefore adapt the power (subject to power constraints) to compensate for chan-
nel fluctuations and significantly reduce the outage probability. Realistically, since the
scintillation is a time-varying process, the transmitter will only have access to the CSI
of past blocks of the codeword (causal CSIT). Moreover, the estimation process at
the receiver may induce errors resulting in imperfect CSI at the transmitter (imperfect
CSIT). Analysis of these effects on the outage diversity in general block-fading channels
can be found in [31], [32], [52], [53] and references therein. In this section, we assume
the transmitter has perfect a-causal knowledge of the CSI. Whilst this assumption is
unrealistic, it provides an important benchmark for practical systems.

11.5.1 Optimal solution

In general, to find the optimal power allocation strategy, we require the solution to the
following minimization problem.

⎧⎪⎪⎨
⎪⎪⎩

Minimize: Pr
{

Itot(p, p̂, h, ĥ) < R
}

Subject to: E[〈p〉]+ E[〈p̂〉] ≤ Pav,

〈p〉 ≤ αfsoPav, 〈p̂〉 ≤ αrfPav.

(11.44)

To solve (11.44) first consider the following lemma.

LE M M A 11.1 Let p∗ and p̂∗ denote the solution to

{
Minimize: 〈p〉 + 〈p̂〉
Subject to: Itot(p, p̂, h, ĥ) ≥ R.

(11.45)
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Then the solution to

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Minimize: 〈p〉 + 〈p̂〉
Subject to: Itot(p, p̂, h, ĥ) ≥ R

〈p〉 ≤ αfsoPav, 〈p̂〉 ≤ αrfPav

p, p̂ ' 0,

(11.46)

denoted by ℘ and ℘̂, is separated into four cases as follows.

(1) If p∗ and p̂∗ both satisfy their respective short-term power constraints in (11.46).
Then ℘ = p∗ and ℘̂ = p̂∗.

(2) If the power allocation over the FSO link satisfies its short-term power constraint,
but the RF link does not, i.e. 〈p∗〉 ≤ αfsoPav and 〈p̂∗〉 > αrfPav. Then ℘̂ is the
solution to ⎧⎪⎪⎨

⎪⎪⎩
Maximize: Irf(p̂, ĥ)

Subject to: p̂ = αrfPav,

p̂ ' 0,

(11.47)

and ℘ is the solution to

⎧⎪⎪⎨
⎪⎪⎩

Minimize: 〈p〉
Subject to: Ifso(p, h)+ Irf(℘̂, ĥ) = R

p̂ ' 0.

(11.48)

If ℘ > αfsoPav, then the solution to (11.46) is infeasible. Note that if R− Irf(℘̂, ĥ) >
Nq, then the solution to (11.48), and hence (11.46) is also infeasible. In other words,
the short-fall in mutual information required to avoid outage exceeds the maximum
possible rate supported by the FSO link.

(3) If 〈p∗〉 > αfsoPav and 〈p̂∗〉 ≤ αrfPav. Then the solution to (11.46) is the same as the
previous case, with the roles of rf and fso interchanged.

(4) If 〈p∗〉 > αfsoPav and 〈p̂∗〉 > αrfPav, then the solution to (11.46) is infeasible.

TH E O R E M 11.3 The solution to problem (11.44) is given by

(℘∗, ℘̂∗) =
{

(℘, ℘̂) 〈℘〉 + 〈℘̂〉 ≤ s∗

(0, 0) otherwise,
(11.49)

where (℘, ℘̂) is the solution to (11.46) and s∗ is a threshold determined by

s∗ = sup
{

s : E(h,ĥ)∈R(s)[〈℘〉 + 〈℘̂〉] ≤ Pav

}
, (11.50)
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where

R(s) �
{

(h, ĥ) ∈ R
A+B : 〈℘〉 + 〈℘̂〉 ≤ s

}
. (11.51)

Proof The proof follows similar arguments to those described in [54], [55]. Essen-
tially, (11.46) gives the minimum set of power allocations that satisfy the short-term
power constraints such that total mutual information is greater than the rate require-
ment. The inclusion of threshold s∗ ensures that the long-term power constraint is also
satisfied. The larger s∗ is, the smaller the outage probability will be. Since the solution
(℘, ℘̂) from (11.46) gives the minimum sum power to satisfy the rate constraint, then this
solution also gives the maximum s∗, which in turn minimizes the outage probability.

We see that in general, the solution to (11.44) requires the solution to (11.46), which
we have further decomposed into a number of smaller optimization sub-problems in
Lemma 11.1. Ultimately a tractable solution to the overall problem is only possible if
these smaller sub-problems are convex. In this case, these sub-problems are solvable
via the Karush–Kahn–Tucker (KKT) conditions [56]. However, this is only possible
if and only if the input–output mutual information of each component channel is a
concave function of the input power. In this case, the KKT conditions yield a solu-
tion that is expressed as a function of the derivative of the mutual information with
respect to the input power [57], [54], which is equal to the minimum mean-squared
error (MMSE) for the signal-independent Gaussian noise model [43]. Whilst this is
the case for the RF channel, as discussed in Section 11.3.1, the mutual information of
the FSO channel is not concave in general. Moreover, to enforce concavity, we must
either employ time-sharing or optimize the FSO input distribution. Alternatively, we
may consider suboptimal power allocation. For example, in [26] a suboptimal scheme
was proposed for the signal-independent Gaussian photodetection model (11.14) with
an equi-probable signalling, by replacing the resulting non-convex problem (11.46) with
a convex one. It was then proven that this suboptimal strategy still achieves the optimal
outage diversity. However, in this section, we only consider optimal power allocation
and therefore assume either time-sharing or optimal PAM signalling is employed to
ensure a concave mutual information function.

11.5.2 Asymptotic Analysis

The asymptotic outage performance of optimal power allocation for discrete-input
block-fading AWGN channels was analyzed by Nguyen et al. in [54], [58]. In partic-
ular, from [54, Prop. 3], if the PAPRs αfso and αrf are finite, then the SNR exponent
will be the same as the CSIR case given in Theorems 11.1 and 11.2. When there are
no PAPR constraints then the SNR exponent of the optimal power allocation strategy
is [58, Th. 1]

d(1)
csit =

⎧⎨
⎩
∞ d(1)

csir > 1
d(1)

csir

1−d(1)
csir

d(1)
csir < 1,

(11.52)

where d(1)
csir is the SNR exponent for the CSIR case.
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The implications of (11.52) are described as follows. When d(1)
csit = ∞, then the outage

probability curve will be vertical at a certain threshold of average power, i.e. the hybrid
system is able to maintain a constant level of instantaneous input–output mutual infor-
mation. The threshold at which this occurs is referred to as the delay-limited capacity
of the system [59]. Note that if d(1)

csir = 1 in (11.52) then d(1)
csit = ∞, however, the outage

curve will not show a vertical behaviour, nor will it converge to a constant slope when
plotted on a log-log scale [54]. When the PAPRs are finite, the short-term power con-
straints introduce an error floor with a slope equal to the CSIR case. The height of the
error floor is dependent on αfso and αrf [54].

11.5.3 Numerical results

To demonstrate the benefits of power allocation and its asymptotic behavior, we simu-
lated the optimal power allocation strategies with OOK and gamma-gamma scintillation
with parameters ā = b̄ = 2 for the FSO link and 64-QAM and exponential scintil-
lation for the RF link. In our simulations, we have chosen the following parameters
ρ = ρ̂ = 0.5, A = B = 1 and N = 12.

Figure 11.6(a) shows the outage probability with and without power allocation, for
several values of the peak-to-average power ratio α = αfso = αrf = 5, 10, 15, and
20 dB and R = 9. Optimal OOK signalling is assumed for power allocation (solid
lines) while equiprobable OOK is used for uniform power allocation (dashed line).
Note also that, as predicted by Eq. (11.52), since d(1)

csir = 2, the outage curve without
peak power restrictions will show a vertical behavior. This can be seen in the figure
(thick solid curve), for Pav > 24 dB outages are completely removed. Remark first the
order of magnitude of the gains. We see that there is a power saving of more than 20
dB compared to uniform power allocation to achieve 10−5 outage probability. When
peak power constraints are introduced, as expected, we see that an error floor is intro-
duced with the same slope as the CSIR case. The floor shifts down in probability as the
peak-to-average power ratio increases.

Figure 11.6(b) shows the outage probability for a fixed peak-to-average power ratio
α = 15 dB and R = 3, 9, and 15. The figure compares uniform power allocation and
optimal power allocation for time-sharing OOK and optimal OOK. For R = 3, we
observe nearly 4 dB difference between the optimal scheme and time-sharing. Remark
that this difference becomes smaller for higher rates, eventually disappearing. This is
due to the fact that the operating point is exactly in a region where the optimal mutual
information and the time-sharing one are nearly the same.

11.6 Conclusions and summary

We proposed a simple hybrid FSO/RF channel model based on parallel block fading
channels. This hybrid model takes into account differences in signalling rates and fading
effects typically experienced by the component channels involved. Under this frame-
work, we examined the information-theoretic limits of the hybrid channel. In particular,
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Figure 11.6 Outage performance of the hybrid FSO/RF channel with power adaptation: (a) compares the
outage performance of a rate R = 9 system with uniform power allocation and equi-probable
OOK signalling (dashed) to a system with optimal power allocation and optimal OOK signalling
(solid), results for various PAPR are also shown, where α = αfso = αrf; (b) compares optimal
power allocation (with α = 15 dB) for optimal OOK signalling (solid), equi-probable OOK with
time-sharing (dot-dashed), and uniform power allocation with equi-probable signalling (dashed).
Other system parameters included, ρ = ρ̂ = 0.5, A = B = 1, N = 12, OOK FSO and 64QAM
RF, FSO gamma-gamma scintillation with parameters a = b = 2 and RF exponential
scintillation.
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we studied the outage performance in the asymptotic high-power regime by analyz-
ing the outage exponent. When CSI is only available at the receiver, in the general
case, the exponent is not available in closed form. Instead, we derived simple expres-
sions from which it can be computed numerically. These outage exponents are related
to how optimal codes should be designed, and therefore are useful for practical code
design. When CSI is also available at the transmitter, we derived the optimal power
allocation scheme that minimizes the outage probability subject to peak and average
power constraints. Our results indicate that significant power savings (on the order of
tens of dBs) are achievable using optimal power allocation compared to uniform power
allocation.

Appendix A Kullback–Leibler divergence between Poisson
and Gaussian distributions

TH E O R E M 11.4 Let p(x) =∑∞
k=0

&k

k! e−&δ(x− k) denote the continuous domain con-

version of the discrete Poisson distribution with mean &. Let q(x) = 1√
2π&

e− 1
2& (x−&)2

be a Gaussian density with mean and variance &. Then

1

12
&−1− 5

24
&−2−O

(
&−3

)
≤ D (p||q) ≤ + 1

12
&−1+ 33

24
&−2+O

(
&−3

)
(11.53)

Proof The proof follows by first considering [23]

D(p||q) = −H(p)−
∫ ∞

−∞
p(x) log q(x) dx, (11.54)

where H(p) is the entropy of a Poisson random variable with mean &, which can be
bounded as follows [60]

−33

24
&−2 −O

(
&−3

)
≤ H(p)− 1

2
log(2πe&)+ 1

12
&−1 ≤ 5

24
&−2 +O

(
&−3

)
.

Using properties of the mean and variance of a Poisson random variable, it is
straightforward to show the cross-entropy term,

−
∫ ∞

∞
p(x) log q(x) dx =

∞∑
k=0

&k

k! e−&
[

1

2
log 2π&− (k −&)2

2&

]
= 1

2
log(2πe&).

(11.55)

The proof of (11.53) then follows.

Appendix B Derivative of the mutual information for discrete-input
Poisson channels

TH E O R E M 11.5 ([44]) Let IX (γ , λ) denote the input–output mutual information of
the discrete-input Poisson channel (11.7) in bits per channel use. Then



298 Nick Letzepis and Albert Guillén i Fàbregas

∂

∂γ
IX (γ , λ) =

J∑
j=1

E

[
xj log2

(
γ xj + λ

E
[
γ xj + λ|y]

)]
, (11.56)

where E
[
γ xj + λ|y] is the conditional mean estimate.

LE M M A 11.2 The conditional mean estimate in (11.56) is given by

E
[
γ x+ λ|y] = ∑

x∈X
(γ x+ λ)

⎛
⎜⎜⎝1+

∑
x′∈X
x′ �=x

Pr{x′}
Pr{x}

J∏
j=1

(
1+ γ

λ
x′j

1+ γ
λ

xj

)yj

e−γ (x′j−xj)

⎞
⎟⎟⎠
−1

(11.57)

Proof

E
[
γ x+ λ|y] = ∑

x∈X
(γ x+ λ)Pr{x|y} (11.58)

=
∑
x∈X

(γ x+ λ)
Pr{y|x}Pr{x}∑

x′∈X Pr{y|x′}Pr{x′} (11.59)

=
∑
x∈X

γ x+ λ

1+∑
x′∈X
x′ �=x

Pr{y|x′}Pr{x′}
Pr{y|x}Pr{x}

(11.60)

=
∑
x∈X

(γ x+ λ)

⎛
⎜⎜⎝1+

∑
x′∈X
x′ �=x

Pr{x′}
Pr{x}

Q∏
i=1

(
1+ γ

λ
x′j

1+ γ
λ

xj

)yj

e−γ (x′j−xj)

⎞
⎟⎟⎠
−1

(11.61)

TH E O R E M 11.6 For the special case of Q-ary PPM with equi-likely input symbols,

∂

∂γ
IXPPM(γ , λ) = log2 Q−IXPPM (γ , λ)−E log2

⎛
⎝1+

Q∑
q=2

(
1+ γ

λ

)yq−y1−1

⎞
⎠ . (11.62)

Proof From Lemma 11.2 we have

E
[
γ xi + λ|y] = Q∑

q=1

γ eq,i + λ∑Q
j=1

(
1+ γ

λ

)yj−yq
(11.63)

=
⎛
⎝ Q∑

j=1

(
1+ γ

λ

)yj−yi

⎞
⎠
−1 ⎛

⎝γ + λ

Q∑
q=1

(
1+ γ

λ

)yq−yi

⎞
⎠ . (11.64)
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Due to the symmetry of PPM, we need only consider x = e1 was transmitted. Hence
combining (11.64) and (11.56) we have

∂

∂γ
IXPPM(γ , λ) = E

[
log2

(
γ + λ

E
[
γ x1 + λ|y]

)]

= E log2

⎛
⎝ Q∑

j=1

(
1+ γ

λ

)yj−y1

⎞
⎠− E log2

⎛
⎝ γ

γ + λ
+ λ

γ + λ

Q∑
q=1

(
1+ γ

λ

)yq−y1

⎞
⎠

= log2 Q− IXPPM(γ , λ)− E log2

⎛
⎝ γ

γ + λ
+ λ

γ + λ

Q∑
q=1

(
1+ γ

λ

)yq−y1

⎞
⎠

= log2 Q− IXPPM(γ , λ)+ log2

(
1+ γ

λ

)
− E log2

⎛
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λ
+

Q∑
q=2

(
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⎞
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= log2 Q− IXPPM(γ , λ)− E log2

⎛
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Q∑
q=2

(
1+ γ

λ

)yq−y1−1
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⎠ . (11.65)
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12.1 Motivation

The ability to guarantee security and privacy in communication are critical factors in
encouraging people to accept and trust new tools and methods for today’s information-
based society (e.g. in eCommerce or eHealth) and for future services (e.g. eGovernment,
eVoting). Cybercrime already hinders these new possibilities by creating widespread
mistrust in these new services. Another problem is that a (perhaps unpublicized) break-
through in mathematics or computer science could completely compromise current
state-of-the-art encryption methods overnight, even those which are the basis of all exist-
ing internet banking transactions. This is because the security of cutting-edge public-key
cryptography (conventional cryptography) relies on the computational difficulty of cer-
tain mathematical tasks, meaning that conventional cryptography alone can neither
provide any evidence of eavesdropping nor guarantee strong security. The trend towards
faster electronics provides the ability to handle longer keys, thus providing better secu-
rity, but also increases the possibility to break keys. This also has another worrying
effect: even using today’s most advanced available security technology to protect data
during communication with best practice and without making any mistakes, the ongoing
improvements in technology (which hence require longer key lengths to ensure security)
mean that today’s transmitted data will not be secure for more than a few years. Thus,
while encrypted data might be safe today, it can still be stored by the adversary now and
then broken later on once the future technology has caught up with today’s encryption.

Alternatively, modern quantum cryptography has created a new paradigm for crypto-
graphic communication, which provides strong, long-term security and incontrovertible
evidence of any attempted eavesdropping which is based on theoretically and experi-
mentally proven laws of nature. This technique, called quantum key distribution (QKD),
generates a symmetrical classical bit string using the correlations of measurements
on quantum systems and has already developed into a mature technology providing
commercial products capable of everyday use [1–3]. The main hurdle for quantum com-
munication is that, with present fiber and detector technologies, terrestrial QKD links are
limited to distances of just over 100 km, well within reach of how far someone could
travel in a short time to simply deliver the information in person. In the future, however,
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it will be possible to extend the distances spanned by individual fiber-based QKD links
by using repeater nodes. These individual QKD links could then be combined to create
larger and more complex QKD networks which will allow many different combina-
tions of users to be connected over the same infrastructure, as has been shown at the
recent SECOQC and UQCC demonstrations [4, 5]. The economic benefits of such an
interlinking network approach to QKD will be most apparent in a typical metropolitan
scenario, where many potential users are likely to be located in a relatively small area,
each wanting to be able to communicate securely with many different partners.

To further extend the distance for quantum communication, these metropolitan areas
would have to be connected and an interesting possibility for achieving this is to use
optical free-space links between (moving) high-altitude platforms (HAPs; a repeater
node located high above the turbulent atmosphere, keeping a roughly stationary posi-
tion over a metropolitan area). Some QKD systems already make use of free-space links
[6–9], and experiments have been performed outside the protected environment of the
laboratory, under real-world conditions over distances up to 144 km [10–12], the dis-
tance limited mainly by the available terrestrial test locations. Alternatively, in urban
areas, HAPs could be used to distribute secret keys over distances potentially more
than 500 km, far exceeding the feasible distances for today’s fiber technology. Systems
using moving platforms, however, would have to tackle additional challenges to terres-
trial demonstrations. Ultimately, a satellite-based quantum communication terminal in
a medium-earth orbit (MEO) would even be able to distribute single photons between
continents [13–18] and this is also being published in the framework of progress reports
of proposals [19–21]. The pointing acquisition and tracking of the optical links required
for such a scenario are a well-developed technology in regular use in satellite missions
like OISETS (Japan) or TerraSarX (Germany) and ARTEMIS (ESA).

Using a combination of terrestrial, HAP, and satellite-based point-to-point links,
global quantum communication is a feasible target for current state-of-the-art tech-
nology. Extending quantum communication and QKD to a global scale would have a
substantial impact on communication technology of the future. Moreover, the idea of
performing QKD from air- or space-based platforms has a particular appeal to organiza-
tions which require highest possible security to protect and authenticate communication
over global distances. Given the long-term security of messages transmitted using keys
distributed by QKD, a global QKD system will be highly marketable.

12.2 Security considerations of QKD

Quantum key distribution has an important advantage over its conventional counterpart
of public-key cryptography, namely that its security is based on fundamental laws of
quantum physics (e.g., the no-cloning theorem and the superposition principle) [1–3].
The output of the QKD protocol for both communicating parties is a symmetrical (iden-
tical) classical key which generally takes the form of a random bit string. Both parties
subsequently use the same key to e.g. encrypt data to secure transmission over conven-
tional communication lines. If this key is used only once (a one-time-pad protocol) the
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combined procedure of QKD and one-time-pad encryption is proven to be information-
theoretically secure (ITS): that is, without knowledge of the key, a ciphertext would
provide no more information about the content of the plaintext than randomly guess-
ing. In other words, from an encrypted message the adversary could extract neither the
message nor even a fraction of the key, even with unlimited computational power.

Conventional (asymmetrical) public-key exchange depends on unverifiable assump-
tions that the computational complexity of the mathematical techniques involved will
deny an eavesdropper the ability to learn the contents of encrypted messages. QKD,
however, is based on the fact that any attempt to intercept and read out the encoded quan-
tum information will either damage or destroy it, decreasing the correlations observed
by the communicating parties. As a result, such an eavesdropping attempt introduces
errors in the QKD protocol and can thus be detected. Indeed, if initially strong corre-
lations decrease to the point where they can be explained by classical laws, then the
communicating parties can assume that their communication has been compromised in
some way. If, on the other hand, they still observe correlations beyond the reach of clas-
sical physics, then the laws of physics guarantee that they can extract a secret key which
will be completely secure from all possible eavesdroppers, even those who might hypo-
thetically have access to unlimited computational power and resources, now and into the
far future – even future quantum computers!

Quantum cryptography needs to be compared with the two different types of conven-
tional cryptography: secret-key (also called symmetric) cryptography and public-key
(asymmetric) cryptography, both of which can operate over arbitrary distances (a
striking advantage of conventional key distribution). Secret-key cryptography (e.g.,
Advanced Encryption Standard (AES)) typically uses short keys (approved sizes by
NIST: 128, 192, and 256 bits) to encrypt nearly arbitrarily large messages for high-speed
communication on the fly and with basically no additional latency. From time to time,
these secret keys are then changed. Public-key cryptography, on the other hand, pro-
vides both a widely used means to generate the secret keys for symmetric cryptography
(e.g. Diffie–Hellman key exchange protocol), and the means to generate public keys to
encrypt/decrypt messages directly (e.g. RSA, named after authors Rivest, Shamir, and
Adleman). Such asymmetric cryptography is not widely used since it requires much
more computational power than the symmetric version. By contrast, QKD provides the
means to generate secret keys with generation rates over short distances from kbit/s up
to the recently achieved record values of Mbit/s, but dropping with distance to only a
few bit/s for a 100 km QKD link distance. QKD is the slow-but-ITS analogue to the
Diffie–Hellman protocol.

The keys distributed by QKD can now be used together with well-established methods
from conventional cryptography. The highest security (albeit with low rates) is achieved
by using QKD keys in combination with secret key one-time-pad encryption, which is
itself ITS. However, an economical way of achieving the usual high data rates while
still increasing practical security beyond the currently deployed crypto systems, is to
provide frequently changing seed keys for non-ITS secret-key encryption (e.g. AES)
using QKD key generation. By doing this, the duration of the seed key’s validity, which
are typically maintained for months, years, or forever according to current practice, can
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now be decreased below a minute. Here, the increased security is based on two facts
[22]: that it would be harder to break one AES-session, because a collision of cypher-
texts (via the birthday effect) could be excluded for a short ciphertext, and that in the
(unlikely) event of a broken key, the leakage of data is limited only to this short period of
time. It is worth mentioning that knowledge of one compromised key does not provide
the adversary with any assistance in breaking future AES sessions based on subsequent
QKD keys, because each key is generated independently. In all cases, the QKD-based
key generation and the transmission of the encrypted message are fully independent, so
any available public channel can be used to send the encrypted information.

At present, the only suitable quantum systems for long-distance quantum communica-
tion are photons in the spectral range of the visible or near infrared. Other carriers of
quantum information such as atoms or ions, while well suited for research in quantum
memories and quantum computation, do not seem to provide feasible solutions for quan-
tum communication applications, at least in the near future. The quantum information
should be encoded on a carrier consisting of only one single photon. A second pho-
ton which is accidentally produced alongside the first would normally carry the same
information and could be used by the adversary to get increased information [1, 3].
Because generating a single photon on demand is technically extremely difficult, how-
ever, other sources approximating a single photon source are used in practice. The two
most well-known schemes for QKD are based on weak coherent laser pulses (WCP)
and entanglement, with the possible bit values being encoded in single-photon degrees
of freedom [1]. In the following, we restrict ourselves to considering the polarization
degree of freedom, because it is perhaps the best-studied and best-controlled option
available, but in principle, time bins, phase and geometrical modes could also be used.

The next section provides a summary of the most important QKD protocols followed
by a short description of how these are commonly implemented in an experiment.
Subsequently, we will describe recent results from ESA-funded studies within this
field. Finally, we will present a preliminary setup design for some proposed future
experiments, including block diagrams for a HAP/satellite and the ground terminals
and discuss specific problems for a quantum communication link (e.g. the automatic
polarization tracking and the required synchronization of local time bases).

12.3 QKD protocols

12.3.1 BB84 protocol

The concept of the BB84 protocol was published by Bennett and Brassard in 1984 [23].
Typically, the photons are prepared in one of two orthogonal polarization states, asso-
ciated with the bit values “0” and “1”, in one of two complementary (nonorthogonal)
bases (e.g., the 0◦/90◦ basis or 45◦/135◦ basis), resulting in four possible linear polar-
ization states 0◦, 90◦, 45◦, and 135◦. As shown schematically in Figure 12.1, Alice sends
single photons randomly in one of these four states to Bob, who receives and analyzes
them with a two-channel analyzer in one of the two complementary polarization bases
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Figure 12.1 An illustration of the BB84 protocol. Alice prepares the light pulses randomly in one of four
linear polarization states and sends them to Bob who measures, again randomly, in one of two
complementary polarization bases in Detectors d behind a polarizing beam splitter (PBS).
Whenever the preparation and the measurement occurred in the same basis, the measurement
results (either “0” or “1”) are correlated and enter the cryptographic key while all the other
measurement events are disregarded.

(i.e., the 0◦/90◦ basis or the 45◦/135◦ basis), randomly switching between the two. He
records his measurement results together with the basis he used.

After measurement, quantum correlations turn into correlated measurement results
stored in tables on computers and subsequent classical processing steps can then use
these results to generate a secure key. First, during a sifting step, Bob communicates
publicly with Alice and tells her which photons actually arrived at his measurement
apparatus and the corresponding bases he used to analyze them. In return, Alice tells
Bob if she used the same bases to prepare these photons, because only in these cases
does Bob obtain the correct result (i.e., he only gets the “right” answer if he analyzes
the photon in the same basis that Alice used to prepare the state). Assigning the binary
value “0” to the linear polarization states 0◦ and 45◦ and “1” to the states 90◦ (135◦)
should in principle leave Alice and Bob with an identical set of “0”s and “1”s, although,
as in any practical system, there will of course be some errors. This resulting key is
called the sifted key.

There are various quantum attacks that one can imagine the adversary might use,
but all are in common that an unavoidable trace is left in the measurement results [1].
The most intuitive strategy is to intercept the communication, measure the photons, and
re-send them in the observed state. However, due to the superposition principle, some
of the re-sent photons will be observed wrongly by Bob and will introduce errors in the
QKD protocol which can be characterized by the quantum bit error ratio (QBER). As
far as Alice and Bob are concerned, these errors are indistinguishable from errors which
may result from their own experimental imperfections or in the transmission fidelity of
the quantum channel. All errors therefore need to be corrected during the second impor-
tant classical processing step of the QKD protocol, known as the error-correction step,
to yield symmetric bit strings called the error-corrected key. The key point for QKD
security is that the amount of error in the generated key (QBER) provides an upper
bound on the information an eavesdropper might have gained assuming the best theo-
retically feasible attack. In practical systems, although experimental imperfections and
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detector noise may also contribute to the QBER, it is important to assume that all errors
are caused by the adversary to maintain the strict security guarantees provided by the
laws of physics are not compromised by any additional assumptions about the exper-
iment. The final classical data processing step is called privacy amplification, where
the secure key is further refined (and reduced in size) to the extent that no informa-
tion could have leaked away from that shared by the communicating parties. Assuming
that the QKD protocol is subjected to the best theoretically possible attacks, no secure
key will be obtained from the privacy amplification step if the QBER exceeds a thresh-
old of 11% – in such a situation, any resulting key could potentially be known to the
adversary.

12.3.2 Decoy-state BB84 protocol

In practical realizations of the BB84 protocol, the photon source is usually not a (tech-
nologically challenging) true single-photon source, e.g., based on quantum dots or
vacancies in an optical crystal, but rather just an attenuated pulsed laser as commonly
used in telecom and laser industries [24, 25]. The pulses must therefore be attenuated
to a mean photon number smaller than one photon per pulse, but even then it is still
possible that a pulse contains extra photons (due to the Poissonian statistics of the num-
ber of photons in a given pulse) which would also be carrying the same externally
encoded quantum information (see Figure 12.1). Such multiphoton pulses enable an
eavesdropper to mount a very powerful attack – the so-called photon number splitting
attack (PNS attack) – where one of the extra photons in a multiphoton pulse is extracted
and measured by the adversary [26].

An effective method to counteract this attack is to use decoy states – states of differ-
ent mean photon numbers which are randomly sent in place of the actual signal states
[27, 28]. The eavesdropper cannot distinguish between signal and decoy pulses and thus
cannot act differently on them. After transmission, the measurement results are moni-
tored by Alice and Bob to uncover the action of the adversary. Since the signal states
and the decoy states exhibit different photon-number statistics, any photon-number-
dependent eavesdropping strategy (e.g., the PNS attack) will have different effects on
the signal and decoy states. Alice and Bob can now independently compute the trans-
mission probability for signal and decoy states and detect, with high probability, any
photon-number-dependent attack.

12.3.3 Entanglement-based BB84 protocol

The BB84 QKD schemes described above are both typical prepare-and-measure
schemes, where Alice prepares one of several possible initial states and Bob selects
one of several possible measurement bases and gets a corresponding measurement
result. In the entanglement-based version of this protocol ([29] BBM92, illustrated in
Figure 12.2), both Alice and Bob receive photons and carry out a similar measurement
procedure to Bob’s in the BB84-protocol. If the two photons are entangled, quantum
measurements in both 0◦/90◦ and 45◦/135◦ bases will then yield theoretically perfect
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Figure 12.2 A schematic of the entanglement based QKD protocol. A source generates entangled photon
pairs, usually in the state |HH〉+|VV〉 (meaning the polarization of the photons emitted in
different directions are known to be the same, but the individual state is unknown), which are
then sent to Alice and Bob. Both measure the incoming photons randomly in one of two
complementary polarization bases in detectors d behind a polarizing beam splitter (PBS). The
cryptographic key consists of those results which are obtained from measurements in the same
basis. If the EPR source, which was first described by Einstein, Podolski, Rosen, emits a state
|VH〉−|HV〉, as indicated in the figure, the ideal measurements are instead fully anticorrelated
and one receiver needs to invert the bits.

correlations whenever they choose the same measurement basis [30]. The source of
entangled photon pairs is located either as a third station in the middle [30] or perhaps,
for practical reasons, at one of the two main stations [31].

Entangled photons have novel features not present in standard classical laser systems.
One striking difference is that, individually, they have no well-specified polarization,
but as soon as the first photon is measured, the behavior of the second photon depends
on (is correlated to) the result of the measurement on the first photon. Clearly, non-
entangled pairs of photons could be prepared in the four desired polarization states (e.g.,
0◦0◦, 45◦45◦, 90◦90◦ or 135◦135◦), but if either photon is measured in the other basis
from which it is not prepared (a choice made independently by Alice and Bob), the
measurement results would then be uncorrelated. Moreover, even if the source was itself
operated by the adversary, no information of the quantum states, measurement results
or key is left at the source in the hands of Eve, because this would be reflected in the
quality of the observed quantum correlations.

Afterwards, the subsequent protocol steps are nearly identical with the BB84 protocol,
the only difference being that the quantum correlations are between two measurement
outcomes rather than between a preparation and a measurement. Specifically, Alice and
Bob publicly communicate which photons they detected and the corresponding mea-
surement bases, discarding events where only one photon is detected, as well as those in
which the photons were both detected, but using different measurement bases. Because
a shared entangled state exhibits perfect polarization correlations, Alice’s and Bob’s
results should be perfectly correlated. Again, this key might contain errors from exper-
imental imperfections or eavesdropping attacks, so an error correction protocol step is
used to remove the differences and exactly specify the QBER. This error rate is impor-
tant for the last processing step of privacy amplification, which cuts the length of the
key to the extent that the adversary loses all knowledge about the key.
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12.4 Technical implementation of a free-space setup

This section describes the principal design issues for a free-space QKD apparatus (Sec-
tion 12.4.1) and a specific design for a hybrid QKD link planned to be used in free-space
experiments to HAPs or even satellites (Section 12.4.2). The final Section (12.4.3)
describes some results of the most recent free-space experiments.

12.4.1 Basic design considerations

There are two main possible ways to send photonic information over long distances –
through optical fibers or free space. The different properties of these two media give
rise to different design considerations when trying to implement QKD in the real world.
Although we will focus primarily on the free-space implementation here, we will briefly
touch on some of these differences below. Some key practical issues for a practical QKD
system are:

● Optimal transmission wavelength: Although photons are largely immune to most
forms of decoherence (e.g. the scrambling of polarization), they are quite suscepti-
ble to loss, which can take many forms, such as absorption and scattering events.
Effective loss can also be induced by effects such as mode distortion. For transmis-
sion in optical fibers, the optimal wavelengths for minimizing absorption loss are in
the standard telecom band around 1550 nm (loss < 0.2 dB/km). In free space, on the
other hand, transmission is more strongly affected by turbulence and scattering. How-
ever, free-space communication is obviously vital for any possibility of satellite-based
communication.

● Single-photon detection: A detector capable of detecting the smallest possible bun-
dle of light – a single photon – is a very sophisticated system made of the detector
itself and the electronics required to transfer the arrival of the photon to an electrical
pulse (e.g. TTL, NIM) with a steep training edge carrying the timing information. The
most advanced single-photon detectors that can be used without specialist cryogenic
equipment (an essential requirement for QKD applications) use avalanche photodi-
odes (APDs) operated at voltages above breakdown and quenching electronics. Of
these, the best currently available single-photon detectors are silicon APDs which are
mainly sensitive to visible and very near-infrared wavelengths (typical efficiency of
40–55%), with a design-dependent peak sensitivity for light from 550 nm to 680 nm
(green to red for the human eye). Silicon APDs are therefore ideal for free-space com-
munication in the red/near-infrared range, but absorption at these wavelengths in fiber
is extremely high. For 1550 nm, Indium Gallium Arsenide (InGaAs) APDs provide
a feasible option for single-photon counting, but the operational parameters, such as
quantum efficiency, dark-count rate and timing jitter are far worse than for Silicon
APDs.

● Signal tracking and beam capture: A laser pointing and tracking system is used
to set up and maintain a stable link between the terminals. To maintain the transmit-
tance of the quantum channel using terminals moving relative to each other (or with
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changing atmospheric conditions between them), a closed-loop bi-directional corsage
and fine pointing and tracking need to be implemented. To maximize this trans-
mittance, the transmitter terminal should emit a diffraction-limited quantum signal.
Likewise, for the receiver terminal, to limit the influence of stray light (causing an
increased QBER), the field of view (FOV) should be kept as small as possible. If we
consider as a worst case scenario, e.g., the movement in orbit of the ISS (orbit: 333
× 348 km, inclination 51.6◦) relative to an optical ground station, the station will
only be visible (above a 10◦ elevation) for about 5 minutes. This implies a very fast
required movement of the telescope of around 1 deg/s both in elevation and azimuth,
while the static pointing and dynamic tracking accuracies need to be in the range of
up to ∼ ±1 arcsec. Several telescopes are available in Europe and other countries in
geodetic stations which have been designed to track GEO and also LEO satellites,
with apertures of the order of 50 cm or larger. Besides these fixed optical ground sta-
tions, transportable versions are also being developed in Germany (DLR) and Japan
(NICT) for ad-hoc installations in the field and at various global locations.

● Polarization tracking and correction: In polarization-encoded quantum communi-
cation using moving platforms, it is necessary to correct for any relative rotation of
the polarization basis frame that the two terminals will experience as they move past
each other. One conceivable solution might be to use a polarization-reference bea-
con. Due to the extremely low power of the quantum signal channel, separate beacon
lasers (well isolated from the signal wavelength) are required. A polarization analyzer
(or polarimeter) could detect the state of polarization of the beacon laser and this
information could then be used in real time to compensate the polarization misalign-
ment of the quantum channel. Alternatively, the polarization reference frame could be
adjusted according to a precise computational prediction of the rotation angle from
accurate knowledge of the platform’s trajectory and rotation.

12.4.2 Overall system design

After the review of critical design parameters mentioned above, we now explain the
main quantum subunit of a basic system design – consisting of the sources and receivers
required to obtain quantum correlations (see Figure 12.3). The source module comprises
either a weak laser source (Section 12.4.2.1) or an entangled photon source (12.4.2.2).
The design of the optical antennas, beam pointing, acquisition and tracking does not
differ from the design required from conventional optical communication techniques
and is not included here and can be found in other relevant chapters of this book. Some
propagation effects during transmission are revisited in Section 12.4.2.3 and the receiver
is explained in Section 12.4.2.4. The timing synchronization to maintain a common time
frame is topic of Section 12.4.2.5.

As mentioned earlier, distributing provably secure keys for communication is possible
using various techniques: namely, using weak coherent states (potentially with decoy
states) or entanglement sources. In this section we give a brief overview on the possible
source designs.
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Figure 12.3 Overview of a possible quantum communication source module comprising an entangled
photons source (UV laser system, down conversion as well as the required coupling of photon
pair A and B into single-mode fibers), a weak laser option (BB84), and fiber polarization
compensation for each of the photon channels. The fibers are required also for guiding the
photons to the optical antennas. Additionally the required interfaces for the operation of the
system is shown here as well as the photons pair output (fiber A and B).

12.4.2.1 Weak-coherent-laser-pulse-based systems
The weak-coherent-pulse scheme described above require the generation of the four
different polarization states mentioned above (0◦, 45◦, 90◦, and 135◦) and this can be
achieved using a range of different methods [28]. One example is to use four separate
linearly polarized light beams from different laser diodes that are set to the desired
polarization angles. The individual signals can then be combined (e.g., using a conical
mirror) into a single spatial mode as defined by a single-mode optical fiber. By randomly
driving only one of the laser diodes with a short electrical pulse, a laser pulse at the
chosen polarization is generated. The diode must be driven quite strongly, well in the
laser regime, in order to avoid unwanted fluctuations in the output power. Subsequently,
therefore, the photon number must be decreased to single-photon levels by attenuation.
The mean photon number per pulse can be fine-adjusted by varying the strength of
the electric pulse and the attenuation of the optical signal. Usually a repetition rate of
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singe-photon states of some MHz can be achieved, limited by the driving electronics of
the laser diodes and the repetition rate of the detectors.

12.4.2.2 Entanglement-based systems
Entangled photon pairs are usually generated via spontaneous parametric down conver-
sion (SPDC). An optical pump beam is incident on a birefringent crystal where nonlinear
effects lead to the conversion of pump photons into pairs of correlated down-converted
(i.e., lower-frequency) photons, usually called the signal and idler. Because of energy
conservation, the sum of signal and idler energies equals the energy of a single pump
photon, so the wavelengths of the down-converted photons are strongly anticorrelated.
If the phase-matching conditions (momentum conservation) of the nonlinear crystal is
fulfilled for the incident pump radiation and down-converted photons, constructive inter-
ference over the full crystal length allows an emission of the down-converted photons.
Depending on the type of nonlinear interaction in the crystal, the phase matching can
be designed to produce photon pairs with parallel polarization (type-I phase matching)
or orthogonal polarization (type-II phase matching), allowing generation of quantum
states |VH〉−|HV〉 or |HH〉+|VV〉 for type-II or type-I, respectively. These two systems
are explained in more detail in the following.

One of the first schemes developed uses type-II SPDC in a BBO (β−BaB2O4: beta
barium borate) crystal (a standard nonlinear optical crystal). An ultraviolet laser with a
power of several mW is used to generate the signal and idler photons, which are emit-
ted along separate cones that intersect along two straight lines [30, 31]. Photon pairs
emitted along these lines are entangled in their polarization since it cannot be known
to which cone they belong without measuring their polarization. They can be described
by their quantum state |VH〉−|HV〉 as indicated in Figure 12.2. These photon pairs can
be collected with a single-mode optical fiber and used for entanglement-based QKD
experiments.

Another successful scheme for entangled-photon generation is the so-called polar-
ization Sagnac interferometer [32]. This interferometric scheme uses a periodically
poled (pp) type-I nonlinear crystal (e.g., ppKTP: periodically poled potassium titanyl
phosphate) and collinear quasi-phase matching to generate photon pairs with the same
polarization (|HH〉). The Sagnac loop is pumped in two directions and the |HH〉-
polarized photon pairs in one direction are rotated to |VV〉. Combining both arms then
gives the entangled quantum state |HH〉+|VV〉. Because of the high nonlinearity of such
periodically poled crystals, the Sagnac source provides photon pair rates approximately
ten times higher than what is achievable with standard BBO-based sources. This is
critically important when a QKD experiment involves very high channel losses.

The entanglement based source is also included in Figure 12.3. The relative alignment
constraints of the UV laser, the nonlinear crystal and the single mode fibers are severe
and must be kept at high mechanical stability.

12.4.2.3 Polarization issues in the free-space channel
Since in all of the QKD protocols described above the quantum state is encoded in the
polarization of a photon, relative rotations of the polarization reference frame cause bit
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errors in the communication protocol and therefore need to be corrected for [33–35]. For
example, a misalignment of the two complementary bases settings (i.e., the 0◦/90◦ basis
and the 45◦/135◦ basis) used in the analyzer modules of the communication partners of
about 2◦ will result in a QBER ≈ 0.5%.

It turns out that atmospheric effects, like scattering, turbulence, and the Faraday effect
due to the Earth’s magnetic field, affect the polarization state of light only very slightly:
for typical experimental parameters these effects give an overall rotation of the linear
polarization plane less than 10−3 rad. Hence, the main polarization transformations arise
from the optical elements within the transmitter and receiver, and the motion/rotation of
the HAP or the satellite terminals relative to the ground station. Due to the extremely
low power of the signal in the schemes presented in this text, polarization compensa-
tion schemes might be based on either a polarization reference beam (well isolated from
the signal wavelength attached to some pointing assembly), or on a computational pre-
diction of the rotation angle from accurate knowledge of the platform’s trajectory and
rotation.

The feedback frequency required to compensate for the turbulence is determined by
the speed of the polarization drift and will probably not exceed the Hz range (except in
the case of vibrational effects possibly present on a HAP/Satellite). Note that the com-
pensation has to be performed simultaneously for both basis states used in the respective
QKD scheme.

12.4.2.4 Receiver with polarization analysis setup and detector module
A typical single photon detector has no ability to distinguish the incident photons by
polarization, but generates an output pulse with a certain probability (quantum effi-
ciency) for every incident single photon. Therefore an external polarization analysis
module is needed, where measurement of the polarization corresponds to which output
port the photon comes out from. As sketched in Figure 12.4, the incoming single pho-
ton enters the module through the input window (e.g. from the telescope). Using a two
channel analyzer, each measures the incoming photons randomly (e.g., using a 50/50
beam splitter or an active, but random switch) in either of the two complementary polar-
ization bases (i.e., the 0◦/90◦ basis and the 45◦/135◦ basis). As the output port, four
multimode fibers are used as an interface to the single photons detectors. Such a module
can be designed very compactly.

Each of the four optical outputs of the polarization analysis modules are connected to
single photon detectors. These avalanche photo diodes (APD) have to be cooled to an
operating temperature of about −30◦C and must be stabilized to ±1◦C.

Some electronics is used to passively quench the avalanche triggered by single pho-
tons (and the dark counts) as well as to clearly indicate the moment of arrival of the
photons by electrical pulses. A convenient way to further process the arrival time is to
record the times of detection events in time tags. The detector module can be housed in
one box suitable to harsh environment as well.
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Figure 12.4 Polarization analyzer module. The lens (L) collimates the input beam which is then spectrally
cleaned from the background by the narrowband filter BPF. For the random selection of the
basis, each incident photon reaches the non-polarizing beam splitter (50:50 BS) and is
subsequently steered to one of the two outputs corresponding the 0◦/90◦ basis and the 45◦/135◦
basis, where for the latter case a half-wave plate (HWP) rotates the measurement basis to set the
different analysis orientation. Each analyzer is a polarizing beam splitter (PBS) and the output is
coupled to multimode fibers.

12.4.2.5 Temporal synchronization
To perform quantum communication experiments it is necessary to establish time cor-
relations either between two time-of-arrival events at different locations where the
emission times are unknown (for entangled-photon based QKD), or between the emis-
sion time and detection time in order to attribute the measurement results to certain
polarization basis preparations (for weak-pulse QKD, where the emission time is
known). Entangled pairs are correlated to within their coherence time to some fem-
toseconds, the accuracy of synchronization is therefore limited by the timing jitter of
the single-photon detectors (i.e. ≈ 1 ns for Si-APDs) and the synchronization of the
two local time bases. In [6], the time-base synchronization was achieved using a combi-
nation of global positioning system (GPS) and software-driven time correlation, which
enabled maintaining a “coincidence” window of < 0.8 ns over hours. The software was
designed such that even drifts of the local timescales were compensated by maximizing
the coincident events. This requires accurate knowledge of the distance of the respec-
tive terminals in order to be able to set the correct offset corresponding to the (in-flight
varying) time-of-flight of the quantum signal when performed with moving terminals –
this applies both for weak-pulse and entanglement-based schemes.

12.4.3 Recent results of free-space demonstrations

In order to show the feasibility of QKD using HAPs or satellites in a low earth orbit
(LEO), several experiments have been carried out over a distance of 144 km between the
two Canary Islands, La Palma and Tenerife. There, the atmospheric conditions, channel



318 Rupert Ursin, Nathan Langford and Andreas Poppe

PQ

HV
Det. APD

A 0° (B 0°)

PQ

HV
Det. APD

A 90° (B 90°)

PQ

HV
Det. APD

A 45° (B 45°)

PQ

HV
Det. APD

A 135° (B 135°)

Det. APD

Det. APD

Det. APD

Det. APD

S
ta

b
ili

za
ti

o
n

o
n

 T
 =

 –
30

°

Po
w

er
su

p
p

ly

C
o

n
tr

o
l

si
g

n
al

s

Figure 12.5 The detector module (Det.) consisting of four APDs (avalanche photon diodes), each with a
passive quenching circuit (PQ), a DC high-voltage converter (HV) and an amplifier for signal
configuration. To reduce dark counts (output signals generated without the presence of a photon),
the APDs need to be cooled to temperatures typically T ≈ −30◦.

attenuation and experimental setup contributed about 30 dB of loss, comparable to the
loss of an optical link from HAPs or LEO satellites to ground-based receivers.

One experiment [6] demonstrated entanglement-based QKD. Entangled photon pairs
were generated on the island of La Palma, one photon was measured locally whereas
its partner was sent over a 144 km free-space link to Tenerife where it was collected
by ESA’s optical ground station (OGS). During a measurement run of 75 seconds, 789
coincidences could be detected between the two islands. With the obtained QBER =
4.8% this resulted in a secure key of 178 bits in total, corresponding to a secure key
rate of 2 bit/s. With the sources available today, which are emitting almost an order of
magnitude more photons per second, this would provide a key generation rate again
almost an order of magnitude higher.

Another experiment [5] demonstrated decoy state QKD with weak coherent laser
pulses on the very same optical link between La Palma and Tenerife. Due to stray
light and the high optical attenuation through the 144 km free-space channel, secure
key exchange solely based on the BB84 protocol would normally no longer be secure.
By using the decoy-state protocol, however, the secrecy of the resulting quantum key
could be ensured, despite the Poissonian photon statistics of the emitted pulses, and an
averaged secure key rate of up to 42 bit/s was possible.

Finally, we report an experiment aimed at confirming the feasibility of establishing
a link between an orbiting source of single photons and a ground telescope. In this
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experiment, we simulated a quantum communication single-photon source on a satellite,
and showed how the very dim signals could still be detected. Using a Japanese satellite
(Ajisai) covered with retroflectors at about 1600 km of slant distance, we emulated the
space-based single-photon source by attenuating an outgoing pulsed laser such that only
one single photon is reflected by the satellite back into the communication channel. This
experiment showed that it was possible to distinguish the received single photons from
the background (mainly starlight in the FOV of the receiver) with sufficient SNR to be
used for quantum communication protocols.

12.5 QKD networks

In Sections 12.1–12.3, we discussed only single point-to-point QKD links, where Alice
and Bob are connected by a quantum channel for single-photon signals and a classical
channel for conventional communication: i.e., one particular Alice is always connected
to the same Bob. This is the concept used for almost all current QKD systems, both
commercial, fiber-based systems and the experiments discussed in Section 12.4.3. In
the following discussion, the names “Alice” and “Bob” refer to sender/receiver pairs for
each QKD link.

In the future, when one user wants to share information securely with a communica-
tion partner, they will establish a connection via an intermediate QKD network. Uncon-
ditional security over such a network will require special quantum repeater technology
(currently under active development) [36], because standard optical amplification would
destroy the fragile quantum correlations which provide both the communication mecha-
nism and the security. Such quantum repeaters would enable a “truly quantum” network
[37], allowing the distribution of genuine entanglement between far-separated com-
munication partners, which they could then, for example, use to directly establish a
secure communication key. Alternatively, even with existing technology, partners will
be able to share secret information over a network of individual QKD links combined
using “trusted” repeater nodes [38, 39], where, as part of the information sharing pro-
tocols (discussed in detail in Section 12.5.2 below), the secret information must be
electronically stored and protected inside the node. These nodes must be trusted by
all users wishing to utilize the network. In the following we will focus on this scenario
of trusted-repeater networks.

The SECOQC QKD network has already demonstrated the possibility of combining
independent point-to-point QKD links to form a trusted-repeater QKD network using
fiber-based QKD links [4]. Each QKD link has its own “Alice” and “Bob” and these
device pairs are never changed. The QKD devices at each node of the QKD network have
been combined by node modules in that sense that the generated secure key is stored in
key stores. These key stores, which are independent of the underlying realization of
the QKD links, are filled by secret keys distributed over each QKD link and used by
applications that request these keys.

In order to communicate beyond the limits of a local metropolitan network, however,
users will need to establish a connection from the ground to a HAP or a satellite. Since
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the partner will presumably not be on location there at the time, the flying object will
serve as a trusted repeater. The underlying quantum architecture of HAPs and satellites
is different to fiber-based QKD networks, because one Alice on the flying object needs
to communicate sequentially with many Bobs. If we assume there is only one Alice
on the flying object, she must select a specific Bob with high optical connectivity and
high demand for a fresh key by steering the sender telescope to send her photons to the
receiver. Alice and Bob behave like a single link, her photons will be collected and the
quantum measurements form a key, which will be saved in the corresponding key store.
If Alice selects another Bob later on, the same procedure will be repeated. At the end,
the various key stores for the selected Bobs will be used as appropriate. Despite this
1:N architecture (one Alice to many Bobs), the principle at the layer of QKD links in a
broader network (e.g., with the problems of synchronization to maintain a common time
frame, etc.) is no different from the already well-developed fiber-based QKD network
which has one central node and N independent links to the users.

In the following section, we consider the special case of entanglement-based QKD
links for QKD networks. In Section 12.5.2, different “QKD transport” protocols will
be described to form a QKD network and finally we will discuss application scenarios
permitting global QKD link connections in Section 12.5.3.

12.5.1 Entanglement based QKD links in QKD networks

In the special case where an entangled source on the flying object sends the photons in
each pair simultaneously to different ground locations, the two photons need to be mea-
sured on arrival at nearly the same time. Depending on the different distance between the
source and the two receiver stations, the time of travel will vary marginally (e.g., a dif-
ference in path length of 30 km causes one photon to arrive earlier by 10 μs). However,
as discussed in Section 12.4.2.5, a common time frame with sub-nanosecond precision
needs to be defined for Alice and Bob to match their clocks and to maintain correlations.

Although the source is high above Alice and Bob, such a system could be treated as
a single QKD link, because the measured quantum correlations and further steps are
equivalent to a QKD link based on, e.g., WCP operated over a direct quantum channel.
The information exchanged during these subsequent classical protocol steps could be
sent over the Internet. This architecture helps to reduce the communication load to the
flying object. Moreover, in contrast with the other QKD network architectures discussed
below, the flying sender station containing the source which generates the entangled
photon pairs does not need to be trusted. The drawback is that the distance is limited to
simultaneous line of sight.

For longer distances (e.g., different continents), the same source of entangled photon
pairs can instead be operated in the single-link mode, where one photon is measured
immediately at the flying object, which acts as Alice for the QKD link, and the sec-
ond photon is sent to Bob as usual. In this case, in order to span longer distances,
the system loses its previous advantage of cutting out the middle station. Ultimately,
such entanglement-based QKD links operated along highly asymmetrical path lengths
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are equivalent to a single QKD link based on, e.g., WCP. In the following parts of this
section, we will consider only this latter case.

12.5.2 QKD transport protocol

Whenever two users want to share a key with each other without line-of-sight connec-
tion or a common fiber, they can achieve this by setting up two free-space quantum
channels to a common object. This could be a high tower or HAP for metropolitan areas
or a satellite for global quantum communication. In all cases the common object acts
as node in a QKD network. The node establishes separate keys with each user, fully
independently, because unlike an entanglement-based QKD system, simultaneous key
generation is not necessary at all. The keys will be saved in key stores and kept secret
on both sides electronically in the QKD hardware ready for later use.

The starting point of the QKD transportation protocol is as follows [4]: two users
sharing their own secure keys, K1 and K2, with the common node, want to use these keys
for a security application. As soon as the users send a request for a secure application
to the node, different methods can be used to establish a common bit sequence, or even
direct communication over the node.

1. Direct communication: The first and most intuitive scenario is a direct communi-
cation over this node. This is possible in principle, when the first user encrypts his
message M using his key K1 with a bitwise XOR operation, (M ⊕ K1), to an ITS-
secure one-time-pad encrypted cyphertext, which is then sent to the node. Inside the
node the received bit string, (M ⊕ K1), is decrypted, (M ⊕ K1) ⊕ K1 = M, and the
secret message is available in plain text. The message is then encrypted with the sec-
ond key, (M⊕K2), and sent to the second user. He is the only one with the necessary
key, K2, to obtain again the original message, (M ⊕ K2) ⊕ K2 = M. This message
was encrypted at all times during transmission, so provided the node is trusted, the
message is secure. The first disadvantage of this scheme is that the node must be
capable of all higher-layer applications possible with secure keys. It sounds easy for
a simple one-time-pad encryption at low data rates, but it can be extremely difficult
in the case of an AES-encrypted video conference with ongoing seed-key exchange,
when the node must be able to continuously decrypt/encrypt this high amount of data,
paired with the difficulty of a satellite simultaneously communicating data with sev-
eral concurrent users. Furthermore, another broad disadvantage for future customers
is that the node would have not only the key, but also the message fully decrypted.
This may still be acceptable if secure messages are communicated between branches
of one single company or institution, but would not be satisfactory if the service of
“secure communication” were being offered by a communication provider, due to
the high resulting risk of legal dispute. How could a serious communication provider
prove that no secret information present at their nodes was leaked to an outside party
either accidentally or deliberately?

2. Secure bitstring: Instead of sending the main message, it turns out to be advanta-
geous to send only a secret key KM . The first user would generate an additional secret
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key only locally (e.g., using a quantum random number generator) and encrypt this
bit string using the key shared with the node, (KM ⊕ K1), for transmission to the
node. The node would again decrypt it, recovering a meaningless bit string, KM , and
encrypt this bit string with the second secure key, (KM ⊕K2), for transmission to the
second user. As a result, both users (and the node) share a random bit sequence KM .

3. XOR: This even simpler QKD transportation protocol minimizes the ground-to-
satellite communication. After the node receives a key-distribution request, it then
encrypts the key from the first user, K1, with the one from the second user, K2, with a
bitwise XOR operation, (K1 ⊕ K2), and sends it to the second user. Only the second
user can extract the secret key of the first user by another bitwise XOR operation
with the locally stored key, (K1 ⊕ K2)⊕ K2 = K1. Again, both users (and the node)
share the same key, which is the QKD key of the first user with the node, K1.

All three concepts have the common feature that the node must be trusted to be robust
against electronic, physical, or software hacking to extract secret keys or secure infor-
mation. For security reasons, the communication of all possible applications using the
secret key should not be communicated over the same node, because the key from both
users, K1 and K2, as well as the additional key, KM , was stored there and the secret
information could be easily extracted with the knowledge of the ciphertext and the key.
In the first protocol which uses direct communication, the QKD provider routinely pos-
sesses the secret message M, but for the other two alternatives (using a secure bitstring
or XOR procedure), a corrupt QKD network provider would need to actively search
for the encrypted ciphertext ((M ⊕ KM) or (M ⊕ K1)) on the communication channels
from both users to get access. Using two alternative QKD network providers with the
delivered keys, KM1 and KM2, and building up a combined key, KM = (KM1 ⊕ KM2), to
encrypt the secure data, (M ⊕ KM), a single corrupt QKD provider could not reveal the
secret message, M. Only two cooperating corrupt QKD network providers would make
the message M insecure.

As a result of QKD transportation protocols 2 and 3, both users share a common
key without having a private QKD link. The system of trusted repeaters could easily be
extended to more nodes in between. It is straightforward to show that all scenarios can
be scaled to a linear chain of more nodes in a larger QKD network.

For each secure bit exchanged between two users (as for KM in the second QKD
protocol) they need to invest one bit of information for each link K1 and K2. This lost
overhead the same bit length as the secret information is needed, because the additional
information is fully in the hands of the adversary. This is particularly evident for the
third method of QKD transport, because the result of the XOR combination of both
secret keys is sent to one user and can therefore be considered to be public.

12.5.3 QKD networks via HAPs and satellites

Relay stations, similar to radio link systems at microwaves frequencies, clearly acces-
sible at high altitudes would be needed to span longer distances between metropolitan
areas by QKD links. Unfortunately, the atmosphere is very dense for optical wavelengths
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due to pollution and scattering (this same effect causes a blue sky and beautiful sunsets).
Nevertheless, it is possible to reach objects such as HAPs (Section 12.5.3.1) and satel-
lites (Section 12.5.3.2) with losses acceptable for QKD. Clearly, it is advantageous to
cross the disturbing layer in the vertical direction to reach a ground station from a flying
node (or vice versa) with minimal losses. This could be achieved if each metropolitan
area had its own HAP.

In the following we assume that QKD links could be technically realizable between
different HAPs as well as between HAPs and satellites. This opens new interest-
ing scenarios and applications for QKD networks with flying objects: the HAPs over
metropolitan areas could act as nodes and be connected by QKD links over a network of
HAPs (Section 12.5.3.3) for shorter distances, or again over satellites (Section 12.5.3.4)
to achieve globally spanning QKD. To increase the secure key rate, more than one satel-
lite could be used (Section 12.5.3.5). If intersatellite QKD connections are also feasible,
a highly dynamic QKD network could perform superior interconnection over global
distances. These scenarios will be outlined in detail below for the case of two users (for
simplicity), although it would of course also be possible to connect far more users with
the same infrastructure.

12.5.3.1 QKD links to a single HAP
In this first, most basic scenario one HAP establishes two QKD links with two users at
line of sight. The HAP is stationary in the sense that it moves only slightly away from the
expected position, but bad weather conditions would decrease the practical availability.
The schematic is shown in Figure 12.6(a). For simultaneous link connections, the HAP
would need two sending telescopes, but this is actually not necessarily required when
using the concept of QKD networks described above. It is also possible for the HAP to
have only one telescope pointing alternately to both users, with the minor consequence
that the key stores would then be filled up sequentially.

To change the number of users at the ground, there is no need to change the hardware
of a HAP simultaneously, but only provide a new target point for the sending telescope.
For the other users, the potential time slots available to them during operation would be
decreased, giving a correspondingly lower secure key rate. The number of offered time
slots and single photons could again be increased by an additional sender telescope,
expanding the already installed capacity linearly.

12.5.3.2 QKD links to a single satellite
This simple scenario is sketched in Figure 12.6(b). Whereas HAPs are stationary relative
to the ground, satellites are moving rather fast. Thereby high-rate QKD links with short
times to establish connections are needed, because the time a satellite could be used for
key exchange is less than 10 minutes before the receiver telescope would then have to
wait for the next opportunity to receive photons. Weather conditions and radiation from
the Sun decreases the time of availability further.

In principle, the satellite serves as a node of a QKD network and stores the established
key in the key buffer. For the QKD transport protocol outlined in Section 12.5.2 the first
method of direct communication clearly would fail. Also the second, improved version
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Figure 12.6 Six different use cases of quantum communication between users, HAPs and satellites are
illustrated schematically. Two user stations (marked as two ground telescopes) want to establish
free-space links over HAPs (indicated as balloons close to ground) and satellites (objects far
above ground). Scenario (a), (b), and (d) correspond to QKD networks with one possible path.
The path in scenario (e) is selected according to the best-suited satellite. The HAPs shown at
scenario (c) indicate a stationary QKD network with different possible paths for non-neighbour
communication. For scenario (f), the two HAPs could be connected by many flying satellites
building a time-dependant mesh network as a QKD network.

would need additional communication to the satellite. In contrast to that, a flying node
performing the third method of QKD transport protocol would only receive commands
from the ground and would send the XOR combination of the secret key back. Inter-
estingly, it would not only be the base station of the user that could receive this XOR
combination of secrets. Instead, any arbitrary base station globally could receive the bit
string and communicate it to the target user over a public network such as the Internet.

To summarize, this scheme has the disadvantage of intermittent short-term optical
visibility, which can potentially be further complicated by bad weather conditions. The
latter issue can be heavily relaxed in the next scenario for shorter distances.

12.5.3.3 QKD links to HAPs connected by a network of HAPs
The best optical path through the atmosphere is to transmit vertically, to try to travel
through the disturbing layers of air as undistorted as possible. If a HAP could be placed
directly above the ground station, a large volume of keys could be distributed vertically
during good weather conditions and saved in key stores. At such high altitudes the qual-
ity of horizontal optical connections is far improved compared to the ground. Therefore,
it would be possible to connect the HAPs directly or launch other HAPs working as
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relay stations as shown in Figure 12.6(c). This solution would work for a linear chain of
HAPs to span the required link distances and, moreover, it is also possible to arrange a 2-
dimensional grid to cover the required area of a large country for long-distance quantum
communication. Each HAP in the network would serve as a potential access node for
users. The routing in a simple 2-dimensional cell as a basic building block was already
demonstrated in the first fiber-based integrated QKD network experiment (SEQOQC).
Thus, alternative paths can be used to avoid malfunctioning QKD links or damaged or
problematic HAPs. Multiple paths can also be used to enhance the accessible secure key
rate.

12.5.3.4 QKD links to HAPs connected by a single satellite
To span even longer distances, too many HAP relay stations would be needed, and such
a scenario calls again for satellite-based key distribution. This scenario, sketched in
Figure 12.6(d), is an extension of the one shown in Figure 12.6(b) using two HAPs as
additional relay stations.

The additional effort required to establish QKD link connections to satellites over
HAPs would be worthwhile in order to relax constraints due to bad weather conditions.
The altitude of a HAP is well above problematic fog and most opaque disturbing layers
of clouds and greatly increases the availability of a QKD link connection, so the unrelia-
bility of establishing a fresh key with the satellite is heavily reduced. Moreover, it would
normally be easy to fill the key stores of the QKD link between the ground and the HAP.
If the satellite delivers a new secret key to the HAP when there is no visibility to the
ground due to bad weather, transport protocol 3 could be used to send the bit-sequence
of the XOR combination of both secret keys to the ground station using radio frequency
transmissions and it would still be possible to establish a key successfully. Even during
a longer period of limited visibility, such as during a rainy season in equatorial regions,
this method is still usable if enough keys had been distributed with the HAP in advance.

12.5.3.5 QKD links to HAPs connected by many single satellites
As outlined in Figure 12.6(e), it is possible to increase traffic over satellites by using
more than one of them in parallel. At any given time, the optimal satellite can be chosen
to establish a secret key between the users. The more satellites available for this scenario
in different orbits, the more functionality of the connections that can be accessed.

12.5.3.6 QKD links to HAPs connected by a network of satellites
Again, as in the last scenario, each HAP is able to establish a key to different satel-
lites, with the relaxed requirement that different HAPs do not need to choose a common
satellite. Additional intersatellite QKD connections could then connect satellites either
directly, if the distance is not too large, or via other satellites in different orbits. Conse-
quently, the HAPs establish a key with an arbitrary satellite (whichever is the closest)
and the network of satellites is responsible for then connecting the HAPs and its users.

From a network perspective, the backbone network in such a situation would not be
highly constant and stable as in fiber-based networks, but would change constantly over
time. As soon as two satellites would come close, they could establish new QKD links
leading to a highly flexible access to the network architecture.



326 Rupert Ursin, Nathan Langford and Andreas Poppe

References

[1] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden. Quantum cryptography. Rev. Mod. Phys.,
74:145–195, 2002.
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13 Optical modulating retro-reflectors
William Rabinovich

13.1 Introduction

Free-space optical communication (FSO) offers many potential advantages. These
include: high bandwidth, security, non-interference, and a large amount of available
spectrum. Many of these advantages are related to optics’ short wavelength relative to
radio-frequency (RF) or microwave systems. At optical wavelengths even a small trans-
mit aperture can produce highly directional beams, and optical receivers can focus light
down to very small spots. To make use of this high optical antenna gain very good point-
ing is required. Even a small telescope, with a 1 cm diameter, has a diffraction-limited
beam divergence of less than 250 micro-radians in the near-infrared. Pointing with this
accuracy is challenging, particularly if one or both ends of the link are in motion. Active
FSO systems with high pointing accuracy are often large, heavy, and have high power
consumption [1]. Such systems are also complex, which can lead to reliability issues.

Despite these challenges, direct FSO links – those with active terminals on both ends –
have many good applications. There are, however, other applications in which the two
ends of the link have different payload and power capabilities. Some examples include:
unattended sensors, small unmanned aerial vehicles (UAVs), and small, tele-operated
robots. For these applications a modulating retro-reflector (MRR) may be an appropriate
solution.

Optical MRRs couple passive retro-reflectors with electro-optic modulators to
allow long-range, free-space optical communication with a laser, and pointing/
acquisition/tracking system, required on only one end of the link. As shown in
Figure 13.1, a conventional free-space optical communications terminal, the interroga-
tor, is used on one end of the link to illuminate the MRR on the other end of the link
with a continuous-wave beam. The MRR imposes a modulation on the interrogating
beam and passively retro-reflects it back to the interrogator. The passive retro-reflector
will generally have a large field of view over which incident light will be reflected back
to its source, thus eliminating, or greatly reducing, pointing requirements on this end of
the link. Despite this, the retro-reflected beam divergence can be very small, preserving
the desirable features of direct FSO such as security and non-interference.
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Figure 13.1 Schematic of a modulating retro-reflector communication link.

The concept of a modulating retro-reflector was first proposed in a 1904 patent by
Sir Howard Grubb. He conceived of a communications link using a retro-reflector with
a shutter, and a searchlight as the interrogating source [2]. In 1948, the idea was re-
introduced by Stockman in a seminal paper that also envisioned RFID tags [3]. Optical
MRRs can be made using a variety of passive retro-reflectors, including corner cube
prisms and cat’s eye lenses [4]. The electro-optic modulator may be placed as a window
in front of the optic, or may be incorporated into the optic. A wide variety of electro-
optic modulators can, and have, been used, ranging from vibrating membranes [5], liquid
crystals [6–8], micro-electromechanical systems (MEMS) [9–13] and semiconductor
multiple quantum wells (MQW) [14–17].

MRRs are possible for radio-frequency communication systems as well, but are espe-
cially attractive at optical frequencies. A reasonable figure of merit for a retro-reflector
is the maximum number of distinct optical spots over its field of view. This is propor-
tional to the square of the FOV divided by the beam divergence of the retro-reflected
beam. For a diffraction-limited retro-reflector this is,(

θFOVDretro

2.44λ

)
(13.1)

where θFOV and Dretro are, respectively, the field of view and diameter of the retro-
reflector, and λ is the operating wavelength.

For compact systems this figure of merit is much higher for optical retro-reflectors
than radio-frequency. This is, once again, due to optics’ short wavelengths. Most retro-
reflectors have fields of view measured in tens of degrees, regardless of the region of
the electromagnetic spectrum that they operate in. The difference lies in their beam
divergence. The diffraction-limited beam divergence for a 1 cm retro-reflector in the
near-infrared is about 250 micro-radians, yielding a figure of merit of about 4 × 106.
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However, even for high-frequency microwave link at 35 GHz, a retro-reflector diameter
of about 80 meters would be needed to produce the same figure of merit.

The advantages of MRRs come with some costs. As will be described below, MRR
links fall off as range to the fourth power, and any atmospheric losses are suffered in
double-pass. This limits terrestrial MRR links to maximum ranges of tens of kilometers,
and often less [18]. In addition the configuration of the modulator for an MRR both
restricts the choice of mechanism, and often requires a large modulator area. The net
result is that MRR links are generally limited in their bandwidth to less than 100 Mbps,
and are often much slower. Despite these limitations there are many applications in
which MRRs offer significant advantages.

13.2 Modulating retro-reflector link budgets

Modulating retro-reflector links have similarities and differences from direct free-space
optical links. Often, an MRR link is made bidirectional by pairing a wide field of view
photodetector with the MRR. In this case the down-link to the MRR can be described by
the same equations as a direct FSO link. The return link from the MRR however takes a
different form. As with direct links, MRR links depend on laser power, beam divergence,
pointing accuracy, and receiver diameter, but for an MRR link these parameters are all
determined by the interrogator. The MRR parameters that affect the link are the MRR’s
optical antenna gain, its modulation efficiency, and its modulation bandwidth.

There are several ways to represent FSO link budgets, but for MRR links it is clearest
to adopt the formalism used for RF links [19]. We start with a link source and then
express the rest of the link in terms of losses and gains ending with a signal strength that
can be compared to detector sensitivity.

The downlink from the interrogator to a detector at the MRR follows the standard
FSO link equation

Psig = PlasGtxLtxLRLatmGrx−MRRLrx−MRR (13.2)

where the terms follow standard definitions described in Table 13.1.
The link budget for the retro-reflector return link is more complex, since the light

must propagate out, be reflected, and then propagate back. It also includes two new
terms, GMRR, the retro-reflector antenna gain and M, the modulation efficiency [20, 21].
M represents modulator-specific characteristics and will be defined in Section 13.4.

The MRR acts as a receiver, intercepting the light of the interrogator, and a transmitter,
re-emitting the light as its retro-reflects it. Thus its optical antenna gain is the product of
the classical formulas for receiver gain and transmitter gain. The retro-reflector antenna
gain is,

GMRR =
[
πDretro

λ

]4

S (13.3)

where Dretro is the optical aperture of the retro-reflector, λ is the wavelength of light and
S is the Strehl ratio of the optic. As can be seen the gain has a very strong dependence on
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Table 13.1

Term Symbol Definition

Received power Psig Power returned from link
Laser power Plas Output power of laser

Transmitter antenna gain Gtx

[
32
θdiv

]2

Transmitter loss Ltx Power loss through optics

Geometric propagation loss LR

[
λ

4πR

]2

Atmospheric loss Latm Loss due to scattering

Receiver antenna gain (MRR end) Grx-MRR

[
πDrx−MRR

λ

]2

Receiver loss (MRR end) Lrx-MRR Power loss through optics

Retro-reflector antenna gain GMRR

[
πDretro

λ

]4
S

Modulation efficiency M Modulator parameter

Receiver antenna gain (interrogator end) Grx-MRR

[
πDrx

λ

]2

Receiver loss (interrogator end) Lrx Power loss through optics
Transmitter divergence θdiv Full angle to 1/e2

Link range R
Laser wavelength λ

Receiver diameter (retro end) Drx-MRR
Retro-reflector diameter Dretro

Retro-reflector aberration S Strehl ratio
Receiver diameter (interrogator) Drx

retro-reflector aperture. In fact, since both the antenna gain and the range dependence
scale as fourth powers, doubling the aperture of an MRR doubles its range. It is also
important to maintain near diffraction-limited performance from the optic.

The return link equation for an MRR can be written as [20],

Psig = PlasGtxLtxLRLatmGMRRLMRRMLRLatmGrxLrx (13.4)

where terms are defined in Table 13.1.
When the interrogating laser is bistatic, additional losses can occur. This is because

the retro-reflector returns light to the transmit aperture, not the receive aperture. In addi-
tion, for terrestrial links, atmospheric aberration may limit how small the divergence
from a large retro-reflector may get. This can reduce the retro-reflector antenna gain
for large apertures. In most situations the geometric range losses of a retro-reflector
link scale as 1/R4, where R is the one-way range between the interrogator and retro-
reflector. This range dependence arises because the retro-reflector captures a fraction of
the transmitted beam and re-emits it with a divergence determined by the aperture of the
retro-reflector (for good optical quality devices). Exceptions to the range to the fourth-
power dependence can occur when either end is in the near-field of the other, or when
either the retro-reflector or interrogator apertures are under-filled by the optical beam.

Most MRR links have used simple on–off keying. However some coherent MRR
links have been demonstrated [5, 12, 22]. This can be especially attractive since the
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laser source and receiver are collocated, providing a phase coherent reference. It is also
possible to consider MRR links that use higher-order signalling to increase bandwidth
[23]. The strong range dependence of MRR links means that when ranges are less than
the maximum for the link, margin is often very high. Higher-order signalling is one way
to take advantage of this.

13.3 The optical retro-reflector

There are two broad classes of passive optical retro-reflectors used in MRR links: corner
cube prisms and cat’s eye optics. Both can be made to exhibit diffraction-limited beam
divergence, and both can operate over wide fields of view.

Corner cube retro-reflectors are the most common configuration. Corner cubes can be
hollow or solid. For solid retro-reflectors, the field of view over which retro-reflection
can occur is determined by the index of refraction of the prism. A solid glass corner
cube has a full width half-maximum for retro-reflection of 26 degrees, whereas a silicon
corner cube has a field of view of 60 degrees. Corner cube MRRs can be arranged
as arrays of prisms canted in different directions so as to increase the field of view.
Generally this is done using individual, high-quality, retro-reflectors mounted in the
array. As an alternative, embossed arrays of plastic or metal corner cubes are available
in large sheets, but have poor optical quality. These arrays are very thin, which may be
advantageous in some applications.

Corner cube MRRs can have an optical modulator placed in front of the prism, as
shown in Figure 13.1, or used as one or more of the faces of the prism. In general, it is
easier to make high-quality MRRs using the modulator as a window, but for modulator
technologies that are reflective, rather than transmissive, integration into a hollow corner
cube can be effective.

Corner cube MRRs are generally rugged and inexpensive, making them very attrac-
tive for many applications. However, they require the modulator to be the same size
as the optical aperture of the retro-reflector. This makes high-bandwidth, long-range,
retro-reflector links hard to achieve. As either the range or bandwidth increases, more
optical return is needed. Increasing the interrogator’s laser power or receive aperture, or
decreasing the interrogator’s beam divergence, can increase the amount of light returned.
However, eventually practical limits are reached. The options for increasing return from
the retro-reflector end consist primarily of increasing the retro-reflector antenna gain.
For a diffraction-limited retro-reflector, as shown in Equation (13.3), this can only be
achieved by increasing the retro-reflector optical aperture or working at shorter wave-
lengths. Increasing the optical aperture can result in large increases in link margin, since
the MRR’s antenna gain scales as the fourth power of its diameter. However, for corner
cube MRRs, larger optical apertures mean larger modulators. As will be discussed in
Section 13.4, larger area modulators are often slower, and always consume more power.

The limitations of corner cube MRRs arise because the optical aperture and modu-
lator size are coupled. Decoupling these parameters would enable higher performance
devices. One idea that suggests itself is using a lens to increase the optical aperture. It
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Figure 13.2 Schematic of a cat’s eye modulating retro-reflector.

should then be possible to place the modulator in the focus of the lens and maintain
a larger optical aperture and a small modulator aperture simultaneously. This can be
achieved using a cat’s eye MRR [4, 21, 24]. Figure 13.2 shows one form of a cats’ eye.
Light enters the optical aperture and is focused down onto a reflective modulator. The
light is modulated and reflected back to the lens, which recollimates it.

The optic for a cat’s eye MRRs must have several characteristics, three of which are:

1. It must preserve the retro-reflective properties of the system.
2. It should have as high an optical antenna gain as possible.
3. It needs a wide field of view to be of application interest.

There is no one form of cat’s eye retro-reflector, but all contain some sort of focusing
optics and a reflector. If the cat’s eye MRR is to operate over a wide field of view, the
optics f -number is important. A higher f -number optic implies a larger modulator in the
focal plane. This is because the focal spot will move as the angle of incidence changes.
The range of motion of the spot determines the modulator size,

Dmod = f # Dretroθretro (13.5)

where Dmod is the modulator diameter, f # is the f -number of the cat’s eye and θretro is
the FOV that the cat’s eye must work over.

Since we’d like to keep the modulator as small as possible this leads to a fourth
desirable characteristic for a cat’s eye optic:

4. It should have as low an f -number as possible.

Even a sophisticated diffraction-limited cat’s eye optic will have an f -number of about
2. If the optic is to cover the same field of view as a corner cube (about 0.5 radians) then
Dmod = Dretro, the same situation as with a corner cube. However, a cat’s eye MRR
can offer two advantages: If the required FOV is not large, a cat’s eye MRR can have a
small modulator, whereas the modulator size for a corner cube MRR is independent of
the FOV. Second, while the focal spot does wander over a large area for a wide FOV, it
only covers a small part of the focal plane at any one time. Thus if the angle of arrival
can be determined, and if the modulator is divided into sub-pixels, only a small part of
the modulator needs to be driven at any one time, greatly reducing the power draw.

Any cat’s eye optic will involve some compromises of the four desirable characteris-
tics listed above versus cost, size, complexity, and weight. In addition, cat’s eye optics
can be divided into classes in which the focal plane is flat or curved. The simplest kind of
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(a)

Modulator
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Figure 13.3 (a) Optical design of a cat’s eye retro-reflector and (b) a fabricated cat’s eye modulating
retro-reflector.

curved focal plane cat’s eye consists of a hemispherical lens coupled to a hemispherical
reflector. These optics have a wide field of view of up to 180 degrees, but have very low
Strehl ratios unless they are used at high f -number. The simplest kind of flat focal plane
cat’s eye consists of a telecentric lens coupled to a flat mirror in its focal plane. These
optics exhibit less aberration than spherical cat’s eyes but still have Strehl ratios of about
0.05 at f /4 and also have fields of view of 30 degrees or less [24].

For near diffraction-limited performance, it is necessary to use multi-element optics
specifically designed as cat’s eye MRRs. Most of these use a telecentric design as a start-
ing point and then specialize for the aperture and desired field of view [4]. Figure 13.3(a)
shows the optical design of diffraction-limited, flat focal plane, cat’s eye optic with a 1.6
cm aperture and a 20-degree field of view [21]. Figure 13.3(b) shows a photograph of
the cat’s eye MRR, with a modulator array in the focal plane, based on this design. The
modulator must have a diameter of 1.4 cm to cover the full 20 degree field of view. This
is almost the same size as the optical aperture, so for this design to have an advantage,
the modulator must be divided into sub-pixels and used with an angle of arrival sensor.
However, this same optic could be used with a smaller modulator and a restricted field
of view. Operated with a 5 degree field of view the modulator would only need to be
0.35 cm in diameter, but the optical aperture would remain at 1.4 cm. Compared to a
corner cube MRR with the same size modulator, the cat’s eye MRR offers 24 dB higher
antenna gain.

Not all cat’s eye MRRs require complex bulk objects. Very small devices have been
made using high-index spheres half-silvered to make the back surface reflecting [12].
These types of MRRs will have low antenna gain, but can be very small and will have
very large fields of view. Diffractive optics too can be used to make cat’s eye retro-
reflectors and may have significant weight advantages.

13.4 The optical modulator

In principle, the same kinds of optical modulators that are used for fiber optic commu-
nication systems can be used for modulating retro-reflectors. In practice, however, the
requirements imposed by optical retro-reflectors restrict the geometry of the modulator.
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As a result, optical modulators for MRRs generally have much lower bandwidth and/or
extinction ratios than those for fiber optics. An optical modulator for an MRR must work
for light entering a large optical aperture, and over a wide range of angles. It must also
preserve the retro-reflecting characteristics of the optic. This eliminates single-mode
waveguide modulators, such as Lithium Niobate, which are too small to cover a corner
cube or the focal plane of a cat’s eye MRR. Arrays of single-mode waveguides might
work in a cat’s eye but the high fill factor required would be hard to achieve.

Most of the MRR systems demonstrated to date use large-area surface-normal modu-
lators with thin active regions. These devices often have lower extinction ratios than
waveguide devices. This is less of a problem for most MRR links than it would be
for fiber telecommunications links. The lower bandwidth, larger area, detectors used in
free-space optical links generally operate far from the shot-noise limit. As a result, the
noise in the optical receiver is generally dominated by that of the electronic pre-amplifier
circuit. Unlike quantum limited systems, in which the noise level increases as the optical
contrast ratio decreases, the noise level in this case is independent of the optical contrast
ratio. The optical signal-to-noise ratio (OSNR) can then be defined as [20],

OSNR = POn − POff

Pnoise
= Pret

e−αOn − e−αOff

Pnoise
(13.6)

where POn is the optical power returned by the MRR when it is in its on-state, POff is
the power returned in the off-state, Pnoise is the noise equivalent power of the detector,
Pret is the optical power returned by the MRR excluding losses in the modulator, αOn is
the double-pass absorption-length product of the modulator in its on-state, and αOff in
its off-state. From Equation (13.6) it can be seen that maximizing the OSNR depends
on both the optical contrast ratio and the optical transmission of the MQW. This can be
seen more clearly by defining a figure of merit for the MQW, its modulation efficiency,

M = e−αOn − e−αOff = e−αOff · [CMQW − 1
]

(13.7)

where M is the modulation efficiency and CMQW is the optical contrast ratio of the
modulator. The OSNR of an MRR link is then simply PRetM.

While MRRs have been made with vibrating membranes [5] and gas-based Stark
modulators [25], the most common types of MRR modulators have been: liquid crystal
devices used in amplitude modulation mode, micro-electromechanical modulators used
either as phase modulators or amplitude modulators, and multiple quantum well electro-
absorption modulators.

All these systems are essentially capacitive in nature. While an MRR does not need to
consume power for transmission, it does consume power to change its modulation state.
This capacitive power draw scales as

P = CV2f (13.8)

where P is the power, C is the device capacitance, V is the drive voltage, and f is the
modulation frequency. Thus, across all these families of modulators, it is desirable to
have as low a capacitance and drive voltage as possible.
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Liquid crystal modulators have been used very successfully for long-range MRR links
[6]. It is relatively easy to make large-area, high optical quality, liquid crystal films.
Devices with apertures of 2.5 cm have been demonstrated. This allows for corner cube
retro-reflectors with large antenna gain. For shorter-range links, liquid crystal on silicon
modulators with 1 mm diameters have been used to close a 30 meter link at 100 bps
[7]. The principal drawback of liquid crystal based MRRs is their limited bandwidth.
The extinction ratio of these devices declines rapidly as data rates exceed about 1 KHz.
Liquid crystals also have limited temperature ranges of operation.

MEMS modulators have been used in a variety of ways with MRRs. While the details
differ, there have been four distinct approaches using MEMS. One, or more, of the
surfaces of a corner cube can be spoiled as a reflector using MEMS actuation either
to form a diffraction grating or distort the surface so that it is no longer flat [11, 13].
It is also possible to use MEMS to tilt one of the surfaces of a corner cube so that it
is no longer a retro-reflector [9]. A MEMS-based Fabry–Perot cavity can be used as a
reflective modulator [10] built into a corner cube, or used in the focal plane of a cat’s
eye MRR. MEMS Fabry–Perot cavities can also be used transmissively in front of a
corner cube retro-reflector. MEMS devices can also be used as phase modulators for
coherent MRR links. These devices have been demonstrated by moving a small cat’s
eye retro-reflector to change the phase of the reflected light [12].

MEMS approaches offer several advantages. The technology is most often based on
silicon fabrication, and thus has the possibility of being inexpensive in large numbers.
MEMS MRRs can generally work over a large temperature range. MEMS MRRs also
can work over a very wide wavelength range, potentially from the visible to the infrared,
depending on the choice of materials. MEMS approaches using Fabry–Perot cavities do
have a wavelength dependence within one free spectral range, but this does not limit their
overall spectral range. MEMS devices are also much faster than liquid crystal modula-
tors. Maximum bandwidths depend on implementation details, but most devices operate
well up to around 100 KHz. Beyond that the extinction ratio often drops and ringing
on the edges of the rise and fall pulse can become a problem. Still, with careful design,
bandwidths up to 1 MHz are possible. Figure 13.4 shows a picture of a MEMS-based
MRR developed by Boston University [13]. The device uses a MEMS actuated grating
as one or more of the faces of the corner cube. When the MEMS structure is activated
light diffracts from the face and is not retro-reflected. This MEMS MRR has a diameter
of about 1 cm and a bandwidth greater than 100 KHz.

MEMS approaches have some limitations as well. It is unlikely that practical MEMS
MRRs with bandwidths beyond about 1 MHz will be possible. Some MEMS designs
have limited field of view. Also MEMS modulators must generally be pixellated to offer
high bandwidth and large area. This can lead to diffractive losses and limited extinction
ratios.

The third major modulator type used with MRRs are surface normal multiple quantum
well electroabsorption modulators. The majority of MRR links demonstrated in the field
have been with this type of device [18, 20, 21, 26]. MQW modulators are semiconductor
devices consisting of multiple layers of alternating semiconductor materials embedded
in a PN junction. Quantum confinement, due to the varying band-gaps of the layers,
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Figure 13.4 A micro-electro-mechanical corner cube modulating retro-reflector.

alters the absorption spectrum of the well material. The excitonic absorption feature
at the band-edge is enhanced in strength, and can be changed by the application of
a field. By applying a reverse bias across the device its transmission for wavelengths
near the band-edge can be changed. Figure 13.5 shows the band-edge absorption versus
wavelength of an InGaAs/InAlAs coupled quantum well modulator for 0 and 6 V bias
[27]. The regions in which these two curves show significant difference determine the
operating wavelengths of the modulator. A variety of semiconductor material systems
can be used to choose the wavelength of operation, although most MQW modulators
have been designed for the near-infrared. Devices matched to 850 nm laser diodes [15],
1000 nm Neodymium and Ytterbium lasers [14], and 1550 nm telecom lasers [20] have
been demonstrated. Device capacitance is typically about 5 nF/cm2. As a result devices
of about 1 cm diameter consume about 100 mW/MHz of power. MQW modulators used
in cat’s eye MRRs may be pixellated and thus use less power at a given frequency.

MQW modulators can be used in either transmissive or reflective mode. Most often
they have been used transmissively with corner cube MRRs. In this case, a large-area
MQW modulator is placed in front of a corner cube retro-reflector. Cat’s eye MRRs can
use MQW modulators in reflective mode when the cat’s eye optic has a flat focal plane.
The MQW wafer can have metal deposited on its back surface to act as a reflector, or it is
also possible to grow a Bragg mirror into the MQW structure itself. For cat’s eye MRRs
with curved focal planes there are two ways to use MQW modulators. A transmissive
modulator can be placed between the last lens element and a curved reflector [21] or a
conformal MQW can be deposited on a curved reflector [28].

The principal advantage of MQW modulators is their bandwidth. Unlike MEMS
or liquid crystals the intrinsic switching speed of electroabsorption is in the tens of
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Figure 13.5 The absorption versus wavelength of a InGaAs/InAlAs multiple quantum well at two different
applied voltages.

gigahertz. The practical switching rate of MQW modulators for MRRs is determined by
their RC time. Because MQW modulators for MRRs are large, their capacitance is high
which limits their bandwidth. Two strategies can be employed to get around RC time
limits. First, the sheet resistance of the MQW electrode can be reduced using electrode
design. Because the mobility of the p-type contact layers is much lower than the n-type
layers they dominate the resistivity. One approach to overcome this problem is to use
a metal grid on the top p-contact to distribute the electric field [29]. A grid structure
is shown in Figure 13.6. Effective resistances below 10 ohms are possible with a grid.
Used with a single element device this approach yields about a 10 MHz bandwidth with
devices that are about 1 cm in diameter.

The other route to reducing the RC time is to lower the device capacitance. In most
cases the only way to drop the capacitance is to reduce the area of the modulator that is
being driven. This can be done by dividing the MQW into sub-pixels. In principle, one
can use this approach to drive a corner cube MQW MRR to high bandwidths by modu-
lating each sub-pixel simultaneously with its own driver. While this does allow higher
bandwidth, power consumption, proportional to the total capacitance, still goes up.

A better approach is to use a cat’s eye MRR. By combining the cat’s eye MRR with
an angle of arrival sensor, only one or two sub-pixels need to be driven at any one
time, greatly reducing power consumption. The angle of arrival sensor can be a separate
device, but it is also possible to use the MQW itself as the photosensor. In this case,
a challenge is separating the small DC photocurrent signal from the much larger mod-
ulation signal running through the device. Depending on the choice of the modulation
waveform it is possible to use electrical filtering to achieve this [30]. Figure 13.7 shows
a pixellated MQW focal plane used in a cat’s eye MRR. The 8 mm square device is
separated into 8 rectangular sub-pixels each with sufficient bandwidth to support a 45
Mbps signal [21].
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Figure 13.6 A grid electrode pattern for a multiple quantum well modulator.

Figure 13.7 A pixellated multiple quantum well modulator designed for a cat’s modulating retro-reflector.

The principal drawbacks of MQW modulators are their extinction ratio, device yield,
and the temperature dependence of the band of operating wavelengths. Because the
interaction length of a surface normal MQW modulator is on the order of one micron, it
is difficult to achieve high extinction. Typical extinction ratios are about 2:1. However,
as discussed above, limited extinction imposes a smaller power penalty on lower band-
width optical links. Limited extinction also poses no problems for the highly scintillated
waveforms typically seen for links whose range exceeds about 100 meters. While signal
fades are much larger than 3 dB, they occur on a much slower time scale than a bit, and
so do not distort the waveform.
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Higher extinction can be achieved in at least two ways. First, it is possible to grow
a thicker active region. This will yield higher extinction, but at the cost of lower
throughput due to absorption in the MQW. For most MQW structures the modulation
efficiency flattens out beyond an active region thickness of about 1.5 microns. Another
way to achieve higher extinction is through an asymmetric Fabry–Perot structure. This
type of MQW modulator utilizes a low finesse cavity. The length of the modulator is
designed so that front and back reflections are exactly out of phase. When the absorp-
tion of the modulator is tuned to balance front and back reflections, complete extinction
occurs. Asymmetric Fabry–Perots can produce high extinction with high throughput,
but are difficult to use with MRRs. This is because the phase cancellation condition is
highly dependent on angle of incidence. Thus for a corner cube MRR this type of modu-
lator would have a limited field of view. A cat’s eye MRR would be restricted to high
f -number optics, the opposite of what is normally desired. One way to avoid these prob-
lems is to combine MEMS and MQW modulators [31, 32]. If the cavity is tunable via
MEMS it becomes possible to use an asymmetric Fabry–Perot with corner cube MRRs.
This type of modulator has been demonstrated, but is complex to fabricate. However,
for interrogators that allow shot-noise limited detectors these kinds of MRRs may offer
significant advantages.

Device yield for large-area MQW modulators can be a problem. Typical fiber
telecommunication modulators have areas of 100 square microns or less. An MQW
modulator for an MRR has an area that is 10 000 times larger. This can lead to lower
yield. Under high reverse bias, defects in the MQW structure can start to conduct,
limiting the voltage that can be applied. The larger the device, the more likely this
is to happen. Aside from the obvious growth optimizations to produce higher-quality
material, there are two approaches to mitigating this problem. First, it is possible to
sub-divide a large-area device into isolated pixels. Each pixel can then be character-
ized. Pixels with high reverse bias current are not connected to the circuit [15, 33]. This
approach can be labor-intensive. An alternative is to use more sophisticated quantum
well structures that require lower applied field. At lower bias, even material with many
defects may operate without problems. One approach that has been demonstrated is to
use coupled quantum wells [27]. These structures, which use double wells coupled by
a thin barrier, can drop the required voltage by a factor of three or more down to about
3–4 V/μm. In addition to increasing device yield this drops power consumption, which
scales as V2, by a factor of ten.

The temperature dependence of MQW modulators arises from the shift of semicon-
ductor band-gaps with temperature. For example, InGaAs, lattice-matched to InP, shifts
by 0.7 nm/◦C. The operating wavelength of the MQW modulator shifts at the same
rate. For most terrestrial temperatures the change is a simple linear shift of the cen-
ter operating wavelength, with little change in modulation efficiency. The typical full
width half-maximum for an InGaAs MQW modulation efficiency is about 15 nm. So
temperature shifts of ±10 ◦C, will have a modest effect on the link. For temperature
variations larger than this there are several possible solutions. It is possible to tem-
perature control the MQW with a heater or thermo-electric cooler. The modulator’s
small thermal mass makes this relatively simple. This does, however, increase power
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Figure 13.8 A five-element array of corner cube multiple quantum well modulating retro-reflectors.

consumption and complexity on the retro-reflector end of the link. Another option is to
tune the interrogating laser to match the center of the MQW’s operating wavelength.
In the 1550 nm telecommunication band, lasers with more than 30 nm of tuning band-
width are available yielding an operating temperature range of greater than 50 ◦C. This
is a fairly robust solution that has been used in several MRR field tests [26, 34]. Its draw-
back is that it increases complexity at the interrogator. A third approach for temperature
compensation is to apply a large DC bias field to an MQW to tune the wavelength
region over which electroabsorption takes place [35]. An in-situ temperature sensor is
used at the retro-reflector to adjust this bias based an ambient temperature. This can
yield large temperature ranges of operation. The down-side of this approach is the high
field required, often near break-down for the device. This reduces yield for large-area
devices, and has an undetermined effect on the lifetime of the modulator.

MQW MRRs have been demonstrated in both corner cube and cat’s eye configura-
tions in a variety of sizes and configurations. Figure 13.8 shows an array of five 6.3 mm
diameter MQW MRRS using glass corner cubes developed at the US Naval Research
Laboratory (NRL) [20]. The array is about three inches in diameter. The devices are
canted at different angles so that the entire array covers a 60◦ × 60◦ field of view. The
MRRs in the array had a bandwidth of about 10 MHz.

13.5 Modulating retro-reflector applications and field demonstrations

Applications for modulating retro-reflector links tend to fall into niches. Their small
size, weight and power, as well as loose pointing requirements, make them attractive for
small platforms and unattended sensors. However, their limited range and bandwidth
rule them out of many of the applications generally considered for free-space optical sys-
tems. Most often MRRs compete for applications with RF systems, such as those based
on the various IEEE 802.11 standards. MRRs offer more security than RF links, and can



342 William Rabinovich

also offer higher bandwidth at lower power at the sensor. Increasingly an advantage of
MRRs is their immunity to the problems of spectral congestion that have come to plague
sensor systems that use RF communication. As more and more high-bandwidth sensors
and platforms are used nearby each other, the available RF bandwidth has become a
scarce commodity. Mutual interference is rarely a problem for retro-reflector systems
because of the high directionality of the beams, and the large spectrum availability in
the infrared.

MRR links face problems similar to direct FSO links, but with some important dif-
ferences. Atmospheric effects due to scattering from rain, fog, and other obscurants,
and optical scintillation due to turbulence, affect both MRR and direct FSO links. In
fact, MRR links are more affected by the atmosphere because the link is double pass.
In practice, however, this is offset by the fact that most MRR links are shorter range
than direct FSO links. Thus the overall system challenge posed by loss of margin due
to weather is similar. Link drop-outs due to scintillation may be more severe for MRR
links, however.

MRR links also face challenges of pointing and tracking, primarily on the interrogator
side of the link. MRR interrogators often use narrow beams to make up for the propaga-
tion loss in the link. However, it is easier to acquire a retro-reflector than another FSO
system. For acquisition in a direct FSO link, two narrow field of view systems must be
pointed at each other. This creates a search problem that scales as the square of the num-
ber of addressable points in the field of view of each system. A retro-reflector however is
always “pointed” at its interrogator as long as it falls within the very wide retro-reflector
field of view. The search problem then scales linearly as the number of points in the
interrogators field of view. MRR links do face increased challenge in acquisition and
tracking because they work at lower data rates. The typical signal power in an MRR link
is one to two orders of magnitude lower than for a high-bandwidth direct FSO link. This
means the acquisition sensor has much less power to work with.

FSO interrogators can be either monostatic or bistatic. The transmitter and receiver
optical axes are collinear in a monostatic interrogator, sharing an aperture. In a bistatic
interrogator, the transmitter and receiver apertures are side-by-side. This design choice
has unique ramifications for an MRR system with regard to transmit/receive isolation
and minimum range.

All FSO systems must deal with the problem of transmit/receive isolation. In a typ-
ical direct FSO link, the ratio of transmit to receive beam power is 30–40 dB. In an
MRR link it is often 70–80 dB. Direct FSO links can use different transmit and receive
wavelengths, allowing very good isolation. An MRR link does not have this option, as
the same laser is used for both transmit and receive. Isolation is most often achieved in
MRR links using bistatic systems. This can be effective at long range, but has difficulties
at short range. A retro-reflector returns power exactly back to where it originated. In a
bistatic system, the power returns to the transmit aperture. If the range is long enough
that the retro-reflected beam diameter covers both apertures, there is no problem, but
when close most of the power may miss the receiver. This imposes a minimum range of
operation for bistatic systems.
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Monostatic transceivers pose their own set of challenges. Monostatic systems can be
made with beam splitters, using polarization to isolate transmit and receive, or with fiber
circulators. These solutions have been demonstrated with some degree of success. A
simpler solution is to introduce the transmit beam into the optical path using an occlud-
ing mirror contained within a larger receive aperture, or to pass the interrogating beam
through a hole in a mirror in the receive path. However, these solutions limit the size of
the transmit beam, and hence if the system is to stay eye-safe out of the aperture, the
output power must be limited.

While many MRRs have been tested only in the laboratory, there have been some
field tests of complete MRR communication links, as well as some theoretical analyses
[36]. Surface-to-surface links have been demonstrated with several different types of
MRRs. In 1995, Honeywell demonstrated a coherent MRR link at 10.6 microns using a
deformable membrane MRR [5]. The link was at a low rate, a few kilohertz, and used
to transmit voice data from rooftop to rooftop at ranges up to 24 km.

In 2005, the US Naval Research Laboratory demonstrated a multiple quantum well
MRR link from the shore to a boat on the Chesapeake Bay using the MRR array shown in
Figure 13.8 [20]. These devices were 6.3 mm diameter InGaAs/InAlAs MQWs designed
to work in the telecom band at 1550 nm. Data rates up to 5 Mbps were demonstrated out
to a range of 2 km using an interrogator with a four-inch receive aperture and a 1.5 Watt
laser. This interrogator had no tracking and was manually aimed at the boat. Scintillation
indices for these links varied from about 0.3 to 0.6. These levels are lower than what one
would find for a link near the ground because optical turbulence is generally lower over
water. A higher data rate version of this link was demonstrated in 2007. Cat’s eye MRRs,
with a pixellated MQW focal plane were used at a range of 7 km to close a 45 Mbps
MRR link from shore to ship [21].

In 2008 a ship-to-ship MRR link was demonstrated by NRL as part of the US Navy’s
Trident Warrior exercise [26]. A five-element corner cube MQW MRR array similar to
Figure 13.8, but this time using 1 cm diameter devices, was combined with a 2 Mbps
Ethernet modem to demonstrate video and file transfer at ranges up to 4.5 km between
two US Navy vessels underway in the Pacific Ocean. The interrogator, used for this link
could auto-track on the retro-reflected return using a quad cell sensor that could drive
both internal fast steering mirrors and an external gimbal [37].

Also in 2008, a joint experiment of the University of Maryland’s Laboratory for
Physical Sciences and NRL, demonstrated an MQW MRR link from one side of the
Chesapeake Bay to the other, a distance of 16 km [18]. This link used up to three 1.6 cm
diameter cat’s eye MRRs and sent data at 2 Mbps using an Ethernet protocol. Both files
and video were transmitted. Though this data was taken at the same place as the 2005
Chesapeake Bay experiment, the much longer range resulted in scintillation indices that
varied between 0.2 and 2. This experiment also showed that scintillation could be mit-
igated by aperture averaging. By comparing the return of one, two, and three MRRs in
an array, it was shown that the scintillation index was inversely proportional to the num-
ber of retro-reflectors. The use of multiple MRRs for aperture averaging must, however,
take into account coherent interference effects [38].
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Links from the shore to a buoy carrying an array of liquid crystal MRRs were
demonstrated by the Swedish Defense Research Agency in 2005 [8]. The MRRs were
arranged around the buoy to give 360 degree coverage. Ranges up to 400 meters and
data rates of 3 kbps were shown.

While most MRR field demonstrations have been conducted to investigate link prop-
erties, there have been some demonstrations of full systems and applications. In 2008,
NRL demonstrated an application of MRRs to the problem of communicating with small
robots used for explosive ordinance demolition [34]. These robots are teleoperated and
require a bidirectional 1.5 Mbps Ethernet link to send video from the robot to the oper-
ator and commands from the operator to the robot. Normally this Ethernet link uses
RF. However, in military applications of this technology, there is often a great deal of
RF interference, which interrupts the link. An array of multiple quantum well MRRs
and photodetectors was used to allow a bidirectional 2 Mbps Ethernet link with full
azimuthal coverage. The array, mounted on the robot, is shown in Figure 13.9. The
MRR link transparently replaced the RF Ethernet link. The robot was controlled using
the MRR link out to the maximum line-of-sight range of about 1 km.

A limitation of this link, compared to an RF link, is that it is line of sight. One
approach to mitigating this problem is to combine an optical link with an RF link. A pod
could be mounted on the robot that contains both an MRR array and an RF transceiver.
If both links use Ethernet they can be hooked together. Then a long-range FSO link can
run from an interrogator at the base station to the MRRs on the pod. When it is neces-
sary to go non line of sight, the pod can be dismounted from the robot. The link would
then run optical from the base station to the dismounted pod, and RF for the shorter, non
line-of-sight, link from the pod to the robot.

Not all MRR links have been surface-to-surface. Modulating retro-reflector links to
airborne platforms with limited payload capacity are also an attractive application of the
technology. In addition, airborne links generally have lower scintillation than links that
take place entirely near the surface. These links have some additional challenges as well.

Figure 13.9 A small robot carrying an array of modulating retro-reflectors.
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The acquisition and tracking problem for the interrogator is often more difficult than
for surface-to-surface links because the air platform moves more rapidly. Likewise, the
pointing problem for the retro-reflector is more complicated. An airborne link is more
likely to require 360◦ coverage, at least in azimuth, because of the high maneuverability
of the platform. Despite these challenges, a few air-to-ground MRR links have been
demonstrated.

In an experiment conducted by Utah State University and the Air Force Research
Laboratory, an array of nine 2.5 cm diameter liquid crystal MRRs was mounted on a
balloon [6]. The MRRs were canted so that the array as a whole had a 90◦ full angle of
acceptance. A 1.5 meter telescope coupled to an 810 nm, 5 Watt, diode laser source was
used as the ground-based interrogator. Data links out to greater than 20 km range were
demonstrated at data rates from about 1 kbps to 20 kbps.

In 2000, NRL demonstrated a multiple quantum well modulating retro-reflector link
to a small model helicopter [39]. The helicopter carried a InGaAs/AlGaAs MQW MRR
array. A 100 mW 980 nm laser diode coupled to a simple image-tracking system and a
2-inch receiver was used as the interrogator. Data at rates up to 910 kbps and live video
was transmitted over a very short range, 35 meter, link.

In 2009, NRL demonstrated a much longer range link to an unmanned aerial vehicle
(UAV) [40, 41]. In this case a different approach was adopted for covering a wide field
of view from the aircraft. A single, 1 cm diameter, InGaAs/InAlAs multiple quantum
well MRR and a photoreceiver were each installed in very small and lightweight camera
gimbals to allow hemispherical coverage. Since the MRR only needed to be pointed to
within its ±15◦ field of view, open loop control of the gimbal could be used.

The MRR and receiver were mounted on a small UAV, which also carried a gimbaled
camera that served as the data source for the MRR. The MRR transceiver gimbals,
stabilized camera, and electronics were installed in the UAV wingpod as shown in
Figure 13.10. Hardware providing GPS position, inertial sensing, and heading were
included. An on-board processor, using the information from these sensors, and the GPS
location of the ground station, maintained the pointing of the micro-gimbals holding the
MRR and photoreceiver to the laser ground station.

Figure 13.10 A small unmanned aerial vehicle with a wing pod carrying a modulating retro-reflector and
receiver mounted in micro-gimbals.
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The ground station used a bistatic tracking laser interrogator mounted on a motorized
gimbal. The systems had separate 10 cm transmit and receive apertures, and a maximum
output power of 2 watts [37]. Using GPS information, sent over a low bandwidth RF link
from the UAV, the motorized gimbal provided coarse pointing, putting the aircraft into
the field of view of the interrogator’s fine steering mirrors, which then optically tracked
the modulating retro-reflector. During flight tests a bidirectional 2 Mbps Ethernet link
was established and both live video and data files were transferred.

A later test was conducted using another small UAV. During this test, in addition
to data and video downlinks, atmospheric scintillation data was measured on the link.
At the start of the test a ground-based measurement of scintillation was taken using an
interrogator with a 3 cm aperture and a 1 cm retro-reflector. This data was taken at height
of about 2 meters above the ground and a range of about 500 meters. The ground-level
scintillation index was 0.38 and the frequency knee of the scintillation was about 30 Hz.

Scintillation data was then taken, using the 10 cm aperture tracking terminal, of the
optical return of the MRR in flight on the UAV. Figure 13.11 shows the power spectral
density plot of the scintillation at a range of 4.3 km. Despite a range that is ten times
longer, the scintillation index, σI

2, at 0.366, is about the same as for the 500 m ground
based link. The frequency knee of the airborne link however is about 300 Hz, ten times
higher than the ground-based link.

This data shows some of the unique challenges faced by airborne links as opposed to
ground-based links. In general, though the depth of scintillation fades should be less for
airborne links, their frequency should be much faster. This may require different choices
of protocols for efficient transfer of data and will certainly impact pointing and tracking
systems.

While the majority of modulating retro-reflector systems that have been demonstrated
have been for atmospheric links, there have been some analyses and demonstrations of
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Figure 13.11 The power spectral density of optical scintillation of a ground to air modulating retro-reflector
link at a range of 4.3 km.
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underwater MRR links [42, 43]. Like atmospheric MRRs, underwater MRRs are appli-
cable to small platforms or unattended sensors. MRR links still provide the advantages
of loose pointing tolerances on the retro-reflector end of the link. Despite the fact that
underwater propagation produces a much wider beam profile than diffraction-limited
atmospheric propagation, underwater links still need to be aimed to within a fraction of a
degree to maximize their link range. Propagation losses are very different for underwater
links. The 1/R4 link dependence of retro-reflector links is dominated by the exponen-
tial losses due to scattering and absorption. Underwater MRRs have more limitations
on their modulator types. There is a relatively small window in the blue/green portion
of the optical spectrum in which light propagates with low loss. While MEMS and liq-
uid crystal devices can be designed to work in the blue/green, the most commonly used
semiconductor materials cannot. Materials such as InGaN, which have a wide bandgap,
are being investigated and may be used for blue/green MQW modulators in the future.
However, these materials are not mature enough for use now. Underwater MRR links
must be very short due to the high propagation losses. It is unlikely that link ranges
more than 100 meters will be possible, even in the cleanest of water. Within this range
however lie several useful applications, such as data transfer at megabit per second rates
without the need to make a physical connection.

13.6 Conclusion

Modulating retro-reflectors have a unique niche in the world of free-space optical links.
They share characteristics with direct FSO links and RF links. Like direct FSO links they
are secure and do not suffer from frequency allocation issues. Like RF links their band-
widths tend to be below 100 MHz and they have loose pointing requirements (on one
end at least). MRR links are unique in the low power consumption of the retro-reflecting
transceiver, but also in their limited range due to the 1/R4 range dependence.

Modulating retro-reflectors, like direct free-space optical links in general, are still in
search of the applications that will lead to wide deployment of systems. This is likely
to occur as more and more high bandwidth sensors and communication links are used
in the field. Increasing frequency congestion and the demand for even higher bandwidth
leads naturally to optical systems as an answer. Retro-reflecting links will be part of that
answer.
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14 Visible-light communications
Kang Tae-Gyu

Visible-light communications is the name given to a wireless communication system
that conveys information by modulating light that is visible to the human eye. Commu-
nications may not be the primary purpose of the light; in many applications the light
primarily serves as a source of illumination. Interest in VLC has grown rapidly with the
growth of visible-light light emitting diodes (LEDs) for illumination. The motivation is
clear: When a room is illuminated by LEDs, why not exploit it to provide communica-
tions as well as illumination? This sharing of resources can save electric power and raw
materials.

14.1 VLC principle

A simple means for achieving visible-light communications is to switch the LED light-
ing on and off at a speed higher than is perceptible to the human eye. Eyes are organs
that can detect changes in light brightness and power when these changes occur over a
long time scale, but they cannot perceive light that is switched on and off rapidly, say
at 200 Hz or more, depending on the eye. A photodiode, on the other hand, can easily
recognize the the rapid on–off modulation. A photodiode is a photodetector that pro-
duces an electrical current that is proportional to the optical power that is incident on
the photodetector surface. This simple principle makes possible visible-light communi-
cation technology that supports both illumination and wireless communication using an
LED (see Figure 14.1).

The dual function of illumination and communications means that the user can always
recognize a communications area. Unlike RF wireless communication, where special-
ized tools are needed to find a service area, the presence of a VLC service area will be
easily detected.

The visible spectrum is the portion of the electromagnetic spectrum that is visible
to the human eye. A typical human eye will respond to wavelengths from about 380
nm to 780 nm. In terms of frequency, this corresponds to a band in the vicinity of
385–789 THz.

Advanced Optical Wireless Communication Systems, ed. Shlomi Arnon, John R. Barry, George K.
Karagiannidis, Robert Schober, and Murat Uysal. Published by Cambridge University Press.
c© Cambridge University Press 2012.
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Figure 14.1 Principle of visible light communications.

14.1.1 VLC key components

The components of visible-light communications are the LED (light emitting diode),
PD (photodiode), PHY (physical layer), and MAC (media-access control). The LED
converts an electrical signal to optical energy that provides illumination as well as com-
munication. Information is line-encoded and modulated by the PHY and then conveyed
on the optical signal by modulating the amplitude or some other feature of the LED light.
At the receiver, the PD converts the received optical power to an electrical signal, which
is then demodulated and decoded by the PHY layer to recover the user message bits.
The MAC is the second layer in the Open Systems Interconnection seven-layer model
to support a color packet scheme and media-access control, depending on applications
(see Figure 14.2).

PHY

MAC
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- Line coding

- Color packet scheme

Analog Analog

A/D
D/A

Bits in

Bits out
PHY/MAC

PHY/MAC

LED controlPower

Digital

Digital

Noise filtering

PDLED

- Modulation

Figure 14.2 VLC PHY Architecture.

Dimming is achieved in a typical LED illumination system by adjusting the duty cycle
of the LED drive signal. In other words, PWM (pulse-width modulation) is used for
controlling power. To realize communications, we must encode data without disturbing
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the duty cycle of the LED driver signal. There is a need for a dual-purpose modulation
strategy that supports both functions of illumination and wireless communications.

VLC is advantageous over conventional RF wireless communications because opti-
cal signals do not create any ISM (industrial scientific and medical) interference, and
because optical signals do not require a license from the FCC or any other regulatory
body. VLC also offers some security advantages over radio, since visible light will not
pass through solid walls or other opaque boundaries. This same property also prevents
interference between separate VLC links in adjacent rooms.

One challenge for VLC is the presence of noise from secondary light sources such
as the sun or computer screens. These sources can make it difficult to achieve a high
signal-to-noise ratio (SNR). Their impact can be minimized through a careful design
of the communication system, including the directionality, optical concentrators and
lenses, optical filtering, and electrical signal processing.

14.1.2 VLC approaches

A new market for visible-light technology is driven by both the growing LED light-
ing market and the growth of green technology. LED is used as indicator lamps in
many devices, and is increasingly used for lighting. LED lighting is used in applica-
tions as diverse as replacements for automotive lighting such as brake lamps and turn
signals as well as traffic signals. Moreover, the LED market will expand to incandescent
replacement lamps, sign board, TV BLU (back light unit), and outdoor exterior lighting
systems [6].

VLC is a fusion technology between LED illumination and wireless communication.
LED technologies are focused on electric power efficiency (lumen per watt) and long
life for better lighting technology. Wireless communications technologies are focused on
data transmission efficiency for higher data rates, higher reliability, and higher security.
The fusion technology of visible-light communication makes new services for an under
developed market using the LED light source (Figure 14.3).

Visible-light communication can be applied to machine-to-machine communication
display in an LED back-light unit. We can use the wireless communication using visible-
light communication even within a restricted wireless communication area, because
a visible-light communication system does not cause interference from the restricted
specific electric equipment’s frequency spectrum.

The lighting in an intelligent transportation system can provide specific informa-
tion to vehicles or man to guide a designed direction for safe driving. Any application
by visible-light communication supports physical security because light cannot pass
through opaque barriers.

14.1.3 VLC channel models with lighting reflective index

A VLC system must contend with multipath propagation, since the light from the LED
will travel to the receiver along a direct line-of-sight path as well as along multiple
reflected paths. A model for the impact of multipath propagation can be defined that



354 Kang Tae-Gyu

Growth technology

LED lighting Fusion Wireless communications

Start-up technology

StandardMACPHY

Sensor

VLC: Visible-light communication

New service from fusion technology

Location ITS

Lighting technology

Efficiency, long life

M2M Non-interference ITS safety,
security, location

Lighting sensor,
wireless LAN

Figure 14.3 Fusion technology with LED illuminations and wireless communications.

accounts for the geometry of the room, the type of obstacles and reflectors, their reflec-
tive indices, and lighting sources [1, 8, 9, 11]. The reflective index for a cement wall that
is painted an ivory color is measured as 67% in warm white LED and 75% in cool white
LED. The reflective index for a vinyl floor with bright-ash color is measured as 61% in
warm white LED and 53% in cool white LED. The reflective index for a draped partition
wall with white-sky color is measured as 39% for both the warm and cool white LED.

It is assumed that the source of emission and the reflected points on the wall have a
Lambertian radiation pattern [12, 13, 14]. The Lambertian emission means that the light
intensity emitted from the source has a cosine dependence on the angle of emission with
respect to the surface normal.

To survey the illuminance distribution of LED system, we assume two configurations
for LED position on the ceiling. In the case of one transmitter, the position is the center
of the ceiling, and for four transmitters, the transmitters are uniformly spread across the
ceiling as shown in Figure 14.4 adapted from [5].

Figure 14.5 adapted from [5] shows the illuminance with one transmitter, the semi-
angle at half power is 30 degrees. The maximum value of luminous flux in the center is
768.10 lx.

Figure 14.6 adapted from [5] is given for comparing our study with previous
researches [13, 14]; the numerical calculation in illuminance distribution of our system
at the semiangle of 70 degrees is shown in here. All parameters are the same.

14.2 VLC standards

14.2.1 IEEE 802.15.7 VLC

The IEEE Standard for local and metropolitan area networks – Part 15.7: Short-
range wireless optical communication using visible light was published September 6,
2011 [16].



Visible-light communications 355

Group of LEDs

L

W

H

Figure 14.4 An example of indoor visible light communication environment.

700

600

500

400

300

200

100
4

480 × 399

6

2
0 x (m)y (m) 0

2

4

6
0

200

400

600

800

Ill
u

m
in

an
ce

 (
Ix

)

Figure 14.5 Distribution of illuminance in case of one transmitter.

The IEEE 802.15.7 Visible Light Communication Task Group had developed a PHY
and MAC Standard for Visible Light Communications (VLC) in 2009; Study Group in
2008, Interest Group 2007 [4]. The standard defines a PHY and MAC layer for short-
range optical wireless communications using visible light. The visible-light spectrum
extends from 380 nm to 780 nm in wavelength. The standard is capable of deliv-
ering data rates sufficient to support audio and video multimedia services and also
considers mobility of the visible link; compatibility with visible-light infrastructures;
impairments due to noise and interference from, e.g., ambient light; health and other
environmental effects; and a MAC layer that accommodates visible links. Potential
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applications include secure point-to-point communication, indoor Location Based Ser-
vice (LBS), secure point-to-Multipoint communication (office, hospital, airplane),
Intelligent Transportation System (ITS), and information broadcast.

IEEE 802.15.7 VLC has three different PHY that depends on the application: PHY I,
PHY II, and PHY III. These three PHY specifications are summarized in Table 14.1.

PHY I is intended for outdoor use with low data rate applications. This mode uses
on–off keying (OOK) and variable pulse position modulation (VPPM) with data rates in
the tens to hundreds of kb/s.

PHY II is intended for indoor use with moderate data rate applications. This mode
uses OOK and VPPM with data rates in the tens of Mb/s.

PHY III is intended for applications using color shift keying (CSK) that have multiple
light sources and detectors with data rates in the tens of Mb/s.

The standard provides channel coding support for error correction. PHY I supports
concatenated coding with Reed–Solomon (RS) and convolutional coding (CC), since
it has been designed for outdoor use with short frames. PHY II and PHY III support
only RS coding. PHY I and PHY II also support a run-length limited (RLL) code to
provide DC balance, clock recovery, and flicker mitigation. In addition to modulation
and coding, multiple optical rates are provided for all PHY types in order to support
a broad class of optical transmitters (LEDs) for various applications. The PHY header
shall be sent at the lowest data rate for the chosen clock rate. The clock rate does not
change through the frame between the preamble, header, and payload.

IEEE 802.15.7 VLC supports LED illumination dimming function and flicker
mitigation function.

There are five different dimming mechanisms: Idle pattern and compensation time
dimming, visibility pattern dimming, CSK dimming, OOK dimming, and VPPM
dimming.
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Table 14.1 PHY specifications.

PHY I

FEC

Modulation RLL code Optical clock rate Outer code (RS) Inner code (CC) Data rate

OOK Manchester 200kHz

(15,7) 1/4 11.67 kb/s
(15,7) 1/3 24.44 kb/s
(15,7) 2/3 48.89 kb/s
(15,7) none 73.3 kb/s
none none 100 kb/s

VPPM 4B6B 400kHz

(15,7) none 35.56 kb/s
(15,7) none 71.11 kb/s
(15,7) none 124.4 kb/s
none none 266.6 kb/s

PHY II

Modulation RLL code Optical clock rate FEC Data rate

VPPM 4B6B

3.75 MHz
RS(64,32) 1.25 Mb/s
RS(160,128) 2 Mb/s

7.5 MHz
RS(64,32) 2.5 Mb/s
RS(160,128) 4 Mb/s
none 5 Mb/s

OOK 8B10B 15 MHz RS(64,32) 6 Mb/s
RS(160,128) 9.6 Mb/s

30 MHz
RS(64,32) 12 Mb/s
RS(160,128) 19.2 Mb/s

60 MHz
RS(64,32) 24 Mb/s
RS(160,128) 38.4 Mb/s

120 MHz
RS(64,32) 48 Mb/s
RS(160,128) 76.8 Mb/s
none 96 Mb/s

PHY III

4-CSK none
12 MHz

RS(64,32) 12 Mb/s
8-CSK none RS(64,32) 18 Mb/s
4-CSK none

24 MHz

RS(64,32) 24 Mb/s
8-CSK none RS(64,32) 36 Mb/s
16-CSK none RS(64,32) 48 Mb/s
8-CSK none none 72 Mb/s
16-CSK none none 96 Mb/s

Idle pattern and compensation time dimming allows an idle pattern to be inserted
between the data frames for light dimming. The duty cycle of the idle pattern can be var-
ied to provide brightness variation. Idle pattern and compensation time dimming adapts
a compensation time (“ON” and “OFF” time of a light source) to be inserted into either



358 Kang Tae-Gyu

Table 14.2 Visible light wavelength band plan.

Wavelength(nm) Spectral width (nm)

380 ∼ 450 70
450 ∼ 510 60
510 ∼ 560 50
560 ∼ 600 40
600 ∼ 650 50
650 ∼ 710 60
710 ∼ 780 70

the idle pattern or into the data frame to reduce or increase the average brightness of a
light source.

Visibility pattern dimming adapts in-band idle patterns that are used in the payload of
a CVD (color-visibility-dimming) frame. In order to generate high resolution visibility
patterns from 0% to 100% in steps of 0.1%, there are certain constraints that need to be
used in the design criteria for visibility patterns.

Color shift keying (CSK) supports VLC using multi-color light sources and photo
detectors. CSK dimming employs amplitude dimming and controls the brightness by
changing the current driving the light source. CSK dimming ensures the average optical
power from the light sources is kept constant and keeps the center color of the color
constellation with required intensity.

OOK modulation is sent with a symmetric Manchester symbol, compensation time
needs to be inserted into the data frame to adjust the average intensity of the perceived
source.

VPPM is a modulation scheme adapted for pulse-width based light dimming and
offers protection from intra-frame flicker.

A compliant device shall operate with peak radiated energy within the visible light
spectrum defined as being from 380 nm to 780 nm. A compliant device shall operate in
one or several visible-light frequency bands as summarized in Table 14.2.

The bandplan is non-uniformly distributed across the visible spectrum to account for
human eye sensitivity and optical transmitter (LED) manufacturing. LEDs are designed
to have narrower bandwidths for middle wavelengths since the human eye is more sensi-
tive to the center wavelengths of the visible-light spectrum. The codes in Table 14.2 are
used to indicate the wavelengths containing the spectral peak for the transmitted frame
and are indicated in the PHY header. This information may be used by the receiver for
optimizing its performance.

14.2.2 VLCC VLC

The Visible Light Communications Consortium (VLCC) was established in Novem-
ber of 2003, with major companies in Japan [10]. The VLCC is aiming to publicize
and standardize the visible-light communication technology, which has been discussed
and evaluated in various industry fields. This ubiquitous human-interface technology
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provides the communication capability through lighting in our offices and homes, LED
commercial displays, LED traffic signals, LED small lamps on electronic home appli-
ances, etc, in our daily life. And, this technology can also enable a highly accurate
navigation system with the capability to locate with pinpoint accuracy. Therefore, VLC
can help people in the elderly society as well as the robot future society. The “vis-
ibility” of VLC adds additional value to our safety, security and human comfort. In
other words, the VLC gives people “light.” The devices, backed by the development of
semiconductor, are originated in Japan.

14.2.3 TTA VLC

Since its foundation in 1988, TTA has been contributing to the advancement in related
industries by way of standardization efforts and testing & certification services in the
field of information and communication [15].

VLC (Visible Light Communication) Working Group (WG4021) in TTA started in
May 2007. VLC WG developed TTA 5 VLC standard specifications in 2008: Basic
Configurations of Transmitter PHY for Visible Light Communication, Basic Config-
urations of Receiver PHY for Visible Light Communication, Basic Configuration of
LED Interface for Illumination and Visible Light Communication, Basic Configuration
of Light Location Information Service Model using Visible Light Communication, and
Basic Configuration of Lighting Identification for Visible Light Communication.

VLC WG developed TTA 16 VLC and LED control related standard drafts in
2010. The 16 specifications are focused on the converged technologies between LED
illumination and visible-light communications.

14.3 VLC research and development

14.3.1 VLC modulation with dimming control

VLC needs a different modulation strategy that is compatible with dimming control
of illumination. One example of such a strategy is variable pulse-position modulation
(VPPM). VPPM is a modulation scheme that is compatible with dimming control that
varies the duty cycle or pulse width to achieve dimming, as opposed to amplitude [2].

VPPM combines 2-PPM with PWM for a dimming control. Bits “1” and “0” in VPPM
are distinguished by the position of a pulse, whereas the width of the pulse is deter-
mined by the dimming ratio. The principles of VPPM are illustrated in Figure 14.7 and
Figure 14.8.

14.3.2 VLC line coding

The 4B6B line code expands each block of 4 bits into an encoded block of 6 bits with
DC balance. This means there will always be precisely three zeros and three ones in
each block of 6 encoded bits. Table 14.3 defines the 4B6B code [3].
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Table 14.3 4B 6B Line Coding for non
flickering.

4B 6B

0 0000 001110
1 0001 001101
2 0010 010011
3 0011 010110
4 0100 010101
5 0101 100011
6 0110 100110
7 0111 100101
8 1000 011001
9 1001 011010
A 1010 011100
B 1011 110001
C 1100 110010
D 1101 101001

0 0 0

+

2−PPM
PWM

a

b

1 1

Figure 14.7 The principle of variable pulse position modulation.
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Figure 14.8 An example of variable pulse position modulation with a dimming control (after reference [2]).
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The features of the 4B6B code are the same 50% duty cycle during one encoded
symbol for DC balanced run length limiting code and an error detection capability.

The maximum flickering time period (MFTP) is defined as the maximum time period
over which the light intensity can be changing but the resulting flicker is not perceivable
by the human eye. The 4B6B produce even 0 and 1 codes in a MFTP, regardless of the
data, where as 4B5B produces a ratio of 40% or 80% in MFTP, depending on the data.
The even line coding prevents flickering. See Figure 14.9.

14.3.3 VLC video prototyping

There have been several visible-light communications prototyping efforts. One illustra-
tion is shown in Figure 14.10, which shows a VLC prototype that can transmit audio,
text, numbers, and video. The 4-by-4 red LED array on the left transmits 10Mbps for
video and audio. The white lamp with RGB LED on the right transmits text or numbers
for an LED illumination identification service.

We can implement with different techniques depending on LED structures; indicator
LED, high power LED, RGB white LED, and yellow phosphor white LED. We should
also consider illumination structure; connection structure in sign board and LED driving
control structure.

14.4 VLC applications

There are already a wide variety of existing wireless communication technologies, such
as IEEE 802.11 wireless LAN, IEEE 802.15 wireless PAN, and IEEE 802.16 wireless
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Figure 14.10 VLC video demonstration.

MAN. Although they share many similarities, their target applications are fundamentally
different. Likewise, visible-light communications is focused on a specific application to
support intelligent illumination with lighting as well as wireless communication.

14.4.1 VLC guidance system

In a VLC guidance system, lighting lamps that illuminate a yard, national border, or
facility can also be used for guidance as well as for protection from outside attacks. The
lamps have an identification number (VLC ID or LED ID) and guidance information.

There are two different illumination strategies for security guiding. One is fixed posi-
tion with the lamp ID. The other is mobile position with the lamp ID. Visible light
communication can provide specific information with illumination ID. We can define
specific information such as when to turn the lights on, brightness value, tempera-
ture value, facility build date, lamp installed date, and geographic position coordinates.
We can make an application for an intelligent security guidance system using the
information through light by visible-light communication (Figure 14.11).

Street lamps with visible-light communications provide location or status information
of the street. VLC street lamps can enable a convenient information system that can
support advertising as well as geographical guidance for pedestrians or vehicles.

14.4.2 VLC color imaginable system

Color often prompts us to action. Color conveys information itself, whether from instinct
or education. When we see a left arrow at a traffic signal, for example, we know we
can turn left by instinct. The red color at a traffic signal tells us to stop and wait. A
number countdown on a signal indicates how many seconds remain before a state change
(Figure 14.12).
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Figure 14.12 Color and information with VLC.

A lamp with visible-light communication provides a user with a receiving device the
information or the number. The information or the number utilizes an intelligent traffic
system with digitalized data.

The traffic signal can communicate to a vehicle with intelligent ECU (Electronic Con-
trol Unit) system. The vehicle can drive by itself according to the traffic signal, without
the automobile driver. Such a VLC system offers the promise of being faster, safer, and
more convenient.

A VLC traffic signal can also be used to help a person who is visually handicapped.

14.4.3 VLC indoor navigator

A lamp with visible-light communication can provide a function for indoor naviga-
tions in areas where GPS are not supported. We can ask someone “Which light are
you under?” instead of “Where are you?”
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Figure 14.13 Indoor navigator with VLC.

LED lighting is increasingly being deployed in the real world. The convergence of
LED lighting and IT technology is increasing the demand for LED. LED lighting is good
for the environment, has a long lifetime, and gets excellent power efficiency compared
with legacy illumination technologies. In addition, as smartphone usage increases, the
market of object identifying information (such as bar codes, QR codes, and RFID) grows
rapidly. The convergence of the LED lighting based on VLC and the object identification
(ID) technology can open the door to new applications.

Many technologies can be considered for indoor-positioning navigation, such as Wi-
Fi, ultrasonic active beacon, RFID tag, and infrared cameras for indoor areas where a
GPS signal is not available. Most of all, if the location of VLC-LED lighting is pre-
determined, it can be easily recognized where the receiver location is under a lighting
fixture. This technology has the LED lighting function and at the same time delivers the
positioning-ID information with light. Additionally, the ID information can also provide
the status information of an object.

LED lighting with VLC must maintain the high brightness optical power and lack
of flicker as required for illumination. At the same time, the VLC-LED lighting can
broadcast information messages, for example, or positioning-ID, to receivers. Inter-
estingly, LED illumination can use not only white light but also various colors with
digital control technologies. Additionally, many services and applications can emerge
when they combine the control networks, the control of LED illumination, and the VLC
technology.

Regarding lighting control networks, DMX512 and DALI have been widely used
to control dimming. As the use of various LED illuminations (for example: the wall
washer, mood lighting, and the media facade) has increased the amount of control
messages, the capacity and extension of a legacy for control networks could be limited.
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Figure 14.14 The configuration of VLC messages through LED lighting control networks.

In order to solve these limitations, Ethernet and IP-based networks have been widely
adapted in lighting control networks as presented in many implementations of DMX
over IP. In late 2006, ESTA completed an open, interoperable TCP/UDP/IP based
lighting control protocol, known as ACN (Architecture for Control Networks, ANSI
E1.17-2006). Soon a dweller can receive VLC messages through lighting control
networks [7].

An example of a basic setup with the control network is shown in Figure 14.14. As
outlined below, each fixture would be allocated with two kinds of lighting in a room.
The first type is the dimmable down lighting of white light and the second type is the
mood lighting using the full-color light which is available for the indicator lights, the
interior lights, the media facades, kinetic art, etc. on the walls or floors. VLC messages
which contain positioning-ID information can be delivered by the down lighting or the
mood lighting. These LED lighting fixtures are connected to the control networks and
controlled by the central equipment, or the lighting manager.

An emerging new VLC application is the VLC message broadcast system (VMBS),
as shown as Figure 14.15. VMBS can transmit not only the VLC positioning-ID but
also broadcast messages. A user can easily pair a smartphone with a VLC receiver using
Bluetooth. When a VLC-LED lighting fixture broadcasts its positioning-ID, the VLC
receiver can get the information under the lighting fixture. The location of each light-
ing fixture is pre-defined in the floor map. The VLC receiver delivers its own ID and
positioning-ID into the smartphone via Bluetooth. The smartphone can report the VLC
information to a server system through Wi-Fi or HSDPA. There are a variety of poten-
tial applications of VMBS, such as exhibition ID, vehicle parking management systems,
and security systems.

14.4.4 VLC automobile driving support system

An automobile has many lamps that facilitate safe driving, including headlights,
fog lights, turn signals, and brake lights. Augmenting these lamps with visible-light
communication would open up new applications such as car-to-car communications.
For example, when a driver sees brake lights on a preceding car, he or she knows that
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Figure 14.15 (a) Tracking VLC receiver, (b) Bluetooth paring Smartphone and VLC receiver, (c) VLC
receiver for positioning-ID messages. Photographs provided by the LED Communication
Research Team of ETRI.

Figure 14.16 An example of car-to-car VLC applications.

the car is slowing down, but has no idea how quickly the car is deccelerating. The brake
light looks the same, regardless of whether there is a sudden emergency stop from 100
km/hr to 0 km/hr, or whether there is a slight decrease from 100 km/hr to only 60 km/hr,
perhaps because the driver is slowing down to enjoy a scenic view (Figure 14.16).

A VLC automobile driving system could convey extra safety information, beyond
that conveyed by the traditional lamps. More study of automotive VLC is needed,
especially involving issues such as tracking and signal-to-noise ratios. In dense
urban environments, a car is often confronted with numerous vehicle brake lamps
with high speed in many lanes. Each lamp would have to be distinguished and
tracked in order to achieve reliable communications without interruption. The light
source would have a strong line-of-sight (LOS) component, which would require
careful tracking. The noise produced by sunlight can severely impact the signal-to-
noise ratio. During the night there are many man-made sources of noise to con-
tend with, including street lights, vehicle lights, shop illumination, and LED sign
boards. More research is needed to achieve an acceptable SNR under these varied
conditions.
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14.5 Future work

Visible-light communication technology is rapidly evolving. The promise is clear, but
there remain significant technical obstacles that require further work before the promise
can become a widespread reality. In many ways, VLC technology is still in its infancy.
The wireless communications systems based on radio that are so widespread today
have benefited from more than one hundred years of research and development. Wire-
less communications using the visible-light spectrum is poised to similarly expand and
improve as research and development continues over the coming years.

One question that remains open is which modulation strategy is best suited to the VLC
application. The pulse-width modulation strategy for controlling the brightness of the
light (from an illumination perspective) fundamentally conflicts with the data-bearing
requirements for VLC. Current strategies involve either pulse-width modulation, OOK,
Manchester, or VPPM. More study is needed to find the best modulation strategy that
optimally balances the conflicting requirements for illumination and communication.

VLC must operate with any kind of LED lighting system. Unfortunately, there are
a wide variety of different functions, architectures, and driving mechanisms for LED
light. There is no standard for LED lighting for VLC. VLC would benefit from either a
strategy that adapts to different LED systems, or a unique standard for all LED lighting
systems.
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15 Optical wireless in sensor networks
Dominic C. O’Brien and Sashigaran Sivathasan

15.1 Introduction

Wireless sensor networks have been an active area of research for the past few decades
[1, 2]. The availability of low-power radio communications, microprocessors, and sen-
sors at low cost has led to highly capable sensor “motes” that can be connected in
wireless networks (see for instance [3]). Environmental monitoring [2], monitoring of
structures [4, 5], industrial process control [6], and mechanical systems [7] have all
used wireless sensor networks, and such deployments are likely to become much more
widespread. The next generation of appliances and objects will be part of the Internet of
Things [8], and these will be connected wirelessly to each other and to an information
infrastructure. Reduction in carbon emissions will require a smart electrical grid [9] that
allows for local generation of power and control of its use within the home at the appli-
ance level. This will in turn require large numbers of sensors and actuators which will
both monitor and control generators and appliances.

In the field of healthcare the ageing population will lead to greater demands on
resources, and home monitoring of patients has the potential to prolong life and quality
of life whilst reducing demands on resources. Body area networks of sensors are being
pursued as means to collect data to allow this [10].

A major challenge for sensor networks is that of prolonging sensor node lifetime,
which is usually limited by battery capacity. An ideal sensor node would scavenge all
the energy required from its environment, and therefore have an “infinite” operating
life, barring failure. There are many schemes to do this, including vibration, air, solar,
and radio frequency (RF) energy harvesting [11, 12]. However, most commercial sensor
motes require external batteries, which limit the life of the node.

Energy is consumed for sensing, processing and communications, and the balance of
the energy demands of each of these is complex to determine. However, communica-
tions using RF wireless forms a significant proportion of overall consumption in most
sensor nodes. This is due to the almost isotropic “broadcast” nature of the RF chan-
nel, which leads to high path loss, and network architectures that require significant
energy to be expended on route discovery [13]. In addition the carrier-based RF trans-
mission requires relatively complex and power-hungry transmitter and receiver stages.

Advanced Optical Wireless Communication Systems, ed. Shlomi Arnon, John R. Barry, George K.
Karagiannidis, Robert Schober, and Murat Uysal. Published by Cambridge University Press.
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Careful management can reduce the need to communicate, by local processing of sensor
data and communicating only when action is required, but communications still requires
significant energy.

Point-to-point free-space optical (FSO) links have been successfully used between
buildings [14], ships [15], aircraft [16], earth and space [17], and from air-to-ground
[18]. Free-space optical communications typically uses highly directed channels, and
these can have low path loss. In addition simple baseband modulation such as on–off-
keying can be used, leading to low-complexity transmitter and receiver circuitry that can
have low power consumption. The lenses and mirrors that shape the transmitted beam
and capture received radiation in these links can have high gain but be physically small
due to the small wavelength of the transmitted radiation.

There are therefore potential advantages in using such links for communications
between sensors, but substantial technical challenges to be overcome. Some form of
pointing and tracking is required for these links to ensure that the beam of light from
a transmitter hits the required receiver, which might be placed anywhere within the
coverage area. For most FSO links the terminals are fixed, so manual pointing is
used when they are installed. Gimbal-based pointing and tracking are used in typi-
cal mobile systems. An alternative is to arrange multiple transmitters and receivers
that each have a small field of view in such a way as to cover the much larger
required field of view. Such an angle diversity configuration has been demonstrated
in [19, 20]. A larger-scale network of atmospheric sensors that use optical communica-
tions is proposed in [21, 22]. A Scottish research consortium on “speckled computing”
has been investigating various aspects of connection between small computing nodes
or specks, including beam-steering [23, 24] and the power consumption of free space
communication [25].

There has also been work on underwater sensor networks [26–30] and on topology
control of free-space sensor networks [31]. Most of this work considers line-of-sight
optical links, but diffuse networks have been proposed [29, 32]. In these ultra violet
wavelengths in the solar blind region of the optical spectrum are used, and atmospheric
scattering creates a non-line-of-sight (NLOS) channel to create a scattering channel,
albeit at the cost of reduced range compared with a line of sight situation.

Retro-reflecting data links [33] (and see Chapter 13) simplify the design of such
systems considerably. In this case light from a transmitting terminal propagates to the
receiving terminal, which contains a retro-reflector. Light that strikes the retro-reflector
is returned to the transmitter terminal by the action of the retro-reflector, creating the
bi-directional optical paths required for communication. Information can be transmit-
ted on the downlink path by modulating the source, and on the uplink by modulating
the retro-reflector. This removes the need for a source and tracking at the retro-reflector
end of the link. In addition the “natural” architecture becomes that of a complex termi-
nal or base station that can direct beams of light to simple sensor nodes equipped with
retro-reflectors and communicate with them.

This has the potential advantages of a simplified architecture, in that a central node
communicates with all other nodes, and that the sensor nodes can potentially have low
power consumption and complexity. However, a line of sight between nodes is required.
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Also, the energy consumption is unbalanced in that the tracking node requires a greater
energy supply, and this may not always be appropriate.

There have been a number of architectures that use this approach. In [34, 35] the term
“smart dust” is first used to describe very small sensor nodes that could be scattered
in an environment. In this architecture micro-electro-mechanical (MEMs) based retro-
reflectors were proposed for communications [36]. Similar techniques are proposed in
[30, 37, 38] and in [39, 40] acquisition techniques are studied.

In this chapter two architectures that use retro-reflectors are described, based on the
use of retro-reflecting links. In the first optical links provide all the communications of
the system, and in the second this is augmented by the use of short-range RF links. These
are given as representative examples only, and are not meant to represent any “best”
approach to using optical wireless in sensor networks. However, they do illustrate some
of the challenges and potential advantages of using this technique.

15.2 Free-space optical (FSO) sensor network

15.2.1 Overview

Over the past few years a retro-reflecting architecture has been developed at the Uni-
versity of Oxford [41]. Figure 15.1 shows a diagram of the basic architecture. This uses
a base station that steers beams of light to retro-reflecting sensor nodes. The nodes use
a liquid crystal (LC) shutter-based modulated retro-reflector to modulate the returned
beam. In the next sections the components of the architecture and some of the imple-
mentation challenges are discussed. The base station (BS) consists of a holographic
beamsteering system [43] that directs light to the sensor mote. Light is returned to the
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(SD)

BS-SD data link
Downlink
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Figure 15.1 Smart dust architecture [42].
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base station by a retro-reflector, and this returned power can be modulated by a liquid
crystal shutter under control of the mote. This modulation is detected by a comple-
mentary metal oxide semiconductor (CMOS) camera in the base station, forming an
uplink from mote to BS. A downlink is formed by modulating the BS source and using
a receiver on the mote to detect this modulation.

In the implementation shown photodiodes on the mote provide power to operate the
communications when illuminated by the beam from the base station. They can also
“scavenge” energy from any ambient light that may be present.

15.2.2 Base station

The BS must be able to locate sensor motes and direct a beam of light towards them, in
order to provide a communications path and illumination to power them. This might be
achieved using a scanning mirror, or by mounting a source on a tracking gimbal [44].
However, these are limited to simple steering a single beam of light, and there is no abil-
ity to shape the beam or alter its divergence. Using a holographic beamsteering system
allows much greater flexibility, as multiple beams can be independently directed, and
defocus and other optical functions can be incorporated into the steering hologram [43].
Figure 15.2 shows the implementation of the BS, with such a programmable hologram
implemented using a spatial light modulator (SLM) [43].

The BS uses a CMOS camera as an imaging receiver [45]. Each pixel on the cam-
era receives light from a small range of angles within the coverage field of view, with
the retro-reflected beams from the sensor nodes imaged as bright spots against any
background radiation. This imaging configuration allows uplink communication with
a number of motes simultaneously, as well as allowing their position to be determined.
In addition ambient light collected by the imaging system is shared between the pixels
of the camera, improving the signal-to-noise ratio at the pixels where a signal from a
sensor is received compared with a single large-area detector. Such a detector would
have the advantage of simpler readout electronics, but finding the sensor location would
be more complex, and parallel communications would not be possible.
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optics

CMOS
camera
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lens
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Light
propagating
to sensor mote

Figure 15.2 Base station implementation [41]. c© IEEE2009.
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In order to locate the motes within the coverage area the beam from the BS is scanned
across the coverage area in a raster scan pattern. When the beam strikes a sensor node
retro-reflector the strong return signal is imaged as a bright (relative to background)
pixel on the CMOS camera in the BS, and this allows nodes to be located.

In order to speed up the acquisition of the motes a defocusing hologram is also writ-
ten to the spatial light modulator, which creates a large search beam, thus decreasing
the number of scans required to cover the system field of view. This beam does not
have sufficient power density to power the motes and maintain the required link bud-
get, and a much narrower divergence beam is used to do this, once the motes’ position
is known. Correction for different steering angle and barrel distortion caused by angle
magnification optics can also be applied by modifying the programmable hologram.

15.2.3 Sensor node

Figure 15.3 shows the sensor node components, based around a CMOS integrated cir-
cuit (IC) that is fabricated in a 0.18 μm mixed-mode process. The sensor nodes require
a power supply, communications receiver and transmitter, processing and sensing capa-
bility. In the architecture shown there is no sensing capability implemented, due to
limitations in time and resources available for this project.

Each aspect of the function of the motes is set out below.

15.2.3.1 Power supply
A dual-rail power supply is implemented using p-n junctions in the CMOS process used
for the sensor IC. The system is designed to operate at wavelengths between 650–850 nm
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Figure 15.3 Sensor node architecture [42].
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and in this region the absorption of radiation in silicon is poor, so deep p-n junctions are
chosen to maximize collection of light. A test IC with all possible junctions available
with the process was fabricated to assess these. The best junctions were chosen, and a
1.3 mm2 Pwell/Twell junction was paired with a 0.2 mm2 Nwell/Psub junction to form
a power supply. Under typical illumination the available voltage varied from 0.6–0.9 V
supplying 10–1000 nA [41].

It is possible to create stable voltage references from such supplies but these generally
have high power consumption, so in this case circuit designs that operate with a wide
range of different voltages were designed. In order to provide a stable time reference the
data waveforms transmitted to the IC contain a reference clock.

15.2.3.2 Retro-reflecting modulators.
15.2.3.2.1 Retro-reflectors

There are a number of different designs of retro-reflector (see Chapter 13 for a review)
but the corner-cube retro-reflector has the advantage that it is available from a num-
ber of vendors and a planar LC shutter can easily be integrated with it. In this case a
commercial corner cube was machined to the dimensions required and this can be seen
in Figure 15.3. The performance of this is likely to be far from the diffraction-limited
performance that can be obtained using precision corner-cubes, but is sufficient for the
demonstration described here.

15.2.3.2.2 Liquid crystal shutter
The liquid crystal shutter consists of an LC cell which is placed in front of the retro-
reflector, with a single polarizer placed in the beam path in front of it, as shown in
Figure 15.3. The cell consists of a layer of LC aligned between two glass plates coated
with transparent electrodes to allow an electric field to be applied. In such devices there
is a compromise between LC layer thickness (to achieve good optical path difference
and contrast ratio), speed of operation, and voltage to achieve the required electric field.
LC cells typically require at least several volts for operation, which is greater than that
available here. Low-voltage parallel aligned nematic LC cells with a thickness of 3μm
were therefore fabricated. The cells were filled with a LC commonly used in displays
and the waveforms to drive the cells are generated in the sensor mote IC. Using this
configuration Manchester coded data at 30 bit/s with a voltage of 0.7 V was success-
fully transmitted on the uplink, indicating sufficient switching at approximately 60 Hz.
Cells have a typical capacitance of ∼28 pF/mm2 which leads to switching energies of
∼7 pJ/bit/mm2.

15.2.3.3 Downlink receiver
The receiver needs to operate over a wide dynamic range under ambient light conditions,
and was designed to do this without any optical filter to reject broadband radiation. A
logarithmic detector [46] can be designed to respond to the contrast ratio of the incoming
data stream rather than its absolute value, and a modified camera pixel design [46] that
achieves this was developed. The downlink contains an 8 kHz reference clock and a
1 kbit/s Manchester data stream as shown in Figure 15.4. The different modulation depth
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Figure 15.4 Downlink data stream [41] c© IEEE2009.

and frequency allows receiver circuitry to separate the two waveforms and the data to
be decoded. Measurements indicate the receiver operates successfully for photocurrents
in the range of 100 pA to 100 nA.

15.2.3.4 Uplink transmitter
The uplink is controlled by a driver circuit that applies different voltages to the elec-
trodes of the LC cell. These ensure that the net voltage (over time) on the LC cell is
zero. A Manchester coding scheme is used to transmit data to make sure the modulation
itself is balanced. At the BS a CMOS camera is used to decode the data. The acquisition
algorithm described earlier identifies camera pixels that are receiving light from sensor
nodes, and a region of interest (ROI) is set around these. Pixel data from this ROI is
acquired at a high frame rate so that the low-rate uplink data is sufficiently oversampled,
and subsequent data processing is undertaken to recover the received data.

15.2.4 Representative results

15.2.4.1 Link budget.
Successful communications requires that the downlink has sufficient signal to operate
the receiver on the sensor mote, and that the BS receiver can decode the modulated
uplink correctly. The limit on BS transmitted power is set by eye-safety regulation and
in this case class 1 operation [47] was desired, limiting power to < 1 mW. The downlink
receiver requires at least 100 pA of photocurrent for correct operation, and the camera
has an effective sensitivity of approximately −60 dBm at 100 bit/s. Using this informa-
tion, together with ray-tracing and analytical modeling predicts an operating range of
several hundred meters for the communications links [41].

As designed the sensor nodes use the illuminating beam to provide power, although
in practice equal amounts of power are scavenged from the ambient light in the environ-
ment. Ray tracing predicts a range of ∼30 m or so before the beam divergence causes
insufficient power to be collected at the sensor node, indicating that the range is limited
by the optical power supply rather than the communications link budgets.
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15.2.4.2 Loopback operation
At present the architecture has been tested in a loopback configuration over short ranges.
To achieve this simple decoding has been built into the smart dust IC. This can decode
an ASCII “U” and “D” symbol, corresponding to commands to switch the LC into “up”
and “down” states. This modulation can then be detected at the BS using the CMOS
camera, creating a loopback test for the link.

Figure 15.5 shows the downlink waveform sending a “U” signal at 1 kbit/s using
Manchester coding, together with an 8 kHz clock. The output of the decoder, which is
the control line to the LC modulator circuit, can be seen on the lower trace. This can be
seen switching to a high level at the end of the symbol as expected.

A message consisting of successive “U” and “D” commands was sent from the BS
to the sensor node. Figure 15.6 shows the resulting input to the LC driver, showing
up/down transitions as would be expected. These are converted to the drive waveforms
sent to the electrodes on the LC cell which can also be seen in the figure. The net voltage
on the LC cell is seen on the bottom trace.

The LC cell modulates the optical signal returned to the BS via the retro-reflector,
and this modulation is captured on the BS imaging receiver. Figure 15.7 shows the data
received at the camera that is used as a detector. It can be seen this is a square wave as
would be expected.

15.2.5 Discussion

This architecture shows the potential for very low energy consumption sensor nodes that
can communicate over significant distances with a base station. At present the nodes
have very limited functionality and only low data rate communications can be achieved.
Providing greater functionality is likely to be relatively straightforward, as it can be
implemented within the silicon CMOS used for the sensor circuitry.

Increasing the data rate involves more complex design trade-offs. At present the
available drive voltage at the sensor node limits the data rate of the LC modulator.
However, this is well matched to the frame rate of the CMOS camera, and software
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Figure 15.5 Downlink waveform [42].
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Figure 15.6 Waveforms from LC modulator driver [42].
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Figure 15.7 Waveform received at base station [42].

based data processing is feasible with a standard personal computer. Such a system has
the potential to support communication with a large number of such sensor nodes “in
parallel”.

An increased data rate is feasible with ferroelectric LC modulators, where kbit/s rates
are possible [48]. This would require an order of magnitude higher drive voltages than
the devices used here, together with higher power consumption, and the need for cir-
cuitry to boost the available node supply voltages. In addition this is likely to require
a receiver array based imaging receiver, rather than the camera based approach used in
this system, in order to provide sufficient bandwidth. The limited functionality of the
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node makes it unsuitable for a practical application, but it shows that energy scavenging
can provide sufficient energy for simple communications tasks.

The major disadvantage of the system is the requirement for a line of sight to a base
station node, and in order to overcome this, a hybrid architecture that uses both RF and
optical communications has been developed. Such hybrid architectures are attracting
increasing research interest, as described in the following sections.

15.3 Radio frequency/Free-space optical (RF/FSO) sensor network system

15.3.1 Hybrid RF/FSO systems

RF/FSO systems have been researched for a number of purposes. Much of the interest
in RF/FSO systems is currently devoted to wireless broadband networks [49–51], where
the primary means of communications between terminals is a high-speed optical link.
However, this requires line of sight (LOS) between the transmitter and receiver, which
could be obstructed by clouds, fog, and snow [50]. To complement the optical link, a
lower-speed radio link provides backup communications when LOS is obstructed. In
the RF/FSO broadband system in [51], the FSO and RF link data rates are 1.25 Gb/s
and 100 Mb/s respectively, with an average overall data rate of 183 Mb/s. The RF/FSO
broadband system is very robust, and there are almost no obscuration conditions under
which both the RF and the FSO links could fail simultaneously [49]. There has also been
work on the reconfiguration and topology control of such networks [52, 53], where the
application is tactical communications between both airborne and ground-based network
nodes.

For wireless sensor networks an RF/FSO system (WSN) has been proposed [41, 54,
55], and is gaining considerable interest amongst researchers [56–58]. For the RF/FSO
WSN, the primary means of communications is also a free-space optical link, with RF
links serving as backups in the absence of LOS for optical communications. However,
unlike the high data rate offered by broadband optical communications, the motivation
for using FSO links in WSNs is the low communications energy associated with optical
communications. The architecture in the previous section communicates with energies
of 10s of pJ/bit, over ranges potentially up to 100s of meters, compared with an order
of up to 100 pJ/bit for distances of up to 10 m [59, 60] for networks using RF communi-
cation. This is significant as RF sensor nodes expend most energy on communications
(compared with sensing and data processing) [2].

In the next section such an architecture is described.

15.3.2 Architecture

Figure 15.8 shows the hierarchical architecture of the RF/FSO WSN, where nodes are
divided according to their functions [54]. Nodes 1, 2, and 3, which communicate directly
with the base station, are known as gateway nodes. Nodes 2 and 6, which perform data
routing, are known as cluster heads. To reduce the data communicated between nodes,
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cluster heads may perform data aggregation using techniques like suppression, minima,
maxima, and averaging [13]. All nodes perform sensing, but nodes 2 and 6 are also
responsible for routing the data to and from nodes within their respective clusters.

The optical links are formed using the retro-reflecting technique described in Sec-
tion 15.2. Nodes which are unable to communicate optically with the base station, due
to lack of LOS to the base station, route their data traffic through their closest neighbor
using RF multi-hop links. For the RF/FSO WSN in Figure 15.8, RF links serve as back-
ups. For RF multi-hop links, a sensor measures the relative radio signal strength of its
neighbors before connecting to the node with the strongest signal (which will usually be
the closest node to it).

As FSO communications demands less energy than RF communications, the RF/FSO
network works best when the nodes are within the base station’s optical hotspot, as
shown in Figure 15.9. In Figure 15.9, h is the base station’s height from the sensor field.
For the optical link, dopt is the maximum acceptable communications range to ensure
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Figure 15.10 RF/FSO network configuration with nodes outside base station’s optical hotspot [54].

that the minimum quality of service is met, and ropt is the radius of the circular optical
hotspot. Nodes can lie outside the optical hotspot, but they will need to communicate
using high-energy RF multi-hop links, as shown in Figure 15.10 and Figure 15.11

15.3.3 Performance

The RF/FSO WSN’s lifetime and coverage is compared against an RF-only sensor net-
work [54]. The RF links are omnidirectional whereas the FSO links are directional. A bit
rate of 100 bps is assumed for both networks. For the analysis in this section, the maxi-
mum RF and optical communication ranges are set to 150 m and 200 m respectively to
ensure that quality of service requirements are met. Several parameters are introduced to
compare the performance of the RF/FSO WSN against an RF-only WSN. The lifetime
ratio, Lr, and coverage ratio, Cr, are defined as:

Lr =
(

RF/FSO WSN lifetime

RF – only WSN lifetime

)
(15.1)

Cr =
(

Average RF/FSO WSN coverage over RF/FSO WSN’s lifetime

Average RF only WSN coverage over RF only WSN’s lifetime

)
(15.2)

There are a number of definitions for network lifetime. For the work described here,
network lifetime is defined as the time from when the network begins sensing and
transmitting data, until time when network coverage falls to 0% of total deployed area
[54]. In the RF/FSO WSN, the blocking factor, bf , is the percentage of nodes without
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LOS to the base station. The node density, μ, is the number of nodes within the radio
range of a node and is given as [61]:

μ = N · d2
radio

R2
, (15.3)

where N is the number of deployed nodes, R is the radius of the deployment area
and dradio is the radio transmission range. Two types of networks are considered.
reconfiguring and non-reconfiguring networks. Figure 15.12 shows the reconfigured



382 Dominic C. O’Brien and Sashigaran Sivathasan

3

2.5

2

1.5

1

0.5

0
0 10 20 30 5040 60 70 80 90

Blocking factor, bf

L
if

e
ti

m
e
 r

a
ti

o
, 

L
r

Non-reconfig, μ = 4

Reconfig, μ = 6

Reconfig, μ = 4

Non-reconfig, μ = 2

Reconfig, μ = 2

Non-reconfig, μ = 6

Figure 15.13 Lifetime ratio vs. blocking factor for a range of node densities [55].

Non-reconfig, μ = 4

Reconfig, μ = 6

Reconfig, μ = 4

Non-reconfig, μ = 2

Reconfig, μ = 2

Non-reconfig, μ = 6

0 10 20 30 40 50
Blocking factor, bf

60 70 80 90

3

2.8

2.6

2.4

2.2

2

1.8

1.6

1.4

1.2

1

0.8

0.6

A
v
e
ra

g
e
 c

o
v
e
ra

g
e
 r

a
ti

o
, 

C
r

Figure 15.14 Average coverage ratio vs. blocking factor for a range of node densities [55].

RF/FSO network in Figure 15.8 after the death of node 2. In a non-reconfiguring
network, all the nodes in node 2’s cluster (nodes 4–8) would become isolated after
it dies.

Figure 15.13, Figure 15.14, and Figure 15.15 show the performance of the RF/FSO
WSN. Figure 15.13 shows that the RF/FSO WSN lasts at least twice as long as its
RF-only counterpart for a range of blocking factors and node densities considered.
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Figure 15.14 shows that the RF/FSO WSN provides almost the same coverage as the
RF-only WSNs for non-reconfiguring networks. But, for high blocking factors, the
reconfiguring RF/FSO WSNs are able to provide better coverage than their RF-only
reconfiguring counterparts. Figure 15.15 shows the RF/FSO WSN coverage for a range
of blocking factors and node densities. Reconfiguring RF/FSO networks perform better
than non-reconfiguring RF/FSO networks for higher blocking factors.

15.4 Conclusions

The Internet of Things and the need to sense our environment at finer scales will
lead to much wider deployment of small sensor and other types of network node, and
connecting these in an energy efficient manner is a challenging problem.

In this chapter we have discussed some examples of how free space optics can
improve the energy efficiency of sensor networks, and how a combination of RF and
optical transmission can either improve reliability, data rate, or overall network perfor-
mance. Over a range of scales there are situations where the complexity of the additional
optical communications channel (over the normally implemented RF systems) can be
justified in terms of increased system functionality, lifetime, or both. Currently, the
major barrier to the wider deployment of these is seen as the availability of compo-
nents that can be easily integrated with existing nodes, to demonstrate the benefits of
this approach in real-world situations.
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