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Abstract

Demand for optical wireless communications (OWCs) is growing at a rapid pace.
There is a growing interest from the commercial and the military in having secure, efficient,
and high bandwidth OWC systems for tactical applications. An OWC system relies on optical
wavelength, ranging from infrared to ultraviolet (UV) to convey a piece of information. With
recent advances in the design and manufacturing of UV sources and detectors, optical
scattering communication has attracted much interest for diverse applications. Atmospheric
scattering in the deep UV band is much higher than other optical bands. This phenomenon
enables establishing of a non-line-of-sight (NLOS) link. This thesis is devoted to the system
design and modeling of various aspects of optical scattering communications employing
ultraviolet wavelength. It provides the most comprehensive NLOS optical scattering

communication systems design and modeling.
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The focus of the studies discussed in the second chapter is to investigate the spatial
diversity techniques for optical scattering communications. With the received signal
characterized by a continuous waveform detector, the switch and stay combining (SSC)
diversity technique is implemented at the receiver over correlated turbulence fading channel.
Next, to avoid the requirement of an adaptive threshold in demodulating the on-off keying
(OOK) symbol, the SSC diversity technique equipped with M-ary phase-shift keying (MPSK)
is presented. The chapter also presents a maximal selection transmit diversity for optical
scattering communications.

The third chapter presents techniques for optical spectrum sensing for distributed
optical scattering communications. First, we develop an energy detection-based optical
spectrum sensing for a UV network where each user is equipped with a continuous waveform
detector. Second, we propose a new generic blind optical spectrum sensing technique. The
proposed technique is based on finding the statistical ratio of the received continuous
waveform signal. It does not require prior knowledge of the signal and noise power. Next, we
propose two novel cooperative spectrum sensing techniques for optical scattering
communication networks with randomly distributed collaborative users pointing in arbitrary
directions. In particular, we present centralized- and decentralized-based cooperative
spectrum sensing with hard decision fusion. We assume multiple scattering and characterize
the received signal by the photon-counting receiver. To obtain the distribution of the received
irradiance over the multi-scattering channel, a novel method based on the Mellin transform is
proposed. In the centralized technique, all the raw data (in the form of statistically dependent

random variables) available at the collaborative users are combined using AND rule for

XV



decision, whereas, in the decentralized-based spectrum sensing, instead of sending all the raw
data, only one-bit information is required to be sent to the fusion center to make the decision.

In the fourth chapter, we present an artificial neural network (ANN) based algorithm
to estimate the data. In addition, analytical frameworks are presented to estimate the channel
model parameters under different fading distributions.

In the fifth chapter, we present a novel state-of-the-art UV-based indoor optical
communications. The channel model is developed and analyzed. To ensure that the UV
radiations are under allowable safety exposure limits, strict peak and average power
constraints are imposed. Based on the power budget, the necessary conditions for the input
distribution of the intensity-modulated direct detection (IM/DD) OOK modulated signal are
derived. The link gain analysis is presented to investigate the directed line-of-sight (LOS)
component and diffused links with multiple reflections and NLOS scattered components. The
time-delay statistics for various paths are analyzed. Next, we present a novel multiuser indoor
communication over a power-constrained Poisson channel. To reject the interference from
multiple users, we present a minimum mean square error (MMSE) receiver. Moreover, a
downlink beamforming optimization problem is formulated using second-order cone
programming to maximize the received signal-to-interference-plus-noise ratio (SINR). The
proposed multiuser system is also realized in the experiment. The influence of the control
parameter, that is, the average-to-peak power ratio, on the performance is investigated.

The next chapter is dedicated to implementing orbital angular momentum (OAM)

with UV communications. As a method to improvise the reliability of the UV communication
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system, we develop an OAM-based UV communication. Our work presents a significant
increase in the UV channel capacity.

The seventh chapter presents a novel decentralized and self-organizing non-line-of-
sight (NLOS) UV-based V2V communication (IVC). Experiments for proof-of-principle
purposes were conducted with two vehicles in both stationary and time-varying UV channels.
It is demonstrated that the proposed UV-IVC is capable of providing low-cost, low-power,
and NLOS capable V2V communications with acceptable performance.

The last chapter concludes and summarizes the optical scattering communication
systems developed in the previous chapters. In conclusion, the results and analysis presented
in this thesis show the feasibility of employing optical scattering communication technologies
in next-generation free-space optical communications. The future scope of optical scattering

communications is also elaborated in the conclusion.
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1 Introduction

1.1 Optical Wireless Communications

Sixth-generation (6G) and beyond mobile communication systems will
be developed and in use in the near future. Future mobile communication
systems aim to provide uninterrupted wireless connectivity anywhere and
anytime for anyone and anything. 6G applications and systems will be
characterized by being bandwidth-intensive and performance-sensitive. One of
the fundamental technologies for 6G and beyond will be radio frequency (RF),
as it is a mature wireless technology and is being deployed in many terrestrial
and indoor communication systems. However, being widely used, the RF
spectrum is becoming more congested and scarce, and thus expensive to
accommodate. To meet ample data rate requirements of future wireless
communication systems, there is a need for new and orthogonal communication
technologies that could be used in combination with existing wireless RF
technologies. Recently, optical wireless communications (OWCs) is being

extensively investigated as an attractive alternative technology to RF [1].

Optical wireless communication (OWC) refers to the transmission of
information in an unguided propagation channel by utilizing optical carriers with

wavelengths ranging from ultraviolet (UV) to visible light to infrared (IR).



Compared with the communication system that relies on radio frequency

(RF) to convey information, the potential advantages of employing optical

wavelengths are, for example, huge unlimited bandwidth, higher power densities,

high channel capacity, and miniaturized transceiver circuits with low transmit

power [2].

The OWC systems can broadly be classified into two categories: indoor

and outdoor OWC systems, as illustrated in Figure 1.1. Indoor optical

communications employ visible light or IR to convey information via different

kinds of links. Outdoor optical wireless communication (commonly known as

free-space optical (FSO) communication) can be further classified into two

categories, namely, terrestrial and space optical links [3].

owcC
Indoor Outdoor
Communication Communication
Non- e N\
Directed Directed Diffused Tracked Terrestrial S;?ace
LOS Links
LOS L JAN |
P A 7 \ v v
Inter- ( Inter- Deep
Orbital Satellite Space
L Links VAN Links Links

J

Figure 1.1 Classification of the OWC systems.
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1.2 Optical Scattering Communications

The application of optical scattering communications for non-line-of-
sight (NLOS) links has recently attracted increasing interest because of its
robustness against shadowing and relatively insensitivity to pointing errors [4].
Optical scattering communication (commonly known as ultraviolet
communication) utilizes UV wavelength as a communication medium. The
motivation for the deployment of optical scattering communication includes
unique channel characteristics that enable NLOS link establishment and recent
advancement and commercialization of solid-state device technology. The UV
spectrum can be loosely classified into four different subbands, as illustrated in
Figure 1.2. That is, they are extreme UV band (EUV) (4 ~ 100 nm), far UV
band (FUV) (100 ~ 200 nm), mid UV band (MUV) (200 ~ 300 nm), and near
UV band (NUV) (300 ~ 400 nm) [5]. The NUV band is part of the solar UV
spectrum, and the EUV spectrum includes wavelengths that are strongly
attenuated by the atmosphere due to high absorption. Within the entire UV band
(4 ~ 400 nm), UV-C band (200 ~ 280 nm) (also known as the deep UV band)
is solar blind at the ground due to the ozone absorption in the upper atmosphere.
An optical scattering communication operating under the UV-C band can
approach quantum-limited photon-counting detection performance, and
therefore, can operate with low-power sources [6].

3



Extreme Far Middle Near
ultraviolet ultraviolet ultraviolet | ultraviolet
(EUV) (FUV) (MUYV) (NUV)
4nm 100nm 200nm 300nm 400nm

<€ >

UV spectrum wavelength

Figure 1.2 Classification of the UV spectrum.

1.2.1 Atmospheric Scattering of UV Signal

In optical scattering communications, strong atmospheric scattering
occurs, which facilitates the means of transferring information from the
transmitter to the receiver when the line-of-sight (LOS) condition does not exist.
The molecular scattering of the UV signal provides an indirect propagation link
from the transmitter to the receiver.

A high degree of relatively angle-independent scattering occurs due to the
interaction of the UV photons with the atmospheric particles, thereby creating
multiple NLOS diverse communication links from the transmitter to the receiver
[6]. UV wavelengths undergo strong atmospheric absorption and rich scattering.
A typical UV-based single-scattering NLOS transmission link over coplanar

geometry is illustrated in Figure 1.3.



Common
U4
,/ Volume

d

Figure 1.3 NLOS UV communication coplanar link geometry, depicting the
single-scattering event.

In Figure 1.3, T, is the transmitter and R, is the receiver. ¢, and ¢, are
the transmit beam angle and the receiver FOV, respectively. 1, and v, are the
transmitter and the receiver elevation angle. d is the baseline distance between
T, and R,. V., known as the common volume, is formed by the overlapping of
the transmit beam and the receiver FOV. d;,, and d,,,- are the distances from the
transmitter to the common volume and from the common volume to the receiver,

respectively.



Particle scattering of the UV signal consists of Mie scattering and

Rayleigh scattering, as shown in Figure 1.4.

Rayleigh
Scattering Mie
Scattering

B2 4
g
h--
/”’

-
-
_______
-
-~
-

R,

Figure 1.4 Particle scattering of the UV signal.
In the Mie scattering, the scattered light is largely focused in the forward
direction. In the Rayleigh scattering, however, the UV light is scattered
uniformly in all directions [7, 8]. Rayleigh scattering occurs when the particle
size is much less than the UV wavelength, such as air molecules. Mie scattering
generally occurs when the UV photon interacts with the suspended particles with
dimensions comparable to or larger than the transmitted UV wavelength. The
NLOS UV communication performance is determined by the scattering and

absorption, which, in turn, is determined by the atmospheric particle density,
6



dimension distribution, and refractive index. When the aerosol particles (air
molecules) size is relatively smaller than the wavelength of the signal, the
Rayleigh scattering dominates the Mie scattering and facilitates the NLOS
scattering communication link [8].

The total attenuation of the UV signal in the atmosphere is due to the
component from the scattering and due to the atmospheric absorption, as shown

in Figure 1.5. For wavelengths less than 200 nm, the atmospheric absorption is



very strong and propagation is severely impaired; therefore, it is not feasible to

operate below 200 nm.

[ Attenuation of UV signal ]

[ Scattering ] [Absorption]

a =0o, +a,

Ao

Total Attenuation Attenuation due

Attenuation due to absorption

to scattering
Figure 1.5 Types of attenuations in optical scattering communications.

1.2.2 Common Volume and UV Channel Bandwidth

Based on the overlapping of the transmit beam and receiver FOV, the
following cases may arise. As shown in Figure 1.6, Case I corresponds to the
unbounded common volume and yields the lowest transmission bandwidth [6].
In Case II, the common volume is bounded due to the narrow transmit beam

pointing towards the receiver FOV. The width of the temporal distribution in

8



Case II is narrow than that in Case I and yields a channel bandwidth higher than
that in Case 1. Case I1I, where both the transmit beam and the receiver FOV are
pointing towards each other and form a bounded common volume, yields a

maximum channel bandwidth.

Case 11 Case 111

Figure 1.6 NLOS optical scattering link configurations.

1.2.3 UV Safety Exposure Limit

The intensity of the radiations from the UV source is measured in the unit

of milliwatts per square centimeter (mW/cm?), which is the received energy per
9



square centimeter per second. It is also analyzed in the unit of millijoules per
square centimeter (mJ/cm?), which is the received energy per unit area in a given
time. The level of the UV radiations a human can receive on their eyes and skin

for a given time duration varies with the wavelength of the UV radiation.

The International Commission on Non-lonizing Radiation Protection [9]
and the International Electrotechnical Commission [10] govern UV radiation
exposure power limits. In the UV-C band, the allowable continuous exposure
limits at 200 nm, 270 nm, and 280 nm are 100, 3, and 3.4 m] per cm? for an
eight-hour exposure, respectively. Therefore, the minimum allowable
continuous exposure occurs at 270 nm. In addition, as reported in [5, 11], for
continuous UV exposure, the maximum allowable UV power limit is 0.1

pW per cm?, and for the UV exposure less than 7 hours, it is 0.5 uW per cm?.

The National Institute for Occupational Safety and Health (NIOSH) also
proposed the UV exposure standard for conventional UV sources [12]. This
standard is based on an envelope action spectrum which combines the action
spectra for photokeratitis with Caucasian skin erythema over a high sensitive UV
wavelength range, that is, 200 nm to 315 nm. The recommended standard says
4.6 m] per cm? as the maximum safe or permissible exposure to 260 nm and 4.7

m] per cm? corresponding to 290 nm. As defined by this standard, any exposure

10



that is below these limits is considered to be safe for humans. These are
important safety considerations that a UV-based communication system design

should follow.

1.3 Motivation

In the recent past, infrared and visible light communications have shown
significant progress in the optical wireless communications domain. The infrared
communication may provide low-power and low-cost implementation, however,
infrared links are vulnerable to blockage, due to their directionality [13]. Though
VLC offers information transmission in addition to illumination, establishing an
efficient uplink for VLC is difficult. In addition, artificial light sources, like a
fluorescent lamp, and the light from the natural sources produce interference and
may result in receiver saturation. The UV-based optical scattering
communication overcomes basic limitations and eliminates the requirement of
pointing, acquisition, and tracking (PAT), and accommodates the NLOS
conditions. Moreover, communication via the UV-C band is less sensitive to the
interference from the solar and background illumination. Another important
aspect is security. The higher atmospheric attenuation makes the UV signal
beyond a certain extinction range difficult to intercept. This enables UV
communication to find applications in the tactical domain. Moreover, a huge

unlicensed spectrum makes UV-C a potential candidate that may facilitate low-
11



power applications with high data rate requirements. Therefore, for
communication applications that require minimum implementation cost, low
power, NLOS operability, and security, UV-C-based optical scattering
communication is ideal. Consequently, it inspires us to develop state-of-the-art
UV communication systems that can offer the potential of small-size, high data
rate, low power, low cost, and high reliability.
1.4 Dissertation Organization

The first chapter introduces the fundamentals and the propagation
concepts of optical scattering communication employing UV wavelength. The
second chapter of the dissertation presents various spatial diversity techniques
for NLOS UV communications. In the third chapter, we develop optical
spectrum sensing techniques for continuous waveform detectors and photon-
counting receivers. The fourth chapter investigates the applications of the
artificial neural network (ANN), artificial intelligence (Al), and Game Theory
in the context of UV communications. The state-of-the-art UV-based indoor
communication is presented in the fifth chapter. The orbital angular momentum
(OAM) based UV communication is presented in Chapter 6. The seventh chapter

finally concludes the findings in the dissertation.
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2 Diversity Techniques for Optical Scattering

Communications

The primary purpose of this chapter is to introduce diversity techniques
for optical scattering communications. In particular, we focus on the
performance evaluation of the NLOS optical scattering communications when
employed with the switch-and-stay combing (SSC) and maximal selective
transmit diversity techniques. More comprehensive and in-depth treatments that
include analytical and numerical results can be found in [14, 15, 16, 17].

The remainder of this chapter is organized as follows. In the next section,
we present the SSC diversity technique for UV communications. Based on the
two different modulation techniques, that is, on-off keying (OOK) and M-arry
phase-shift keying (MPSK), we derive the average bit error rate (BER) and the
outage probability over Gamma-Gamma distributed turbulence-induced fading.
2.1 Spatial Diversity

Many of the emerging and current free-space optical communication
systems make use in one form or another of diversity to combat the channel
impairment due to the turbulence-induced fading. Indeed, diversity combining,
in which two or more branches carrying the same signal are combined to increase
the received signal power, offers the potentials to increase the optical link

performance [18].
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2.2 Switch and Stay Combining

We investigate the switch and stay combining (SSC) diversity for NLOS
UV communications to mitigate the channel impairment due the turbulence-
induced fading. We consider dual-branch SSC receive diversity with each
branch assumed to be exponentially correlated with another branch. The

received signal is characterized by a continuous waveform detector.

2.2.1 System Model

Switching
R X1 I logic
' A
Optical .
Modulator Receiver (> Comparator
) 3 )
é t:
e R L Data | {1y eshota
Input x2

& >
< >

Figure 2.1 Dual-branch exponentially correlated SSC for NLOS optical

scattering communications.

The proposed system utilizing dual-branch switch and stay combining
spatial diversity is illustrated in Figure 2.1. The working principle of the
proposed system is based on the idea of selecting a particular link until its SNR

falls below a predetermined threshold value, rather than continually picking the

14



best link. The comparator block compares the received optical signal with the
threshold y7j, and, for instance, at any particular time instant, if the switching
logic is locked at R, , the switching logic will then switch to R, , if the SNR of
branch 1 falls below the predetermined threshold value.

The received signal is modeled as
;i =8P nroslitn;, =1L, (2.1)
where § is the responsivity of the detector, P, y.0s is the deterministic received
power with a single-scattering assumption. n;,i € {1,2} is the additive white
Gaussian noise (AWGN) at the detector of the ith branch. The received power
P, n1os accounts for the molecular absorption and Rayleigh and Mie scattering
[5]. I; is the irradiance corresponds to the ith branch and is modeled as Gamma-

Gamma distributed random variable with E[I;] =1, i € {1,2}, where E|[]

denotes the expectation operation.

2.2.2 Performance Analysis
We derive the closed-form expression for the outage probability and the

average BER. The outage probability is derived as
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By :FSSC(VTh) =
(1-p) & p”
(M@l rp AT A

(2.2)

( oa+p+1+4 |
><<G12§1 EzyTh 4 >
Yavg ,B+l,a,a+’3+l

where Fgg.(+) is the cumulative distribution function (CDF) of the received SNR
at the combiner output. @ and f are the model parameters for the Gamma-
Gamma distributed turbulence fading. We consider the spherical wave

propagation. G, (*) is the Meijer G-function. Yavg 18 the average received SNR.

= is given by E = 4d and p,0 <p <1, is the power correlation

{E(-p?)
coefficient with p!*=/! denoting the correlation coefficient between the ith and
the jth branch. Similarly, we obtain the closed-form expression for the average

BER, as illustrated in Equation (2.3).
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2.2.3 Results and Discussions
The simulation parameters are illustrated in Table 2.1. We assume the
isotropic scattering.

Table 2.1 Simulation Parameters.

Parameter Value
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UV wavelength 4 260 nm
Visibility v 21 km
Refractive index structure parameter 2
c2 6x107 m’3
Correlation coefficient p 0.4
Transmitter apex angle % radian
Receiver apex angle % radian
Transmit beam angle 1:—0 radian
Receiver FOV g radian
Threshold SNR y 7, 4 dB
Aperture diameter R 5x 1072 m
Absorption coefficient a, 0.802 km™!
Molecular density N 2.4481 x 10> m™3
Depolarization ratio p, [19] 3.501 x 1072

The system performance in terms of the outage probability for
exponentially correlated Gamma-Gamma distributed turbulence fading channels
is illustrated in Figure 2.2. The performance is investigated for different SNR

and baseline distance values.
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Figure 2.2 Outage probability against the average received SNR for different

baseline distances.

The impact of the correlation on the outage probability is shown in Figure
2.3. The baseline distance d is set to 4000 m. It is interesting to note that for the
uncorrelated branches, the performance of the SSC diversity technique
outperformed the similar system with correlated branches (p = 0.4) by
approximately 2 dB. Moreover, to validate the importance of the SSC for the

NLOS UV communications, its performance is compared with the receiver with

19



no diversity employed. It can be seen that the SSC-based receiver outperforms

by 5dB and 7 dB for p = 0.4 and p = 0, respectively.

1072

Outage probability
=)
L

—
(=]
&

—+— Diversity with no correlation
= Diversity with correlation (p = 0.40)
—&— No diversity

10°® : :
0 5 10 15 20 25 30
Average SNR, Yovg (dB)

Figure 2.3 Impact of the correlated branches on the system performance.

For the correlated dual branch (p = 0.4) SSC diversity technique, the
average BER performance relative to the switching threshold y;;, for different

SNR values is depicted in Figure 2.5. The baseline distance is set to 4000 m.
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Figure 2.4 Average BER against the switching threshold.
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2.3 Switch and Stay Combining with M-PSK Subcarrier Intensity
Modulation

One of the major challenges facing optical wireless communication
systems in a clear atmosphere is fluctuation in the received intensity due to the
turbulence-induced fading. This scintillation is due to temperature fluctuation
(0.01 to 0.1 degree) on the spatial scale of 0.1 cm to 10 m, which, in turn,
results in fluctuations in the refractive index of the atmosphere [20, 21]. The
OOK modulation is a widely accepted transmission scheme for OWC links.
However, over the turbulence channel, the OOK modulation requires an adaptive
threshold at the detector for optimal performance. This, however, makes the
detection process difficult [21]. To alleviate this problem, we consider a SSC

spatial diversity technique equipped with M-ary phase-shift keying (M-PSK).

2.3.1 System Model

The proposed NLOS optical scattering communication system equipped
with the M-PSK subcarrier intensity modulation assisted dual branch SSC
diversity technique is illustrated in Figure 2.5. We consider exponentially
correlated branches. The turbulence-induced fading is modeled as Gamma-
Gamma distribution. The binary information data is modulated on the RF

subcarrier, which in turn, modulates the intensity of the continuous wave UV
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signal. A DC bias is applied to eliminate the impact of the negative cycles of the

pre-modulated sinusoidal RF signal.

_________________ Switching
Logic
A
UV LED ]
DRIVER Receiver > Comparator
DC e 1
| Bias Threshold

.(2mt(m—-1) .
NEC=pe Ney -

\ 4

.(2m(m-1) .
e ( M ))((,’]Zﬁfrt

Sampler

& —> Output
Threshold

Figure 2.5 Correlated dual branch SSC diversity technique equipped with M-
PSK subcarrier intensity modulation.
The pre-modulated RF signal is converted into a UV signal by

modulating the current of the driver circuit. The power of the transmitted optical

signal can then be given by [21]

P, (t)=Bys1+m,g(t)cos Zﬁfct—%(m—l) . 24
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where Py, represents the power of the transmitted optical signal with m; = 0,
where m, is the modulation index. g(t) denotes the pulse-shaping filter and the
value of m € {1,---, M} depends upon the symbol mapping. M represents the
order of the modulation. The instantaneous received optical power P,. ;05 Over
an NLOS UV link is then given by P, y1os = Pi(t) X P,, where P, is the
deterministic NLOS path loss. We assume that all the emitted UV photons are
scattered only once before falling into the receiver’s FOV. The instantaneous

photocurrent at the detector of the ith branch, i € {1, 2}, is given by

yAT) = SG, P, yrosT; +1; (1) (2.5)
where S is the responsivity of the detector in A/W, G, is the gain of the detector,
and n;(t) is the AWGN with zero-mean and uniform power spectral density %

I; accounts for the scintillation fading and is modeled as Gamma-Gamma
distribution.

The M-PSK subcarrier intensity-modulated optical signals received over
different branches are correlated due to the proximity of the detectors. The fading
correlation arises due partially from small-scale and partly from large-scale
turbulent eddies. The autocorrelation matrix with elements being the correlation

coefficients is given by [22]
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_aR; +BR;+R 1 R,
a+ [ +1

Rp

; (2.6)

where Rg and R; are the autocorrelation matrices of small- and large-scale

fading coefficients, respectively. The joint PDF of the instantaneous SNR is

derived as
B
(1_p2 o = o2
Sy (11572) =
SE 4[r(a)]2r(p)§ JTae JT(B+D)
(a+p+1-4) = -
x, 4 G [P Bgii—q  Brl-a ,
Vavg 2 s 2
(a+p+1-4) = e
xp, 4+ Gl |22 g1 a Btl-a
Yae [T

(2.7)
where y;,i € {1, 2} is the instantaneous received SNR at the ith branch. y,,,

denotes the average received SNR. p is the correlation coefficient. £ =

aB

Fiary - @ and [ are the model parameters of the Gamma-Gamma

distribution.
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2.3.2 Average Bit Error Rate

The average BER of the proposed system can be obtained as
o0
eavg ijSSC 7/)d7/ (2.8)
0

where P, = erfc( sin? (%) ]/) and fssc(y) is the PDF of the instantaneous

received SNR at the output of the detector [23]

gy (VThaV)a Y <V

. (2.9)
fy (7/)+ g)/ (J/Th’y)J/ > Y1

Jssc (7/)2

fy (¥) denotes the marginal PDF of the received SNR and g, (y7p, ) is given by

Yn

g, (rm?)= | f0n or2)dys - 210
0

Yrr 1s the switching threshold. Utilizing Equations (2.7), (2.8), (2.9), and (2.10),

the closed-form expression of the average BER is derived as

26



21

B
(1"’2) o P
Feave = 3/2 2 Zr YAl
72 [T ()] T(B) = T(B+I)I!
- 1+(a+,8+l)
X2(a+,8+l—3)G12’,31 = Y 4 l
Y avg ,B+1,a,(a+’8+ )
i =
4.2 = 2
et b+l BFi+1 +1
: ( a o
4 - ’ ) O
Sm(Mj T |7 vl ¥ 5 2.11)

2.3.3 Outage Probability
The CDF of the instantaneous received SNR at the output of the SSC

Y= Vm
, (2.12)
(7/’?/Th)97 > Y1h

receiver is given by

Fy o (Ym);

F y)=
SSC( ) {F71(7)_Fy1(7Th)+F7172

where F, (y) is the CDF of the received SNR. F, ., (¥, Y1) is expressed as
(2.13)

>

Y7
V1 V2 y yTh .[ .[ f yl’y2 d}/ld}/2
00

where f,. .. (v1,¥2) is defined in Equation (2.7)
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The outage probability is defined as P,,,; = Fggc (]/Th Out) where Yrh out

is the outage threshold. Utilizing Equations (2.7), (2.12), and (2.13), the closed-

form expression for the outage probability is derived as

B = Fsse (VTh,ouz) =

B
1=r) & o
'
4[F(0¢)] l=0r ﬂ"‘l l
a+p+1+4
><G12’31 EzVTh 4
yavg ﬂ+l,a,a+ﬂ+l
a+fp+1+4
L2
=7 ,0U 4
><C;lz,é1 o 0£+ﬂ+l >V Th,out S7/Th
&\ (2.14
)

2.3.4 Results and Discussions
The simulation parameters are illustrated in Table 2.2. We assume the

isotropic scattering. Unless otherwise stated, the switching threshold yy, is set

equal to the average received SNR yg,4
Table 2.2 Simulation Parameters
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Parameter Value
UV wavelength 4 260 nm
Visibility v 21 km

Refractive index structure parameter
o

2
5x107* m™s

Correlation coefficient p 0.4
. s
Transmitter apex angle 3
. s
Receiver apex angle 3
Transmit b I <

ransmit beam angle 180
. 8
Receiver FOV 3
Gain G, 1

Threshold SNR yp, 4 dB

Absorption coefficient a, 0.802 km™!

Molecular density N 2.4481 X 10%° m~3
Air pressure 1013 hPa
Depolarization ratio p, [19] 3.501 x 1072
Ps 0.45
oL 0.30
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The average BER performance against the SNR is illustrated in Figure
2.6. The curves are obtained for M =2 and M = 4. As expected, as the
constellation size increases, the BER increases. For the given BER, the received
SNR required for M = 2 is approximately 1.5 dB less than the one required for

M = 4. It can be accounted for from the fact that the BER is given by P, =
erfc ( sin? (%) y), and, since erfc(x) is a decreasing function of x, increasing

M leads to decreasing argument of the erfc(-), which in turn, increases the BER.

s | 1 1 I 1 I L
10°F —#%— 2.PSK

—&— 4-PSK
e

0 5 10 15 20 25 30 35 40
Vavg (dB)

avg

Figure 2.6 Average BER relative to the average received SNR for different M.
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The BER as a function of the modulation depth is illustrated in Figure
2.7. The transmit power P; is set to 1 W. As depicted, as the modulation depth
increases, the BER reduces. This can be attributed to the fact that an increase in

my yields a higher received SNR, thereby reducing the BER.

10° ' - T - - T ! I
2-PSK |
—#— 4-PSK |
—=— 8-PSK
107 —8— 16-PSK |,

%m‘2
a

104 1 L i 1 L i 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Modulation depth [md]

Figure 2.7 Average BER relative to the modulation depth for different

constellation sizes.
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Figure 2.8 depicts the outage probability as a function of the received
SNR for different baseline distances. It is interesting to note that the outage
performance is not linearly related to the baseline distance d. For instance, at an
SNR of 26 dB, the outage probability P,,; is equal to 10™* for d = 2000 m
and reduced by approximately 10 times to 107> at d = 1500 m. However, at
d = 1000 m, P,,,; reduces significantly by 1000 times to that obtained at d =

1500 m.

2
o 10%

1078

10°1" H —#%— d=1000 m N
—&— d=1500 m
—c— d=2000 m

1012 :
5 10 15 20 25 30

Vavg (AB)

avg

Figure 2.8 Outage probability relative to the modulation depth for different

constellation sizes.

32



The impact of correlation on the performance of the proposed system is
illustrated in Figure 2.9. The outage threshold is set to 4 dB, whereas the
switching threshold is set to 5 dB. The baseline distance d is set to 2000 m. As

expected, the correlated links are found to deteriorate the performance.

1072

ot

1073

—%— pg =0.10 and p,_=0.10
——pg=0.45and p,_=0.30
—a— pg=0.90and p_=0.90

5 10 15 20 25 30
Ypvg (9B)

Figure 2.9 Impact of correlation on the outage performance at different SNR

values.

2.4 Maximal Selection Transmit Diversity
Motivated by the fact that an optical channel is slow time-varying, we

investigate the maximal selection transmit diversity for NLOS optical scattering
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communications. We characterize the received UV signal by a continuous
waveform detector. Given the fact that the turbulence-induced fading is a slow
time-varying process, it is safe to assume that the channel information can
readily be made available at the transmitter. Following this, we quantify the CDF
ofthe largest order statistics of the received signal, based on the single-scattering
assumption. Subsequently, we derive the closed-form mathematical tractable

expressions for the average BER, outage probability, and channel capacity.

2.4.1 System Model

The proposed system model is illustrated in Figure 2.10. The
communication is established via multiple-input single-input (MISO) with L
number of diverse branches. We consider non-return-to-zero intensity-
modulation with direct detection (IM/DD) OOK transmission scheme. The
information data is represented by b € {@P;, P;}, where P, represents the
transmit optical power and @, 0 < a < 1, denotes the optical source extinction

ratio.

34



Petahertz
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Binary Data
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Channel :I
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Y

Output
Data

Table 2.10 Maximal selection transmit diversity for NLOS optical scattering

communications.

The instantaneous signal received over the turbulence channel can be

expressed as

y(t)=SHP,(t)I +n(t), (2.15)
where the responsivity of the detector is denoted by S (A/W). n(t) is the

AWGN with zero mean and variance Ny. H = Hy X Hp; X H; represents the
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channel state. H; denotes the attenuation due to the atmospheric turbulence and

is given by [24]

\/23 17C2%7'6 (\/dll/6+dll/6)
* n tv vr
H; =10 5 . (2.16)

CZ2 in Equation (2.16) represents the refractive index structure parameter and
determines the strength of the turbulence. Its typical values lie in the range from
10713 to 1075 m~2/3 [25]. k is the wave number. Hp; represents the path loss

due to the atmospheric scattering and attenuation, and can be obtained as [26]
Hp =
A *sin @, (12sin’ in’
a.q.9.¢ sinf (12sin”“y, +¢.sin” y,

96d sin’ v, siny, (1 — cosq;’jexp

a,d (siny, +siny, )

sin 0,

(2.17)
where all the parameters in Equation (2.17) are defined in Chapter 1 (Figure 1.1).
H;; is the loss due to the geometric spreading. It can be expressed as [27]

HG = IUbeam(p_rbc;dvr‘dtv)’ (2.18)
A

s

where Up,q,mrepresents the conditional normalized spatial distribution at any

distance d,,,- of the beam scattered in the common volume. p in Equation (2.19)
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represents a radial vector measured from the beam center and 13, is the beam

center.

2.4.2 Marginal Distribution of Received UV signal

To describe the geometric spreading, we consider a Gaussian beam
profile. The impact of atmospheric turbulence on the propagation of the
Gaussian beam can be best analyzed using the Gamma-Gamma distribution. The
PDF of the atmospheric scintillation observed from the transmitter to the

common volume can be expressed as

o, +p,
2(a,B,) 2 L
h T anE

Kav—ﬂv (2 Olvﬂv[v )’

(2.20)
where @, and f,, are the model parameters and denote the effective number of
small- and large-scale eddies in the turbulence channel. Assuming a single-

scattering event, the conditional PDF of the received signal is given by

ar+ﬁr

2(arﬁr)T M—l
1_‘(Olr)r(ﬁr) Ir 2 Ka’_’B’ (2 arﬁ,,]r )

5, (L1,) =

(2.21)
Utilizing Equations (2.20) and (2.21), the marginal PDF of the received

irradiance is derived as
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1.2 (2.22)

2,0
><C;0,2 arﬁr]r 05,, _ﬁr _Olr _ﬁr
)

2 2

Remark 2.1: Kindly note that the received scattered UV signal is impaired by
the multiplicative effect of the turbulence-induced fading I,.. We normalize the
random variable I, with statistical average E[I,.] = 1. In addition, it is to be

noted that atmospheric scintillation denoted by I, is a slow time-varying process

[28].

2.4.3 CDF of Largest Order Statistics
We assume that the random variables representing the channel irradiance
are independent and identically distributed. Following this, the CDF of the

largest order statistics I a4« 1 given by

Fvlr!max (]r,max) = })r |:]r,max < ]r:l

(2.23)

r, r

-p| I, <I :[F,r(]r)]u
Vi={l,~L}
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where L is the number of transmitting lasers employed and F;_(I,.) is the CDF of

the I,., and is derived as

a+h,
_ (o,B)(e,B,) 2 :
AU = e (8 )T (8)
i 2—a, - . L (24

2
ar_ﬂr _ar_ﬂr _Ol},+ﬁ},
2 7 2 7 2

a,+p,

2.1
XG1,3 a.pB.I.

Utilizing Equations (2.23) and (2.24), the PDF of the largest order statistics is

derived as

Fi L (o) 2L[E (@) 1, (&)

2V (@) e
[T (e,)T(B, )T (e )T(B)]

xGo3 | OB, x|, — B o, — B, - (2.25)
2 7 2
' 2-a, -, ‘
XG5 | @Bl 2
’ o, —-B. a,—B. a.+pf,
L 2 2 72 |
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2.4.4 Average BER

P =

e,avg

B (7 ) 1 (L ) L

S —8

3a,+p, w L+ -
() (ap) 2" zjl(zf zjexp(—%M)
0

4[F(@)T(B,)7 ()T (5,)]

By 2_ar_ﬂr 4_ar_ﬂr
2 5
><G4,2 (arﬂr ) Ir,max 4 4
20 16 ar_ﬁr ar_ﬁr+2 ﬂr_ar ar_ﬂr+2 _ar_ﬁr 2_ar_ﬂr
i | 4 4 4 4 4 4
- ) {
Y aved r,max
xGry | “HEEE oy ld]
1,2 8 O,l r,max

(2.26)
Solving the integration in Equation (2.26) using the identity given by Equation

(1) in [29], we obtain
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po_ 2 (@p)(@s)”
avg ﬂ5/2[r(av)r(ﬂv)r(a,)r(ﬂr)]z

(4,0
10,0
2,4
S
0,2
0,2
1,0
3a, + B, 3o, +B,+1 3a, + B, +2 3a, + B, +3
4 4 ’ 4 ’ 4 ’
2_ar_ﬂr 4_ar_ﬂr ar_ﬂr ar_ﬂr+2 _ar+ﬂr _ar+ﬂr+2 _ar_ﬂr 2_ar_ﬂr
4 4 7 4 4 4 7 4 7 4 7 4
1;0,2
1
2% avg
2
(o,,)

(2.27)
where S[-] in Equation (2.27) represents the extended generalized bivariate

function.

2.4.5 Outage Probability

Mathematically, the outage probability can be written as

Y

P (vm)=Ply <vnl=[ £, (r)dy. (228)
0

where yrp, is the outage threshold and f,(y) is the PDF of the received

instantaneous SNR. Solving for Equation (2.28), we obtain
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o)
[T (e, )T (B,)T (e, )T(B,)] {r]
o il e, — B, -2 fo2j- L 2k-2j-1 s
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Yo (4a, +4p,+2k=2j-1

x| y ’ l]Gfél arﬂr\/7
0 Vavg |

d
ar_ﬂr _ar_ﬂr _ar+ﬂr
272 72

(2.29)

The integral in Equation (2.29) can be obtained in closed-form using the identity

Equation (07.34.21.0084.01) in [30], as shown in Equation (2.30).

[(avﬁ»(a,ﬁ,)[“‘?ﬂ’ﬂz
8z [T (a,)r(8,)T (e, )T(B,)]
ot () 8
k! =0 j!(—j+\a, _ﬁrl_%j!

Pouz (lTh) =

(1[“‘2[”)

}/avg

M

Norsy
k=0

(a.p, )[“j”)( e

Va vg

[40{[, +48, +2k—2j—1j
8
XY 1n

2
Za)’ r
<G {[Tﬁ ] "
avg

9_4ar_4ﬁr_2k+2j Z_ar_ﬁr 4_ar_ﬁr (2.31)
8 ’ 4 ’ 4
ar_ﬁr ar_ﬁr+2 ﬁr_ar ﬁr_ar+2 ar+ﬁr ar+ﬁr_2 1_4ar_4ﬁr_2k+2j
4 7 4 4 4 T4 4 8
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2.4.6 Channel capacity
We assume perfect channel information with no power adaptation at the

transmitter. The average capacity of the system under consideration is given by

(Ir,max )dlr,max - (232)

r,max

Curg = Tlogz (14 Vg e ) 1
0

Solving Equation (23), the closed-form expression can readily be obtained as

in(4)] ()t 8,3

Cavg: 2
[T (e, )T(B,)T (e, )T(B,)]
< (_l)k 75:; (0, +B,+2k)
ng‘) k!r(k+2)(arﬂr)
[ |2—a, - B, 2—4k-3a, - B, 2-4k—a,-30, |
><G32’33 1 2 2
’ ar_ﬂr _ar_ﬂr _ar+ﬂr
i & TH 2N > |

(2.33)

2.4.7 Results and Discussions
The simulation parameters are illustrated in Table 2.3.

Table 2.3 Simulation Parameters.
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Parameter Value

UV frequency 1.07 Petahertz
Modulation bandwidth 20 MHz
Rayleigh scattering coefficient [31] 0.49 km™!
Extinction coefficient 0.74 km™1
Scattering phase function g 1
T MWW

(@6, rs Ye, U } {@:g: 7 Z}
Outage threshold yrp, 5dB
Active detector area [32] 6.25 mm?
Quantum efficiency 0.29 A/W

Figure 2.10 shows the distribution of the received irradiance over the
NLOS link with a single scattering assumption for different turbulence strengths
and baseline distances. As shown, a higher value of CZ results in a Fresnel zone
becoming larger than the coherence spatial radius, thereby increasing the

channel impairment.
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Figure 2.11 Distribution of the received irradiance over NLOS single scattered

link.

Utilizing Equation (2.27), the average BER performance of the proposed
system is illustrated in Figure 2.12. The curves are obtained for different
turbulence strengths and diversity branches. The results demonstrate that the
proposed system is useful in combating the turbulence-induced fading in
applications where strict power constraint is imposed or it is impractical to
increase the power budget. A similar analysis can be inferred for the outage

analysis shown in Figure 2.13.
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Figure 2.12 Average BER relative to the average received SNR for different

turbulence strength and diversity branches.
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Figure 2.13 Outage probability relative to the average received SNR for

different turbulence strength and diversity branches.

The achievable capacity per unit bandwidth for the underlying system is
depicted in Figure 2.13. We assume that perfect channel state information is
available on the transmitter side. It is to be noted that as the number of diversity
branches increases, the degree of the turbulence strength becomes less relevant,

as the curves corresponding to different turbulence strengths come closer.
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Figure 2.14 Achievable channel capacity relative to the average received SNR

for different diversity branches.

To demonstrate the superiority of the MSTD scheme, we compare the
performance with the repetition codes and orthogonal space-time block codes. It
is shown that MSTD extracts full diversity and provides robust performance

compared to repetition code and orthogonal space-time block codes. For

2
example, at an average SNR of 20 dB and €2 =5 X 107* m3, the average

error probability observed in the MSTD scheme with L = 2 is approximately
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equalto 1 X 10711, whereas it is approximately 5 X 107 for orthogonal space-

time block codes and 1 X 10~7 for the repetition codes.
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Figure 2.15 Performance comparison of the MSTD with the OSTBC and RC.

2.5 Amplify-and-Forward Multihop NLOS UV Communications

In this section, we investigate multihop NLOS optical scattering
communications [17]. Each scattered path is assumed to follow the Gamma-
Gamma distributed turbulence fading. We formulate a new problem and
investigate the trade-off between the data rate and the number of relay nodes in

the multihop NLOS optical scattering communications.
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2.5.1 System Model

The system model is illustrated in Figure 2.15. We consider an M-PSK
subcarrier intensity modulation. We assume an N-hop NLOS optical scattering
communication system with the amplifying-and-forward transparent relaying

protocol. d is the total baseline distance between the transmitter and the receiver.

UVLED , yiT =) .
Driver Amplifier e]< . ) ) e}Zn.'fct
DC Bias {+ d DC Bias
N+1)
(2m(m-1) L_Y—J
L . Sampler
¢ ( i ) « eitfet P e w
Threshold
9(®) < ! :
T 1 Binary
Binary -
Data

Figure 2.16 System model.
2m(m—1)

A harmonic signal of electric current modulation with phase

and center carrier frequency f, is converted into a similar signal with optical

power P,(t), given by [21]

P ()= P{l + mdg(r)cos[znfcr —%(m - 1)}}, (2.34)
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where P is defined as

T,

| P
- P " Total _ 235
T, { ’ (N+1) .

N

©«

P represents the average transmit optical power allocated to each relay. Ty

denotes the symbol duration and Pr,,; represents the total power budget.
Following Equation (2.35), the instantaneous received signal at the

receiver of the nth relay can be expressed as

()=

o (2.36)
SIanP{l+mdg(t)cos[27r fct—ﬁ(m—l)}}ﬂan(t)

where S is the responsivity in A/W. [, represents the irradiance and is
normalized to unity E[I,,] = 1, where E[-] is the expectation operation. n,, (t)
denotes the AWGN with zero mean and uniform power spectral density Ny. H,,

is the channel gain for the link (n — 1) - n and is normalized with respect to

the gain of the direct link, that is, H, = —

0N+1

, where hg y44 is the gain of the

direct link from the transmitter to the receiver and h, = h%, X h3, where hf,
denotes the attenuation due to the turbulence and hj, represents the attenuation
due to the atmospheric scattering.

We define the average received SNR as [33]
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(SH,Pm, )2 E [1 2} . (2.37)

yavg = N() n

The end-to-end received SNR is given by

N+l 1 -
Veg = {H(Hy—}—l} : (2.38)

where ¥, is the instantaneous received SNR at the nth node.

2.5.2 Derivation of the PDF of the Instantaneous End-to-end Received

SNR
The random variable 7, is transformed into a new random variable

lueq as

N+l

=D M, (2.39)
n=l1
1 1
where 4, =log, | l+— | and o loge[1+— -
eq }/n

Under the assumption that all the relay nodes are subject to independent fading,

the transformed random variable L, is also independent. It yields

N+1

0., () =[], (w). (2.40)
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where @, is the Fourier transform of the PDF of 4, as

o, (W)= |/, (u,)exp(wu,)dp, , (2.41)

S8

To compute the characteristic function @, (W), we need the PDF of the
transformed random variable H,. By applying the Jacobean transformation, the

marginal PDF of the transformed random variable K, is obtained as

— (pnqn)(lnn;qnj 1 (pnij Ha Ha _(W]
Sl e rarn)

xGoy | P4, (

(2.42)
The numerical calculation of the transformed characteristic function ¢, (W)
involves a single-fold integral with a rapidly decaying function f# ( ,un) as H,
- o. The closed-form expression for the transformed characteristic function
?, (W) is obtained as follows. Applying the Maclaurin series in Equation (2.42)

yields
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Putdy j

0, (W)= (pnqn)[ z n)ug ][p,,:q,,j

2r'(p,)T(q
0 (Putdatd ’ weld l_pn_qn.l pn_qn
Xjﬂn[ ) JG% ;2/1 2 T2 exp(jwu, )dp,
0 ndn

(2.43)

Utilizing the Fourier transformation, the closed-form expression for the

transformed characteristic function ¢, (W) can be expressed as

9, (W)=
2‘(Wj(pnqn)(p"7"j 1 [#5) W(p”f’”jgo,o 2 Ve, |0 249
TT(p)T(4,) Vo S\ we) s

Substituting (2.44) into (2.40), the closed-form expression for Py, (w) can

readily be obtained. Using inverse transformation, the PDF of ¢ re (w) is given

by
S, (H 7 ) X i?(ﬂﬂm (w)exp(—jwugq )dw. (2.45)
0

The PDF of ¥, is obtained as

|
fyeq (yeq ) - —)f#eq ('ueq)

. (1 . 1] (2.46)

Heg loge[H
yeq
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Solving Equation (2.46) leads to the closed-form expression for the end-to-end

received SNR as shown in Equation (2.47). S[- | - | ] in Equation (2.47) denotes

the BMGF.
1
Sy V)=
m(}/q) 7gq(1+7gq)
N+l (\/5)7(]7"%)(17”7%] 1 [JA_H) {%Aj
| ] - ] [logg[H—
= | T 7
o i
{o o] 0
s/ (b1 (_)i; ALY i
* [o 0] _[AJ [mgg[ni]}
o oy N\ P e (2.47)
. 1 O -

2.5.3 Algorithm to Obtain the Optimal Number of Relay Nodes
Input: Data rate R

Initialization: E; ;5 = 0 and Nypiimar = 1

I:for N = 1to Ny, do

2: forp=0to1do

3: For a given R, N, and p, compute E,.(R, N, p)
4: if (Er,max < E.(RN, p)) then
5: Er,max = Er(R'N' p)
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6: Noptimal =N

7: end if
8: end for
9: end for

10: return Noptimar

2.5.4 Results and Discussions
To validate the algorithm, we assume an isotropic scattering. The
simulation parameters are illustrated in Table 2.4.

Table 2.4 Simulation Parameters.

Parameter Value
UV wavelength 280 nm
Modulation bandwidth 20 MHz
Attenuation coefficient [34] 0.802 km™!
Visibility v 21 km
Scattering phase function g 1
T MTT
(@6, ro e, U } {@’5'3'1}
C2 5% 10714 m=2/3
Active detector area 1.77 cm?
Depolarization ratio p,, [19] 3.501 x 1072
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Modulatin index 0.5

Baseline distance d 2 km

For the given coding error exponent, we analyze the maximum optimal
number of hops that a multihop NLOS UV communication system can support
to achieve the desired data rate. As illustrated in Figure 2.16, an important
observation can be inferred that when a higher data rate is required, a multihop
system with small N is preferable. We like to point out that, for a given data rate,

there is an optimal number of relay nodes Noptimq that achieves optimal

performance in terms of random coding error exponent.

57



10

Nopﬁmal

——SNR=5dB
1H——SNR=10dB
——SNR=15dB

0 0.5

1

1.5

2.5

Information rate (bits/s/Hz)

Figure 2.17 Optimal number of relay nodes as a function of the data rate.
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3 Spectrum Sensing Techniques for Optical Scattering

Communication Networks

In an NLOS optical scattering communication network, the user (detector)
needs to periodically sense the available spectrum to avoid interference from
other potential active transceivers. If the user detects the signal impinging on its
FOV, it sends feedback to the transmit unit to acknowledge the establishment of
the communication link. The optical spectrum sensing enables the user to
periodically monitor the propagation channel and obtain access when it is
available.

Recently, few optical spectrum sensing techniques for UV
communications have been proposed. A technique based on the generalized
likelihood ratio test (GLRT) was reported [35]. Compared to the sum-counting
test, the GLRT based optical spectrum sensing technique was found to be
optimal. However, it comes with the drawback of having higher computational
complexity. A less complex spectrum sensing technique for optical scattering
communication was proposed based on the sequential detection method [36]. To
lower the computational complexity, a one-term approximation of the log-
likelihood ratio test was obtained. In another work, however, for non-scattered

LOS optical links, an optical spectrum sensing technique was presented [37]. It
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utilized the statistics of the photoelectron count of p-i-n photodiode to sense the
IM/DD optical signal over log-normal distributed atmospheric scintillations.
3.1 Optical Spectrum Sensing over FSO in Strong Turbulence Channel
We present a comprehensive analysis of energy detection-based optical
spectrum sensing over a strong turbulence channel [38]. Our technique does not
require any information of the optical signal to be detected and is shown to be
robust against the unknown dispersive channel. Moreover, we quantify the
performance improvement of the proposed energy detection-based spectrum

sensing with a low-complex square-law selection diversity technique.

3.1.1 System Model

Figure 3.1 illustrates the energy detection-based optical spectrum sensing
technique. The bandwidth of the filter is selected such that it matches the
frequency spread of the incoming signal power envelope. The square-law
selection diversity technique with M branches employed. In the proposed
technique, there is no necessity of optical channel tracking, as in the case with
the pre-detection spatial diversity techniques such as equal gain combining and

maximal ratio combining.
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Figure 3.1 Energy detection-based optical spectrum sensing over strong

turbulence channel.

We denote the presence and absence of the optical signal by hypotheses
H, and H,, respectively. Following this, the component of the electric current

generated at the output of the filter of the mth branch can be expressed as

: = - H
lo,m (t) ls,m (t) T ln,m (t)’ 1’ (3_1)
= in,m (t)’ HO

where m € {1,--, M}. i, ,,,(t) is the output current due to the noise component
and i, (t) represents the current due to the signal component and is modeled as
is;(t) = SP.(t)I,,,. S is the detector responsivity in A/W and I,,, denotes the

atmospheric scintillation at the mth branch. The noise is modeled as the shot
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noise with zero mean and variance o7 = E [i,zl,m (t)]. The average received SNR
at any mth branch can then be defined as [39]

SPE[I,]

yavg = s I’I’IE{I,"',M}, 3.2)

Gl’l

where E|[-] denotes the expectation operation.

In optical communication where the propagation distance spans a few
kilometers, the number of independent scattering becomes large and therefore,
yields strong atmospheric scintillations [40]. Under such conditions, the
fluctuations in the amplitude are generally believed and experimentally verified
to follow the Rayleigh distribution [41]. With amplitude fluctuations following
the Rayleigh distribution, the intensity fluctuations obey the negative
exponential distribution. Therefore, the PDF of I,,,Vm € {1,,M], can be

written as

1 /
I )=—— =338, ¥t 0 :
fi (L) E[Im]exp B[]/ [7,,]> (3.3)
3.1.2 Probability of False Alarm

The probability of a false alarm is defined as the probability of the

detector deciding that the optical band is occupied by another user when the band
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is actually unoccupied. The lesser P is, the more likely the optical channel can

be reused when it is unoccupied. Mathematically, we define P as
P =P (v, > vy |H,)

, (3.4)
=1 _Fv,,SLS (VI ‘Ho)

2, . : : .
where v; = %Zﬁ=1|v0,m (n)| is the test statistics for signal detection and i, £

Vom- Fp, 5.5 (Vrp) is the CDF of v; for square-law selection diversity technique.

The closed-form expression of Py is derived as

M
I i
A% v
P, =1-|1—exp| —— — | S . (3.5)
d 202 ;0]'! 20?2

3.1.3 Probability of Detection
It is defined as the probability of a detector, deciding that the optical
spectrum is not free (occupied by another transceiver pair) when the optical

spectrum is indeed not free. Mathematically, we define P; as
F :Pr("l >VTh‘HI)
=1 _Fv,,SLS (Vl ‘H1)

We derive the closed-form expression of P, as

(3.6)
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3.1.4 Results and Discussions

The optical spectrum sensing performance of the proposed system is

quantified by illustrating the receiver operating characteristic (ROC) curves
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(Pd versus Pf). aisequalto 2. 62 = 1 and N is equal to 500. Unless otherwise

stated, M is equal to 2.

The ROC curves obtained utilizing the proposed energy detection-based
optical spectrum technique are illustrated in Figure 3.2. The curves are plotted
for different SNR values over negative exponentially distributed turbulence-

induced fading.

1 T

0.9

0.8

0.7

i ™ -10 dB (simulated)

— = = -10 dB (theoretical) ||

0.2 ¢ ey P, -15 dB (simulated) |

——y = -15 dB (theoretical)

u. 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P

Figure 3.2 Py versus Pr curves for different SNR values.

The impact of the square-law selection diversity technique on the

performance of the energy detection-based optical spectrum sensing is illustrated
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in Figure 3.3. As can be readily seen, the sensing capability of the proposed
energy detection-based spectrum sensing technique can be boosted significantly

by utilizing the square-law selection diversity technique.
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Figure 3.3 Py versus Pr curves for different diversity orders over negative

exponentially distributed turbulence channel.

The probability of false alarm against the number of samples is depicted
in Figure 3.4. The curves are obtained with the target probability of detection is

set t0 0.9. As can be seen, for the given SNR and Py, Py can be significantly

reduced by increasing the number of samples.
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Figure 3.4 Probability of false alarm relative to the number of samples.

The importance of selecting an optimal value of detection threshold vy,
on minimizing the probability of false alarm is shown in Figure 3.5. From the
curves obtained, an important observation can be made that the detection
threshold must be set slightly larger than ;2 for the minimum probability of false

alarm.
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Figure 3.5 Impact of detection threshold on the probability of false alarm.

As a comparative analysis, the performance of the proposed energy
detection-based optical spectrum sensing, compared with the conventional
energy detection and the Eigen value-based spectrum sensing techniques, is

illustrated in Figure 3.6. The average SNR y,,,4 is set to 15 dB. With zero noise

uncertainty, the proposed technique with L = 2 outperforms the conventional
energy detection-based spectrum sensing over the entire ROC region. It is to be
noted that the conventional energy detection-based sensing involves measuring

the energy of the received signal over a given bandwidth and time duration. It
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consists of a square-law device followed by a summation block. For a target of
P; < 0.1, the proposed technique outperforms the conventional technique with
performance margin can be as high as 25 %. When compared with the Eigen
value-based technique, the proposed technique outperforms for Pr > 0.2,
whereas, when the target is Pr < 0.2, the Eigen value-based technique shows

better performance.

—=— CED based sensing
—#— Eigenvalue based sensing
—&— Proposed scheme

0.3

0.2 |

0.1 1 Il 1 1 1 1 1 1 1

Figure 3.6 Comparative analysis of the proposed energy detection-based

optical spectrum sensing with other techniques.
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3.2 Generic Blind Spectrum Sensing Technique for all Optical

Wavelength Multiuser Communications

Next, we present a novel blind optical spectrum sensing technique for all

optical-wavelength multiuser communications operating in the Gamma-Gamma

distributed atmospheric turbulence channel [42, 43]. The proposed scheme is

based on the estimation of the received SNR and the noise power. The estimation

is based on a statistical ratio of the received data when the optical channel

undergoes turbulence-induced fading. The proposed scheme is significantly

different from the conventional energy detection-based spectrum sensing

technique as illustrated in Table 3.1.

Table 3.1 Comparison of the proposed technique with the energy detection-

based spectrum sensing.

Proposed technique Energy detection based
Features based on a statistical spectrum sensing
ratio of the received
signal
Detection It is based on a statistical | The decision is made
mechanism ratio of the received signal. | based on the energy level
The decision is taken on | of the received signal.
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based on the estimates of

SNR and noise power.

Prior signal and

noise information

No prior knowledge of the

signal and noise is required.

Prior information on noise

power is required. Energy

The proposed scheme is | detection is not blind
blind. detection.
False alarm rate Low High
System model | Only squaring device. No | Squaring device and
blocks integrator (see Figure 3.7). | integrator (see Figure 3.7).
Reliability Reliable at low SNR values | Unreliable at low SNR

values

Sensing time

Less

Large sensing time to achieve a
good performance. (It & because
the energy detection technique
measures the energy associated
wih the received signal over

specified time duration.)
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Energy detection based technique:
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Squaring Device Integrator

Figure 3.7 Comparative analysis of the proposed technique with the energy

detection-based spectrum sensing.

3.2.1 System Model
The system model of the proposed blind spectrum sensing technique is
illustrated in Figure 3.8. d represents the baseline distance between the

transmitter and the receiver. Ry, and R,, are the two branches of the SSC

receiver. The comparator block compares the estimated SNR 7 with the
predefined threshold. If the estimated SNR falls below the switching threshold

Ysp» the SSC receiver is switched to another branch. To decide the availability

of the spectrum, the SNR is compared with the detection threshold .., -
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Figure 3.8 System model: Blind spectrum sensing

We denote the presence and absence of the optical signal by hypotheses

H; and H,, respectively. We model the received signal under different

hypotheses as

yi=SPI +mn;, H,
: (3.8)
=n, H,

where S is the responsivity, P, is the received power, and [;,i € {1,2} is the
irradiance at the ith branch. n; is the noise observed at the ith branch. n; is the

AWGN with zero mean and variance ¢;2. The second moment of /; is normalized

to unity, that is, E[I?] = 1.

3.2.2 Blind SNR Estimation

E [ yz] can be obtained as
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E[yﬂ:E[(SPan)z]

_ o2p2 2
=8P +o;

(3.9)

We first find the expected value of y. We average y over a random variable P,

then average over n conditioned on I, and finally averaged over .

1 1
E[y,|n,. 1] =~ EISR.RL +n ]+ Eln,]

—EISPRI,+1]

Averaging over the Gaussian noise n; conditioned on /;, we obtain

2

Ely|l =ll=—— 293 g

\/_ j SPPI+n)

2 2

1 TSPLBIie?”'Edn%rzW Jne 2 g

21/272'65 Lo

Ely |l =11=

(3.10)

(3.11)

(3.12)

The first term in Equation (3.12) can be solved by using the identity (Equation

3.323.2) [44]

§——38

exp(—p*x* qx)dr= exp[ q j{&j

A

It yields

2

_[SPPI 29 g _%.

24 / 272'6
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(3.13)
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The second term in Equation (3.12) is the expected value of the random variable

whose mean is zero. We define a variable f as

_ Ly (3.15)
(E[¥])

where

(3.16)
=S’P’ +o
E[y] in Equation (3.15) is obtained as
SP,P, | B,
E[yl=—2f— [ —+& 3], 3.17
5 F(a)l“(b)(a b j G17

where the variables a and b are the model parameters of Gamma-Gamma
distribution. Utilizing Equations (3.15), (3.16), and (3.17), the relation between

p and the estimated SNR is obtained as

(2 +1)[T(a)r(6)]

B= . (3.18)

(1 1 Y
2EL—+—d
)
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3.2.3 Estimate of the Noise Power

Under the hypothesis H,, the variable f will diverge to infinity.
However, in the proposed estimation algorithm, even if § tends towards infinity,
the value of o converges to a finite value. Following a series of Equations

(3.19), (3.20), (3.21), and (3.22), the noise power can be estimated as

o = lim E[y’] (3.19)
e (1 | jz 7
Bl —+-+1
%2_1 41
[T(a)r(b)]
RS E[y’] (3.20)

[T a)r(6)] -
o = Jim E[y"] 3.21)
[T(a)T(b)] i

o = EL] . (3.22)
{ma)r b)] +1}

Equation (3.22) yields
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(3.23)

3.2.4 Results and Discussions

To quantify the performance of the proposed technique, we obtain the
ROC curves under different conditions. The parameters used to obtain the
results are given in Table 3.2.

Table 3.2 Simulation parameters.

Parameters Values
i 5% 10-15 m™s
Noise threshold 6 7, 1
Switching threshold ys,., 4 dB
Detection threshold yy,,, 5dB

Figure 3.8 illustrates the relationship between the probability of false
alarm and the error in the noise power estimation. As can be seen, as the
absolute estimation error increases beyond 15%, the probability of false
alarm reaches 1. Therefore, an optimal noise threshold value is essential for

accurate spectrum sensing.
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Figure 3.9 Impact of the error in the noise power estimation on the probability

of false alarm.

3.3 Cooperative Spectrum Sensing for Optical Wireless Multi-Scattering
Communications over Malaga Fading

This work formulate a system model to imitate a realistic scenario [45].

We consider a more realistic channel by incorporating multiple scattering

trajectories for the photon migrating from the transmitter to the ith user. We

consider a multiple-scattering correlated fading channel to reflect a practical

scenario. The marginal distribution of the fading statistics with arbitrary
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correlation is derived. To this end, we propose a novel method based on the
Mellin transform to obtain the distribution of the received irradiance in a
multiple-scattering correlated fading channel. Considering a more realistic and
practical approach, we relax the restriction that the users know the pointing
direction and location of the transmitter. That is, we assume that all the users are
pointing in arbitrary random directions and are unaware of the transmitter’s
pointing direction and location.

In this section, we present two novel spectrum sensing techniques in an
optical scattering network with an arbitrary number of collaborative users. We
first analyze the centralized technique where all the raw data (in the form of
statistically dependent random variables) available at the collaborative users are
combined using AND rule for the detection of the spectrum. Next, we develop
the decentralized spectrum sensing where, instead of sending all the raw data
received at the secondary user, only one-bit information is required to be sent to

the fusion center to decide the presence of the spectrum.

3.3.1 System Model

In this subsection, we formulate a system model to represent a realistic
scenario. We consider an optical network as illustrated in Figure 3.9. As depicted,
N, randomly distributed secondary users are deployed in a region within the

coverage of the transmitter. We consider non-coplanar link geometry where the
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location and pointing direction of each user are selected randomly. The
information about the pointing direction and location of the transmitter is not
available to the users. Each user makes an independent attempt to sense the
transmitted signal by pointing arbitrarily in a random direction. The pointing
direction of each user is chosen randomly and is independent of the orientation
of other users. However, during a given sensing period, the orientation of each
user is fixed. Based on the random location and pointing direction, the sensing
capability of each user may vary. Each user experiences turbulence-induced
fading with arbitrary correlation, and therefore, the channel condition seen by
each user varies with correlated fading. Moreover, for a more accurate
estimation of the received power at the user end, we consider multiple scattering

channels.
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Figure 3.10 Cooperative optical spectrum sensing for non-coplanar NLOS UV
communications: Randomly distributed collaborative users with arbitrary

random locations and pointing directions.

The important features and the main ideas behind the formulation of the

proposed novel system model are summarized as follows.

1. Randomly Distributed Secondary Users.
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Random Pointing Direction of Individual Users. In the
proposed system, each user makes an independent attempt to
sense the transmitter by pointing arbitrarily in a random direction.
The pointing direction and location of each user are independent
of the pointing directions and locations of other users. Based on
the random location and pointing direction, the sensing capability
of each user may vary.

Correlated Turbulence Fading.

Cooperative Diversity. By leveraging the location flexibility of
randomly distributed secondary users, we utilize cooperative
diversity.

Non-Coplanar Link Geometry. As illustrated in Figure 3.10,
we consider a non-coplanar link geometry which arises from the
fact that the pointing directions of the transmitter and secondary
users are chosen randomly.

Multiple Scattering Channels. A transmission at ultraviolet
(UV) wavelength undergoes rich scattering and strong absorption
by atmospheric particulates. The single scattering assumption
does not always lead to an accurate link performance analysis,

especially as the communication range increases. When the
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particle density is large or the propagation distance is long, the
multiple scattering model provides a more accurate estimation of
the received power. The multi-scattered photon trajectory from
the transmitter to the receiver is illustrated in Figure 3.11.

Centralized and Decentralized Cooperative Sensing. We first
develop a novel centralized cooperative spectrum sensing where
all the raw data available at the secondary users are combined by
the dedicated link to the fusion center for signal detection. Next,
we present a novel decentralized cooperative spectrum sensing.
The decentralized-based technique overcomes the network
overhead problem of the centralized-based technique. In addition,
it is shown that the decentralized-based technique outperforms
the centralized-based spectrum sensing, particularly at low SNR

values.

3.3.2 Non-Coplanar NLOS UV Link Geometry

Figure 3.10 illustrates the non-coplanar link geometry. Assuming the

transmitter is located at the origin, we take the baseline distance from the

transmitter to the ith user as the positive Y axis denoted as Y; (i € {1, - -, Ny, }).

The positive Z axis points in the upward direction. Corresponding to Z and Y;

axes, the X; (i € {1,-- -, N,}) axis is defined according to the right-handed
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coordinate system. Z, and X, are the unit vectors perpendicular to the X;Y; —
and ZY; —planes, respectively. The pointing directions of the transmitter and the
receiver R, ;, corresponding to the ith user, are given by the pairs of angles
(tpt,ﬁt,i) and (1/;T, ﬁr,i), respectively. 1, is the inclination angle measured
between the positive Z axis and the transmit beam axis. f5,; represents the
azimuth angle measured between the positive X; axis and the projection of the
transmit axis onto the X;Y; — plane. Similarly, the orientation (1/;T, ﬁr,i) of the
ith user can be defined. ¢, and ¢, are the transmit beam width and the user’s
FOV, respectively. d;, 1 < i < N,,, denotes the baseline distance between the

transmitter and the ith receiver.
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Figure 3.11 Non-coplanar NLOS UV link geometry, illustrating the randomly

distributed collaborative users and the transmitter.

For any particular user (say, ith user), any of the following cases may occur
randomly:
Case I: Non-coplanar link geometry with arbitrary pointing directions. Both the

transmitter and the ith user are oriented in different directions.
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Bei *90°
{21t — Pri *90°

Case II: Non-coplanar link geometry with the receiver is pointing towards the

transmitter.

Bei *90°
{21t — Pri=90°

Case III: Non-coplanar link geometry with the transmitter is pointing towards

the ith receiver.

{ Bei =90°
21 — Br; # 90°

Case IV: Coplanar link geometry with both the transmitter and the ith receiver

are pointing towards each other.

{ Bti =90°
21 — Br; = 90°

3.3.3 Multi-Scattered Photon Trajectory

Figure 3.11 illustrates the photon migration from the transmitter to the
ith user after undergoing multiple scattering events. For the random path
between the transmitter and the ith user, let the initial direction of the transmitted
photon be defined by a pair of angles (90,1': (O,i), where 8y ;, 0 < 6y ; < m, is the

angle measured between the photon’s initial direction and the transmit beam axis,
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and {y;, {o; € [0, 2m), represents the angle measured between the orthogonal
projection of the emitted photon’s trajectory onto the plane perpendicular to the
transmit beam axis and a suitable reference in that plane. I;; represents the
marginal distribution of the correlated fading with an arbitrary correlation that a
photon experiences over the [th scattered path while migrating from the

transmitter to the ith user.

[th scattering event i

RN

02.1' \Mﬁ
—————— O
Q9 0o 4

31 Tn-1,i
I;; = Small scale and

large scale turbulence R |(th user
eddies .

Figure 3.12 UV photon falling into the FOV of the ith user after undergoing

nth order scattering.

The emitted UV ray is decomposed into a set of infinitesimal rays,
namely, flows of UV photons [46]. The interaction of the photons with the

atmosphere can be modeled as a combined function of absorption and scattering
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events. After each interaction between the emitted photon and a scattering center,
the photon’s trajectory is assumed to follow a law of single scattering until it
reaches the next scattering center where it is scattered again or falls into the
receiver FOV [47]. Let r;; denote the distance that a photon traverses between
the /th and (I + 1) th scattering events. The PDF of the distance 7;; =
0(lef0,..,n}, i €{1,..,N,}) before being scattered or absorbed, can be
modeled as

Iy, (i) =keexp(=k1i; ), (3.24)

where k, = kg + k, is the extinction coefficient. kg is the total scattering
coefficient defined as ky = kX + kM . kB denotes the Rayleigh scattering
coefficient, whereas k) is the Mie scattering coefficient. k, represents the

absorption coefficient.

The likelihood that the emitted UV photon undergoes n scattering events

before being detected by the receiver is obtained as

/b (Pn) -
f(go,wévo,i)(eo”"é/o”') H%fm (}?—U)f(elji,g’l’l.)(Hl,i’é/l,i) , (3.25)
=1 e

X exp (—kef”n,,- )PFOV (HR,i G R )
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where f( )(el,i’é/ l,i) represents the PDF of the scattering angles and

gl,iﬂgl,i

PFOV(HR,I"CJ/ R,i) is the probability of detecting a UV photon that falls onto

the receiver [48].

3.3.4 Distribution of Received Irradiance

Let I;; be the irradiance experienced by the UV photon on the [th
scattered path before falling onto the ith detector (user). The final received
irradiance at the detector of the ith user after experiencing n independent

scattering events is given by
n
IR,. = H La,,,. ]l,i
=0

n (o, i (a,, ! (3.26)
n 1()[_;[ 10 JJﬁ[u _ 10(_1_0[ 10 jjl(nﬂ)
1=0

1

where L, , represents the attenuation due to the turbulence-induced fading over

[th scattered path. Ii(n+1) = [Ii=oli- I 1 €1{0,--,n}, is normalized to unity
such that E [Il,i] =1V 1€ {0,,n}. We like to point out that in obtaining

Equation (3.26), we assume that the two successive scattering events, [th and

(I + 1)th, are independent [46, 49, 50]. Utilizing the fact that ;; = 0V [ € {0,
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,n}, we apply the Mellin transform to obtain the PDF of Ip,. The Mellin

transform of any function f,”(ll,i), I;; = 0, is defined as [51]

M[fz,J (]Z,i )§S} = sz,J. (]Z,i)lls,i_ldll,i
0

(3.27)
f,”(ll,i) is the marginal distribution of the irradiance at the Ith scattered path

with arbitrary correlation and is derived as

S, (1)

a+Q,+k
XN ﬂ(_l)kil p-1 Y A — ﬂazwpp ?
H%(k—l)'[k—J(y(yﬂm)J I Q”“”[(mm’)(aﬂ)J
JeE ey Y
_;(k—l)'(k—lj(y(wm’) “J
28(ar+1) J(Mgkj
O‘Z(Vﬂ"'Q,)Wi,i "

(3.28)
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where W denotes the inverse of the correlation matrix. 0 < w;; < 1 is the

correlation coefficient, with 1 < i,j < N,,. We derive the Mellin transform of

fi (2,.;) as

= Nl Nt W 241 -
R bl e
N, | B (_l)k—l ﬁ—l _o k—lr = ﬁazwp,p _OH'sz"'k
Subx i P T e
DP#I
P e J gy |5
(k- k-1 y(1B+Q) o’ (1B+Q)w,,
A los— a+0.+k
xF(a+Qi+s—1)F(k+s—1) ﬁa'wi’i ( ; ]
(7B +Q)(a +1)
(3.29)

3.3.5 Distribution of Photons Arrival Rate

The photons arrival rate corresponding to the ith user is given by /12 =

T]En,R 'IR . . . . .
#, where 1 represents the optical-to-electrical conversion efficiency and

En g, 1s the total received energy at the ith user after n scattering events. h
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denotes Planck’s constant and v is the center frequency of the transmitted UV
signal. Ip, is defined in Equation (3.26). Conditioned on Ej, g , the photon arrival
rate A% follows the distribution of I g; [52]. Following this, the PDF of AL can be

obtained as

; hv vl
Iy (/1; ) = f& — . (3.30)
0 nEn,& nEn,R

We define the average received SNR as the ratio of the square of the
expected mean of the signal component that corresponds to the transmitted

information to the total variance of the received signal [53]. It yields

(”En,&-E Iy ])2

2nE, » E[l& ]hv +ALh

Viave = (3.31)

3.3.6 Cooperative Spectrum Sensing with Centralized Technique

We develop the centralized spectrum sensing where all the raw data, that
is, the number of received photons (Nzﬁ, ;) received at collaborative secondary

users, are transferred to the fusion center to make the final decision. In this
technique, it is assumed that the decision-making capability is only available at

the fusion center. Therefore, in the centralized technique, the collaborative users
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periodically send the information about the number of received photons to the

fusion center that utilizes this information and decides the spectrum.
Let Nzi ; be the sum of N,, statistically dependent random variables N,

for 1 <i < N,, such that

NM .
Ny, =>.N, .. (3.32)
i=1

Utilizing the chain rule of the probability theory, the joint PMF of the received

photoelectrons can be expressed by

V2V RS 2% Y 2 |

PA1,~,A A, (]V1 P A NNu')
=B {A =N, BAAs = NEy A = W, )

p,J°

<B{As =N, |8 =N, A, =N |

XPV{ANu ‘A pJ’ oA :N;,j""’ANu _N;]avl}}
(3.33)
such that
> Z ZPAP,, (N;’j,...,N;’j . N;v]) 1. 3.34)
Nl t

The distribution of the number of detected photoelectrons at the fusion center,

contributed by the ith collaborative user, can be formulated as
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i p
Téﬂ{&i =&} P, {A,- =N, | =ek} fu (),
n
0 N‘f,’j
(S p fai=e, ) ;fb) exp[ (2, +4,) ], ()2
0 k=1 P

(3.35)
At the fusion center, the mean of the sum of the received UV photon counts is

then given by

<NS > :E[Nij]z

o Nll
i 1 i N, | N,
JZNPajPA1a"‘eAi“‘aANL, (Np,j’”'ﬂNp,j '”’Np,j)de,j de,j
0 i=1
(3.36)

Convolving Equation (3.35) for 1 < i < N, the distribution of Nzi j can readily

be evaluated as

PAAs =N} | =

7

. (3.37)
Pr{A1ZN;,j}*R,{Az=N127,j}*---*P,,{AN :N;]Xl}‘}

u

Utilizing Equations (3.36) and (3.37), the probability of detection and the

probability of false alarm can then be obtained as
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Plegs =P, {E (NS> NNy, \Hl}, (3.38)
and
PCss =P, {E[ij] > N, Ny, \HO}. (3.39)

The decision rule at the fusion center can then be formulated as

) Ao =1
P{A. =N . |A.=1
r{ s =N, A } e (3.40)
PAAg=N; [Ac =0} <
Ao =0

Remark 3.1: As can be seen from Equation (3.35), the distribution of the number
of photoelectrons detected Né, j contributed by the ith user is characterized by

the mixed Poisson distribution. However, the distribution of the total number of

received photons contributed by all the collaborative users at the fusion center

NM
S _ i . ] AT
N b= E N Iy does not necessarily obey the Poisson distribution, as can
i=1

be readily seen in Equation (3.37).

3.3.7 Results and Discussions
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Algorithm 3.1 Procedure to Capture the Turbulence Effect in Multi-Scattered

UV Channel and to Estimate the Total Received Energy of the Received

Input:

Input:

Photon after Undergoing n Scattering Events.

¢t' ¢T' l/)t' l/)r' Nu

Turbulence and scattering model parameters:

Yro 9m fuo @, B, by, p, W

Input:

1.

2.

10.

Transmitter coordinates: (X,Y,Z) = (0,0, 0)
Compute 4, and a;

Randomly generate N,, uniformly distributed users > To get
randomly distributed collaborative users pointing in arbitrary
random directions over the domain, generate N, pairs of

independent random variables (di, Bti» ﬁr,i) for1 <i<N,, as
follows:

d; is uniformly distributed in the interval [5,50]

P ; is uniform in the interval [0, %]

Pri is uniformly distributed between the interval [— 2?", - g]

fori =1toN, do

Randomly define the initial trajectory of the emitted photons
(Qo,i' (o,i), such as:

0,; is distributed in the interval [0, ]
{o,; is distributed in the interval [0, 27]

for! =1ton do
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Capture the Effect of Multiple Scattering =

Randomly generate a variable r;; with PDF given by
Equation (3.24)

For each scattering center generate a new trajectory
defined by (9“, fz,i), such as:

0,; is distributed in the interval [0, 7] with joint
PDF given by (6)

{; is distributed in the interval [0, 2rr] with joint
PDF given by (6)

Record all the scattered paths from the sampled
beam

Capture the Effect of Turbulence >

Compute: Attenuation due to atmospheric turbulence
L“l,i

Randomly generate a variable [;; following the
distribution given by Equation (3.28)

Obtain the Mellin transform of f,”(l l,i) using Equation
(3.29)

Compute: Proy (HR,i, ¢ R,i) using (7)

Compute: The distribution of the received irradiance
fir;(Ir,:) using (31)

Compute: P,; such that the intensity of the received
irradiance should obey the PDF in (31)

Compute: E,, g,

97



The probability of detection relative to the target probability of false
alarm is depicted in Figure 3.12. For comparative analysis, we plot both
centralized and decentralized cooperative spectrum sensing. The number of
collaborative users N,, is set to 20. For brevity, the fading is assumed to be
uncorrelated. At a low background radiation rate, that is, 1, = 1 X 10* per
second, the decentralized technique outperforms the centralized-based
cooperative spectrum sensing by 5.81% when the probability of false alarm is
set to 0.5. However, when the background radiation increases by 5 times, the
performance gap increases to 42% for the same target probability of false alarm.
This performance behavior is due to the fact that in a centralized-based

cooperative spectrum sensing, the fusion center makes a binary decision based
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on the possibly less accurate and statistically dependent raw data received from

the cooperative users.

o
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Figure 3.13 ROC curves illustrating the centralized and decentralized

cooperative spectrum sensing.

The impact of the number of collaborative users participating in the
spectrum sensing is illustrated in Figure 3.12. We consider correlated fading
with the correlation coefficient set to 0.2. From the results, we like to point out

that utilizing the raw data from the collaborative users does not always result in
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optimum performance when the received signal is weak. For instance, at N, =
10, from the context of the probability of detection, the difference between the
two proposed techniques increases from 0.02 to 0.15, when the average
received SNR decreases from 15 dB to 0 dB. Another important observation can
be inferred that at low SNR values, the performance gap between the centralized
and dencentralized based spectrum sensing techniques increases with the

number of collaborative users.

1 [ I 1 1 1 1 1 L] - ___g__._ﬁ
= S S
Yoy = 15 dB @’j,ﬁ;g:&‘fﬁ* e
0.9r- ﬁ/ﬂ""ﬂ*.ﬁ$ eﬁﬁ;—__*a—'*- =
* < Of g<
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0.5r jf iﬁ/% ﬁf _’*_.--*' +
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0.3 e o 3 ’ o~
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Figure 3.14 Average probability of detection against the number of

collaborative users.
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Figure 3.14 shows the average error rate P,,..,,- relative to the number of
collaborative users N,, for the two proposed techniques. The fading is assumed
to be correlated with fading coefficient set to 0.2. Similar to the results obtained
in Figure 3.13, an important observation can be inferred that as the received SNR
reduces, the difference between the error rates obtained in the two techniques
increases. It is also interesting to note that, at higher SNR values, for instance

Yavg = 15 dB, the difference between error rates shrinks, irrespective of the

number of collaborative users.
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Figure 3.15 Average error rate analysis in centralized and decentralized based

optical spectrum sensing.

3.4 Artificial Bee Colony Based Heuristic Algorithm for Optical
Spectrum Sensing
The major shortcomings in optical spectrum sensing are the uncertainty
in the noise power and correlated optical signal. These shortcomings can
potentially lead to a performance impairment in signal detection. Therefore, the

motivation of this work is to develop an optical detection technique that is
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optimal in the sense of the detection threshold and is also robust against the
performance impairment in the multiuser correlated optical turbulence fading
channel. To this end, we develop an artificial bee colony (ABC) based optimal
spectrum sensing technique using an eigenvalue based detection (EVD) for
multiuser OWC systems. However, it should be noted that the conventional EVD
[54] is not directly applicable to the present optical channel; therefore, a
modified EVD is developed for the present study. The EVD can mitigate these
shortcomings, but it has a limitation on determining an optimal threshold value.
To overcome the limitations of the EVD, we develop a novel ABC-based
optimization framework using the EVD in the optical wireless channel. ABC is
a heuristic optimization algorithm inspired by the intelligent behavior of
foraging honeybees. It exhibits good exploration capability and easy

implementation.

3.4.1 System Model and Methodology

The ABC algorithm is a swarm intelligence optimization algorithm. It
simulates the intelligent behavior of foraging honeybees. Inspired by this, the
ABC algorithm gets the optimal solution by searching the neighborhood of the
present solution in the search process. The advantages include good exploration

capability and easy implementation.
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It uses a colony of artificial honeybees. The honeybees in the colony are
grouped into three types: employed, onlooker, and scout honeybees. The aim of
bees in the ABC algorithm is to find the best optimal solution. Each employed
honeybee is connected with a food source, that is, the effective number of food
sources is equal to the employed honeybees. The first half of the colony consists
of the employed honeybees. The second half of the colony includes onlooker
honeybees. Analogously, in the context of the optimization problem, the position
of a food source denotes a promising solution to the optimization problem. The
number of employed honeybees is equivalent to the number of solutions. The
amount of nectar present in each food source is equivalent to the fitness of the
corresponding solution, that is, the quality of the particular solution.

In the ABC, the task of the employed honeybees is to perform global
searching and to find new food sources (a possible solution to the optimization
problem). The information of the nectar (quality of the particular solution)
present in the food source is then passed onto the onlooker honeybees. The
onlooker honeybees select one employed honeybee using a roulette wheel
selection process and perform a local search for a new food source in the vicinity
of the chosen one. If the quality of the food source is not improved after a given

number of'trials, then that food source (solution) will be abandoned and the scout
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honeybee will randomly generate a new food source, thereby avoiding the local
optima.

The proposed system model is illustrated in Figure 3.16.

Turbulence
Chanﬂnel
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Figure 3.16 Methodology: ABC-based optical spectrum sensing.

The optimization problem can be formulated as

minimize: Q.,ie {1,---,Np}
: , _ (3.26)
subject to: P =P qandl; <L <L

where (); is the objective function defined as Q; = Py rarget — Pai- Pararget 18

the target probability of detection. Py ; is the probability of detection at the ith
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solution and N, represents the total number of possible solutions. In this
optimization problem, the probability of false alarm Py is the equality constraint
and the smoothing factor L; is the inequality constraint. The fitness value of the

possible solution to the quantization problem is formulated as

1, Q>0
fi= 1+Q, (3.27)

1+abs(€), Q<0

where abs(-) denotes the absolute value. A higher fitness value represents a
minimum objective function value and the better possible solution to the
optimization problem.

Algorithm 3.2 simulates the behavior of honeybees foraging for food
sources with the maximum nectar amount. A food source foraged by honeybees

represents a possible solution to the optimization problem.

Algorithm 3.2 Optimization of the detection threshold using ABC.

Input: Upper bound L, Lower bound L ;,,

Initialization: Stagnation limit K

1. Randomly generate N, number of initial solutions L; given by

2. fori=1todi0
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Li = Lmin + rand(O, 1)(Lmax - Lmin)

. end for

Initialization: Employed honeybee trial counter, T(L;) = 0
. Evaluate: Objective function values for the initial solutions
The employed honeybees phase:

. fori=1todi0

10.

11.

12.

13.

14.

15.

Choose an index j such that j € {1, 2,---,Np} and j # i
Generate new solutions (food source positions) V; in the
neighborhood of L; through V; = L; + l/)i(Li - Lj)
Apply the greedy selection process between L; and V; and
save the better one
if Q(V;) < Q(L;) then

Li —V,and T(L;) «<— O
else

T(L) «—T(L)+1
end if

Calculate: The fitness function f; for each solution:

1
f= 1+Q,”
1+abs(Q,), Q<0

0,>0
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16.

17.

18.

19.

20.

21.

22.

23.

24.

Compute: The probability values p; of choosing the

i

N,

N/

i=1

solution using p, =

The onlooker honeybees phase:
Produce the new optimal solutions V; depending on p;
and evaluate f(V;)
Run the greedy selection process for the onlooker
honeybees
if Q(V;) < Q(L;) then
Ly —V,and T(L;) < O
else
T(L;)) «—T()+1

end if

The scout honeybees phase:
if T(L;) > K then
Identify the abandoned solution for the scout
honeybees and replace it with new randomly
produced solutions L; using
L; = Lypin + rand(0,1)(Lmax — Lmin)
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26. else

27. Record the best optimal solution
28. end if

29.  end for

30.  return Ly,

Algorithm 3.3 depicts the ABC-based optical spectrum sensing using
EVD.

Algorithm 3.3 ABC-based optical spectrum sensing.

Given: Target probability of detection Py 74y get

Input: Number of samples N

Input: Number of iterations I,

Input: Probability of false alarm P¢
Initialization: L
Initialziation: Counter C = 0

1. fori=1tol,, do

2. Generate the Hankel matrix Q of order (Ng — L + 1) X L
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10.

11.

12.

13.

14.

15.

Compute: A,,,x and A,,;, through SVD of Q
Compute: Ay,

Generate the test statistics for the optical signal detection:

T — Amax

Amin
if (T > Agy,) then
C=C+1
end if

end for

Compute: P; =

max

Compute: Py orror = Parotar — Pa

Call: Algorithm 3.2 for optimization of the smoothing factor L
Initialization: Employed honeybee trial counter, T(L;) = 0
Update L: L = Lop;

Go to step 1

return P,
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3.4.2 Flowchart: ABC-based Threshold Optimization
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Figure 3.17 Flowchart depicting the steps for threshold optimization in ABC-

based optical spectrum sensing.

3.4.3 Results and Discussions

The comparative ROC analysis of the proposed ABC-based optical
spectrum sensing is presented in Figure 3.18. The colony size is set to 50. The
number of samples Nj is set to 7000 and the correlation coefficient is set to p =
0.4. This performance improvement in the proposed ABC-EVD based technique
against the EVD based spectrum sensing can be attributed to the fact that the
EVD based spectrum sensing has no optimal L value. It can also be observed

that the improvement is salient, particularly in a region of low SNR.
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Figure 3.18 Comparative ROC analysis of the proposed ABC-EVD optical
spectrum sensing.
Figure 3.19 shows the comparison of the proposed ABC-EVD with the
EVD and ED-based optical spectrum sensing in terms of the noise uncertainty
6. The number of samples N is set to 7000. In the present simulations, we
consider different levels of noise uncertainty. The results demonstrate that the
proposed framework can work at any noise uncertainty level and can perform

spectrum sensing better than all other techniques considered.
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Figure 3.19 Performance comparison of the proposed ABC-EVD spectrum
sensing with the EVD and ED-based spectrum
sensing.

Taking into consideration different atmospheric turbulence strengths, i.e.,

2 2 2
C2=84%x10"5m™3, C2=17X10"“m™s, and C2=50x10"*m™s

for weak, moderate, and strong turbulence fadings, respectively, Figure 3.20
depicts the performance of the proposed technique. The number of samples N
is set to 7000. It can be observed that the turbulence strength affects the system's
reliability.
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Figure 3.20 Probability of detection against the average received SNR for a

different level of correlations.
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4 Artificial Neural Network Assisted Optical Scattering

Communications

Artificial neural network (ANN) and artificial intelligence (Al) are
immense engineering disciplines that enable finding solutions to problems by
imitating complex processes and systems as learning and decision-making with
self rectification. In the recent past, there has been increasing research interest
in exploiting Al and ANN tools in finding the solutions to the problems
encountered in RF-based wireless communications. Recent examples of utilizing
Al or ANN tools to RF communication systems include ANN-assisted automatic
modulation classifications, tracking of the carrier phase, channel estimation, and
mitigation of the nonlinearity. By utilizing support vector machine and ANN, an
RF channel estimation technique based on one-bit relay clustering was reported
[55]. A real-time deep-learning-based data detection technique was presented
[56]. It avoids the requirement of the channel state information.

Recently, a deep learning framework for OWC was presented [57]. In
this work, to overcome the channel impairments, a convolutional autoencoder
structure, based on unsupervised learning, was proposed for image sensor
communication systems. The transmitter section was constructed with spatially
separated LED arrays, and the receiver unit was implemented with an optical

image sensor. In another recent work with a similar approach, an autoencoder
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with an unsupervised deep learning technique was proposed for a VLC link [58].
It was demonstrated that the transmission error was significantly reduced.

4.1 ANN Assisted Signal Classification Algorithm

4.1.1 Parameters Estimation for Log-normal Distributed Turbulence
Channel
The marginal PDF of the received irradiance over log-normal

distributed turbulence channel can be expressed as

T I:log(IR ) + Hyros :|2

f]R (]R ) = EXp \/F] >
NLOS "R

where gfvws:1,23cjk7/6(dt‘v”6+dV‘r‘/") and uy.os denotes the shape

(4.1)

parameters of the log-normal distribution. Utilizing Equation (4.1), the PDF of

the average signal count y can be derived as

exps —

(y)= : (4.2)
f (y) V 272’-65103.);

An important observation is inferred from Equation (4.2) that the PDF of the

received count is also obeyed log-normal distribution. It yields
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HRPT,
Y U log— normal(,uNLOS —log(h—;ssj,ai,ws} (4.3)

The kth moment of the received signal can then be written as
— ko _ I:[R})YTYS 2 Gjlox

Successively solving for k = 1 and k = 2, the estimates of GZM and Uyros,

——

defined as Iy o5 and 07, 5, respectively, are obtained as

, )
N

(Z yj] HRPT.s
j=1

lanlos - log I s (45)
3/2
N [0
j=1
and
B 7
u 2
6. =log| —L (4.6)

4.1.2 Parameters Estimation for Gamma-Gamma Distributed Turbulence
Channel
The Gamma-Gamma distributed optical turbulence channel is based on

the modulation process where the fluctuations in the irradiance are derived from
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the product of the large-scale and small-scale irradiance fluctuations, with each
obeys the Gamma distribution. The Gamma-Gamma distributed turbulence
model is valid across all turbulence regimes, that is, from weak-to-mid-to-strong
turbulence regimes. The marginal PDF of the received irradiance over a single-

scattered NLOS UV link is obtained as

ag+Pr ]

(0,5, )ty

1 Lr)=

O P RTATXCAIR (A
by -

><[](e 2 ]Gg,f aRﬁRIR a, +ﬁR _aR_ﬁR

b/

2 2 (4.7)
where ay and S, are the model parameters for the path from the transmitter to
the common volume and the parameters ay and f; correspond to the path from
the common volume to the receiver. These model parameters are directly related

to the underlying optical channel conditions and are given by

=1

0.495§(V)
Ay =| XP 1oys \1/6 =1
(1+1.1157)
(4.8)
and
-1
0.515;
_ ()
ﬁR(V)— eXp 125 \3/6 -1
(1+0.6953)
, (4.9)
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where 87,y = 1.23Ck"/° di:(fv) represents the log-irradiance variance.

Following Equation (4.7), the distribution of the received signal count
can be derived as

ag+Pr

fM)—[L](ZJ (e )

ARPT s T'(c, )T(B, )T (0 )T(By)

(Lgﬁje_l] 2.0 hfaRﬂR

X G —~—  Vla,—-B o.— B
y 0,2 F[RRTYSy R R , R R
. (4'10)

Using the definition of the &th moment,

m =E[ 3" | =Ty"fy(y)aiv

: 4.11)

we derive the closed-form expression for my, as follows

. :(aVﬂV)F(K+aR)F(K+ﬂR)(RHPSTSsjk[ 1 j
©T(a)T(B)(a)D(B) U ) b))

Utilizing Equation (4.12), we form a nonlinear quadratic equation set with roots

ar and S as follows
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11 (RHP?Tst
_+_:CR _—
Br

Oy hf
1 (RHPYTYSJ
= dR —_—
Oty B hf

) (4.13)
where cp and dy are estimated from the samples of the noisy signal received at
the detector

: i
ST ey

Gy = 4
) k(k=1) . (4.14)
and
zykﬂ
N
oDy A (k- 1)
Zy]
J =
i K-5) (4.15)

Solving Equations (4.13), (4.14), and (4.15), the estimates of the model

parameters ap and f are obtained as

ap =

i_l\/cR_ 4nf

2
2R 2\ d &’HRPTS “.16)

and
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A =1 4h
p =% X i

= LI I, R S—
2# 2\d: d.HRPT;s
where H is the estimated DC channel gain.

4.1.3 System Model

The system model is illustrated in Figure 4.1.

: (4.17)

2n(m—-1)
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Figure 4.1 System model.

The artificial neural networks (ANNs) consist of

Estimated Receiver
Bits

neurons, which sum up

incoming signals and apply an activation function, and connections, to amplify

or inhibit passing signals. We use the nonlinear activation function, that is, the
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hyperbolic tangent, to design an ANN-based noisy BPSK subcarrier intensity

modulated signal estimator.

4.1.4 Results and Analysis

Figure 4.2 depicts the impact of turbulence strength on the classification
performance of the proposed ANN-based algorithm. For analysis, we consider
400 noisy data samples transmitted over the Gamma-Gamma distributed
turbulence-induced fading. For brevity, we set {ay,,By} = {ag, Br}. The
transmit power budget is set to 1 mW. The green color circles signify the correct
or true data classification. The symbol X denotes the incorrect classification. It
is interesting to note that, under weak and moderate turbulence fading, the
correct classification is as high as 98%; however, as the turbulence strength
increases, an error floor is formed with a true classification percentage reducing
to 97%. This can be attributed to the fact that in the BPSK subcarrier intensity
modulated system, there is an unavoidable synchronization problem, particularly

in the presence of strong turbulence fading.
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Figure 4.2 Classification of the noisy BPSK subcarrier intensity modulated
received signal over Gamma-Gamma distributed turbulence channels.
Figure 4.3 illustrates the performance of the estimation algorithm for the
model parameter of the log-normal fading over the NLOS UV link. As a
representative of a typical optical wireless propagation over free-space, we
consider the effect of the inner scale L, set equal to 0.5R, where Ry denotes the
scale size of the Fresnel zone. The curves demonstrate an excellent estimation

performance.
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(b) MSE relative to the training size.
Figure 4.3 Estimation of the parameter of the log-normal distributed turbulence

fading.
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In Figure 4.4, we investigate the estimation performance of the proposed
algorithm for Gamma-Gamma distributed fading over the NLOS UV link. For
completeness, we consider all turbulence regimes. For brevity, we set L, =
0.5Rr. The Roytov variance is set to 0.1, 2, and 25, corresponding to the weak,
moderate, and strong atmospheric scintillation, respectively. As illustrated in the
results, the model parameters @z and By estimated by utilizing the proposed
algorithm provide good estimates over a wide range of turbulence fading.
However, from Figure 4.4(d), it can be seen that under strong fading conditions,

the MSE can be as large as 1.5 for a sample size less than 50.
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(d) MSE as a function of the training size.
Figure 4.4 Estimation of the model parameters of the Gamma-Gamma

distributed turbulence fading
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5 Indoor Optical Communications

5.1 Introduction and Motivation

As a new short-range indoor communication system, a UV-C-based
communication system offers several important advantages over VLC and IR.
VLC and IR are located near to each other in wavelength, thus exhibiting
qualitatively similar behavior. Indoor VLC systems are built based on existing
or desired lighting systems; therefore, illumination is an essential function for
VLC. For atypical office room, the illumination level should be around 400 lux
[59]. Therefore, non-flickering and dimming controllable systems are required.
For VLC, the transmitted optical power is equal to the illumination level. Thus,
the attempt of achieving a high signal power to interference plus noise ratio
(SINR) is an important design criterion, as opposed to the low transmit power
required in UV-based indoor systems. Besides, VLC based communication
systems have the disadvantage of requiring high-power LEDs to meet the
illumination requirement. On the contrary, as there is no requirement to provide
illumination in UV-based indoor communication systems, a low-power UV LED
can be used as the transmitter. Therefore, it makes the UV-based indoor system

more power-efficient, when compared with VLC.

In many infrared-based indoor communication systems, there exist

intense ambient infrared noise sources, which include IR from sunlight,
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incandescent light source, and fluorescent light source. These are the primary
sources of ambient noise at the infrared receiver. Like VLC, infrared systems
also require relatively high transmit power. For a power-efficient system, a low
power operation is another important factor in indoor communications. Optical
power utilized to transmit the information bit decides the efficiency of the optical
transmitter. Since the UV-C region is solar blind, the background noise is
virtually zero [60], when compared with VLC and IR. Therefore, for UV-C-
based indoor communication systems where the internal receiver noise is very
low and the photon-counting receiver can be employed, the transmit power or
the source power can be minimized for the target data rate [6]. Moreover, it is
generally described that IR supports a lower data rate and a lower range of

communication.

Motivated by the unique advantages of the UV-based communication
systems, the primary purpose of this chapter is to present first of its kind UV-
based indoor optical communication systems. First, we present the channel
modeling for state-of-the-art UV-based indoor communication. In addition, the
time delay statistics of indoor Poisson channels are also presented. Next, we
present novel multiuser indoor communication over a power-constrained
Poisson channel. We develop a minimum mean square error (MMSE) receiver

to reject the interference caused by multiple users. Moreover, a solution to the
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downlink beamforming optimization problem is presented based on the second-
order cone programming. A more detailed treatment on UV-based indoor

Poisson channel can be found in the related literature [59, 61, 62].

A few potential advantages of the proposed UV-based indoor optical
communication system over VLC and IR-based systems are listed in Table 5.1.
Table 5.1 Potential Advantages of the Proposed UV-based Indoor Optical

Communication Systems over VLC and IR-based Indoor Systems.

uv VLC RF
[llumination Not required a! 3 gt Not required
requirement
Non-flickering .
e . An essential .
and dimming Not required . Not required
requirement
control systems
Background Virtually zero ¢ )
noise [60] High High
Transnyt power L thgh bgcauge of Moderate
requirement illumination
Can support a bacllj 1f(l)lund bacllj 1f(l)lund
high data rate 10 10
: noise is a noise is a
for the given limiting factor limiting factor
Data rate transmit power £ £

because of low
background
noise

in achieving a
high data rate
for the given

transmit power

in achieving a
high data rate
for the given

transmit power
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5.2 UV Safety Exposure Limit for Indoor Communications

The intensity of the radiations from the UV source is measured in the unit
of milliwatts per square centimeter (mW/cm?) or in the unit of millijoules per
square centimeter (m]/cm?). The level of UV radiation a human can receive on
their eyes and skin for a given time duration varies with the wavelength of the

UV radiation.

The International Commission on Non-lonizing Radiation Protection [9]
and the International Electrotechnical Commission [10] govern UV radiation
exposure power limits. In the UV-C band, the allowable continuous exposure
limits at 200 nm, 270 nm, and 280 nm are 100, 3, and 3.4 m] per cm? for an
eight-hour exposure, respectively. Therefore, the minimum allowable
continuous exposure occurs at 270 nm. In addition, as reported in [5, 11], for
continuous UV exposure, the maximum allowable UV power limit is 0.1
pW per cm?, and for the UV exposure less than 7 hours, it is 0.5 uW per cm?.
As defined by this standard, exposure below these limits is considered to be safe
for humans. These are important safety considerations that a UV-based

communication system design should follow.
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5.3 Signal Model

Various possible UV link geometries are shown in Figures 5.1 and 5.2.
We denote the length, breadth, and height of the room as L, B, and H respectively.
As the receiver, we employ a photon-counting receiver. 6 represents the
scattering angle. d is the baseline distance between the transmitter and the
photon-counting receiver for the NLOS scattered link geometry. In order to
satisfy the UV exposure limits, the transmitted signal is considered to be weak.
Therefore, unlike the conventional outdoor UV link where there is no transmit
power limitation, the week indoor UV signal cannot be detected or observed by
the conventional continuous waveform detector, such as an avalanche

photodiode. Instead, a photon-counting receiver must be employed.
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e o e e S )

Figure 5.1 NLOS UV link geometry that corresponds to the received signal

characterized by a single-scattering event.
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L

Figure 5.2 UV link geometry that corresponds to the LOS link and diffused
component.

To obey the UV safety exposure limits and to maintain the UV radiation
under allowable exposure limits, we consider a low-power transmit regime. We
impose strict average and peak power constraints on the total transmit power
budget.

Constraint 1: The average power constraint:

E[Pt] < Pt,avg ’ (51)
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where E[-] represents the expectation operation.

Constraint 2: The peak power constraint:

Py < Pimax » (5.2)
where P, ., represents the maximum allowable transmit power.
Equations (5.1) and (5.2) are sufficient and necessary conditions to ensure that

the UV radiation follows the allowable safety exposure limits. It yields

P.(E[P]>P,. )=0, and
rob( [ ] 8 g) ’ (53)
P

rob

(R>P,.)=0

t

where P, (+) denotes the probability.

In order to characterize the proposed system model, we utilize the
channel model developed in [59] to predict the received signal at the
photodetector. We consider an on-off keying (OOK) modulation scheme. Let
x(t) denote the OOK modulated transmit symbol. The received signal can then

be modeled as [36]

ROENIZ ZL:hix(t—iﬂ_)+w(t) , (5.4)
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where T denotes the symbol duration and w(t) represents the background
radiation intensity. The energy of the received signal component within the

symbol duration is given by

2

hx(t—iT,)| dr . (5.5)

s| L
i=0

T,
E =F]
0

At the output of the photon-counting receiver, the received optical signal is
represented by a number of photons. A practical model for the number of
received photons, denoted as N,,, in a low-power regime of the optical

communication, is the discrete-time Poisson distribution and is modeled as [34,

37]

(As + ﬁ‘b )j e’(lﬁrl};)
j!

P, (N, =Jjl4,)= ,j €05, (5.6)

where A denotes the photon arrival rate for the signal component and is given
by the ratio 5—5, where E,, represents the energy per photon determined by the
14

wavelength of the UV laser employed. 4, is the background radiation photon

count rate [36].

Analogous to Constraints defined in Equations (5.1) and (5.2), it can readily

be shown that
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_ /1 r’qei)t,ang(O)

ElA <A = , 5.7
[A]S A e R he (5.7)
and
An P H(O
/lv S /lv max = r’qe o ( ) ’ (58)
S R hc

where 14, is the quantum efficiency of the photon-counting receiver, h is the
Plank's constant, and ¢ represents the speed of light. 1 is the UV wavelength and

R}, denotes the bit rate.

5.3.1 Necessary Conditions for the IM/DD OOK Modulated Signal
In this section, we derive the necessary condition for the IM/DD
modulated scheme to satisfy Constraints 1 and 2. Consider a unipolar OOK

modulation, the distribution of A5 can be written as

A =

)

{0; with probability (p) (5.9)

Y; with probability (1- p)’

S

where Y = 5— > 0 and p € (0,1). The parameters Y and p must be chosen
P

such that the Constraints defined in Equation (5.1) and (5.2) should be satisfied.

We consider a background radiation photon count rate proportional to A 4,4,
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such that for any constant A > 0, 1, = A A;49. With Y € (0, A5 a0y ] and p set

ls,u.vg

tol— v the distribution in Equation (5.3) satisfies Constraints 1 and 2.

5.3.2 Signal-to-Noise Ratio in Poisson Channel

In characterizing the indoor UV channel as a discrete-time Poisson
channel, we define the signal-to-noise ratio (SNR) as the ratio of the square of
the expected mean of the count parameter due to the information-bearing signal

to the total variance of the received signal [38, 39] as

SRLi i (5.10)

e 2E[A]+42,

which can readily be obtained as

An TP H*(0
% — r]qe S l,an ( ) i (5'11)
2he(P,, H (0)+2P,)

t,avg

5.3.3 Derivation of BER Satisfying the Constraints
Assuming the OOK modulation with threshold-based direct detection,

the bit error rate is given by [40, 41]

122 (1 + A 7 ~(A+2) 1 < (4 =2
Pf;z( s b).'e +5 Z %, (5.12)
Jj=0 J: J=Agy+1 J:
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where A, denotes the optimal threshold value given by

Ay, = _ A (5.13)

ln(l + ;t?]
- ﬂ‘b -

Considering the Constraints 1 and 2 on the transmit power, the lower bound on

the bit error rate for equally likely OOK transmission can be represented as

Equation (5.14).

li ( T ) <2 + A)j e_}“m"g(Z*'A) C (Aﬂ«s,avg )j €_A‘Y'ang
OOK 2 5 a T : '
(5.14)
According to the threshold-based direct detection, the receiver makes the

decision for the transmitted bit by comparing the measured number of the

received photons N, with the threshold A7, according to the rule:

I, when N > A
xn—{ v (5.15)

|0, when N, <4’

Ny, denotes the number of photons counted within the detection space; hence, it
is an integer. Using Equation (5.15), the decoding bit probability of error can be

formulated as
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P, = pProb| N, > A, |x, =0]+(1- p)Prob| N, < A, [x, =0]  (5.16)

where p, as defined in (27), is a priori probability of transmitting symbol zero.
Utilizing the Poisson count probability expression obtained in (24) into (29), it

yields

j
eZPZ—e " (517

P < (ﬂ“s—i_ﬂ“b) —(/%Mb)_'_(l_p) i 2y ~
=0 J! =gy +1 J!

As can be seen, the error probability depends on the choice of the threshold Ary,.

The optimum value of the detection threshold for minimum P, can be obtained

dPe

by utilizing = (. Differentiating Equation (5.17) with respect to Ay, and

Th

applying the rule for differentiating summations [24]

S =rte). 19

the general expression for the optimum value of the detection threshold with the

probability p for symbol zero is derived as
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A, —log, (1 P j
- p
/lTh =

A b
| 1+—=
on 147 |

where |-] represents the greatest integer floor function.

(5.19)

It should be noted that for an equally likely OOK transmission, i.e., for p = 0.5,
the expressions obtained in Equations (5.17) and (5.19) will reduce to the
expressions obtained in [36, 37].
5.3.4 BER Performance Enhancement

Because of the transmit power constraints imposed, the power-efficient
pulse-position modulation (PPM) scheme seems to be a more attractive option
than OOK modulation for UV-based indoor communications. The average

number of the information-bearing photons incident on the detector per second

for one PPM symbol is given by [41]

4 An,PH(0)log, M |
’ R,hc

(5.20)

Let x; denote the ith information-bearing binary input to the discrete-time
Poisson channel, corresponding to the ith slot of the PPM symbol. x; equal to 1
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represents the transmission of a PPM pulse in the ith slot and x; equal to 0
represents no pulse. Let y; denote the corresponding output, that is, the number
of photons received in the ith slot. The average number of information-bearing
photons per PPM symbol, N, is equal to MT;A,, where Ty denotes the duration
of each slot in a PPM symbol. Similarly, the average number of noise photons
per PPM symbol, N, can be obtained as MTsA,. For the power constraint to be
satisfied, we must have

N < ﬂ‘nqept,ang(O)MT; logZ M 5
£ R he

(5.21)

We consider a conditionally independent discrete-time Poisson channel with the

joint probability of the number of received photons over slots i and k given by
Funtan (o Ve o) = Fy, () S, (ele) (5.22)

where fy;x,(¥i|x;) denotes the conditional density function of the number of

received photons y;, given the binary input x; over the ith slot. Following the

discrete-time Poisson channel, fy;x,(y;|x;) can then be formulated as

N/
foe (3= Jx =0) ==, (5.23)



and

N +N,)Y .
&X,(yi=j|xi=1)=¥e(1vs M) (5.24)

Using Equations (5.23) and (5.24), and applying the maximum-
likelihood symbol decision with the power constraint, the lower bound on the bit

error rate can readily be obtained as given in Equation (5.25) [45]

n M M
0 N n Nm n—1 Nm e—Nl\.
P ooy 21— 1+—= be™ | — b 5.25
e A T R

5.3.5 Link Gain Analysis

In this subsection, we investigate the link gain ratio to show the
dominance of the directed LOS UV path and the diffused path over the NLOS
single-scattered UV link. The transmitted optical power is primarily split into
two components. The first component is the directed LOS component, which
reaches the detector without reflection and is characterized by the channel
impulse response h(® (t). The second component reaches the detector after one
or multiple bounces or reflections and is characterized by h®(t). For the
considered link geometry, the transmitted signal reaches the photon-counting
receiver after scattering and is characterized by the DC link gain Hg.,.(0). We
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denote the link gain ratio I' as the ratio of the power received over two

geometries. Mathematically, it can be expressed as

LOS Diffused
})r +R, iffuse

PScattered
”

1O (£)dt + T fh“‘)(z)dz

HScat ( O)

(5.26)

In Equation (5.26), P95 and P?7/***? denote the received power from the

directed LOS UV link and the UV link from the diffused reflection, respectively.

PSCattered
r

is the power of the optical signal that reaches the photon-counting

receiver after undergoing a single-scattering event. Generally, the directed LOS

UV link is always the strongest; therefore, ' > 1. To estimate

consider the first K bounces only.

5.3.6 Results and Discussions

The simulation parameters are illustrated in Table 5.1.

Table 5.2 Simulation parameters.

Dif fused
P. I we

b

Parameter

Value
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UV wavelength

280 nm

Room dimensions (L X B X H)

S5mX 5mX 5m

Modulation bandwidth 20 MHz
Area of the PMT 25x 107* cm”2
Responsivity of the PMT 0.6 A/W
Reflection coefficient 0.7

In Figure 5.3, we investigate the link gain ratio as a function of the
maximum reflection order K. It determines the strength of the directed LOS UV
link plus diffused UV link over the NLOS scattered UV link. K = 0 corresponds
to a scenario where only directed LOS path exists. It is important to note that as
the reflection order K increaes, the more reflected paths reach the PMT and

therefore tend to increase the received power from the reflected components

significantly.
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Figure 5.3 Link gain ratio against the maximum reflection order.

The magnitude and the impulse responses of different types of link are

shown in Figures 5.4(a) and 5.4(b), respectively. As can be seen, the LOS
component carries a significant strength, when compared to the diffused
component and the NLOS single-scattered component. Another important
observation can be inferred that the diffused component and the NLOS single-
scattered component have a significant impact only at low frequencies. The high-

frequency response is mainly characterized by the directed LOS component.
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Moreover, as depicted, the first peak UV signal arrives from the direct
LOS component. It is important to note that the diffused link with K = 2 reaches
much earlier than the NLOS single-scattered component. The continuous
distribution of the path delays leads to a decrease in the UV channel magnitude
response at higher frequencies. From the results, it should be noted that, however,
for all the possible components, the impulse response contains significant power

for as long as 40 ns, after its first nonzero excursion.

5
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Figure 5.4(a) Magnitude response of the indoor UV channel for different

propagation paths.
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Figure 5.4(b) Impulse response for indoor UV channel for different

propagation paths.

Figure 5.4 Magnitude and impulse responses for indoor UV channels for

different propagation paths.

In Table 5.2, we list the time dispersion parameters and the received

power for possible different types of components.
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Table 5.2 Time Dispersion Analysis for Different UV Propagation Paths.

Time dispersion Directed LOS | Diffused link NLOS single-

parameters (ns) link scattered link
RMS delay spread 0.43 0.72 1.24

(Trms) (ns)
Mean excess delay 9.23 17.81 19.1
(07) (ns)
Received power (nW) 69.26 9.426 5.972
(P = 1 mW)

The time dispersion parameters including the RMS delay spread and the
mean excess delay for different UV propagation paths measured with the
truncation length T, calculated by T, = fOTT h(t)dt = 0.97 fooo h(t)dt, are
listed in Table 5.2. It is shown that the directed LOS UV link whose impulse
response is primarily dominated by a short initial pulse, results in the smallest
delay spread. The diffused link results in the delay spread that is marginally
larger than that of the directed LOS link, due to the finite temporal spread of the
dominant reflection from the wall. The RMS delay spread and the mean excess
delay of the NLOS single-scattered UV path are larger, when compared with the

directed LOS and the diffused component. This can be inferred to the fact that
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the UV signal following the NLOS scattered path travels a longer path to reach
the photon-counting detector and therefore 7., and o, increase. Moreover, an
important observation is made that the directed LOS path carries 88.02 percent
of the total received optical power from the directed LOS and the diffused
components, whereas the power carried by the scattered component is 12 times

weaker than that of the directed LOS link.

5.4 State-of-the-art Multiuser Indoor Communication over Power-
Constrained Poisson Channel

This section presents novel UV-based multiuser indoor optical
communication over the power-constrained Poisson channel. We develop the
system model where the received signal at any user is characterized by a photon-
counting receiver. The detector is characterized by MMSE to cancel the
interference caused by multiple users. To keep the total transmit power to a
minimum and under the allowable UV exposure limits, we develop the convex
optimization problem for downlink beamforming using second-order cone
programming. In addition, we develop the composite hypothesis based on the
maximum likelihood sequence detection (MLSD) with unknown channel state
information (CSI). With strict power constraints imposed, the lower bound on

the UV channel capacity is obtained. Importantly, we realize the proposed
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system experimentally. The impact of the control parameter (average-to-peak

power ratio) on the BER is experimentally studied.

5.4.1 System Model
The block diagram of the proposed multiuser communication system is
illustrated in Figure 5.5. The ith LED sends a linear combination of the data for

J number of users as

s, (1) = Zj:(i bc,[k]g(t—kT, )j (5.27)

where b; is the data corresponding to the jth user. ¢; represents the optical
orthogonal code of length K corresponding to the jth user. T, is the chip duration,
whereas g (t) represents the rectangular pulse shape.
The signal received at the jth user can be expressed as
I
3, (z(z (kT )D ), G
i=l

where h;; is the channel impulse response from the ith transmitter to the jth user.

n;(t) is the shot noise due to background illumination.
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5.4.2 Receiver Characterization

In this section, we present an MMSE filter represented by w; =
[Wj[l],Wj[Z],"',Wj [K ]] The mean-squared error e; corresponding to the jth

J

user is defined as
2
&)= Evn| (v,-5,) | (5.29)
Solving for % = 0, the coefficient of the MMSE filter are obtained as shown
J

in Equation (5.30).

_(E[np} ]+ E[bn] ]+ 2C"H]E[b.b, |+ 2C"H]E[bn] |+ 2E[n]b |H/C)
" (CTH]E[b"b [H,C + 571

, (5.30)
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Figure 5.5 UV-based multiuser indoor communication over power-constrained

Poisson channel.

5.4.3 Low-power Transmission Regime

The input-output relationship for the jth user can be formulated as

Z (1) = Y{Zh(Z(K be, [k]w, [k]D+ gwj [K]n, [k]}, J=ld,

1

(5.31)
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where Y () represents the non-linear transformation operation that converts the
light intensity to the doubly-stochastic Poisson process and records the number
of photon’s arrivals and the corresponding time intervals. For the given time
interval 7, the probability of arriving N,, number of photons at the detector of the

jth user is given by

e ‘0.
Pu(Z(t+7)=Z,(0)=N,) =——*. (532)
X

where ©; represents the total count rate at the receiver and is given by

©,=0,+0,,

J(Zh( (Zb]cj[k]w (K] (e T ]}*g%[k]ni(z—kn)}dt'

i=1 = =1

(5.33)

0

;s and 0, represent the photon count rate due to the signal and noise

component, respectively.

5.4.4 Second-Order Cone Programming for Convex Optimization for
Downlink Beamforming
To minimize the total transmit power while simultaneously satisfying
Constraints 1 and 2, we construct a downlink beamforming problem expressed

as
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minimize | (Zjl[i”bﬁ [+ ]Hzn

j=1 \_k=1

(3o i)

subject 2 Y wgns VJ

15[ St ka1 |+ S e,

(5.34)
where Y gy4,rn denotes the SINR threshold for the jth receiver. From Equation

(5.34), it can be readily verified that the beamforming problem is not convex.

We can now reformulate the problem as

X;=b'CC'D, (5.35)
where }gdenotes the positive semidefinite matrix. The optimization problem

defined in Equation (5.34) requires the optimal solution }gto be rank-1.

The optimization problem can be then redefined as
minimize A

T

J

subject to WV, (5.36)

n

J
ZHbTCH <A
j=1

157



where B = [bT C, b’ CJ , . The positive semidefinite matrix }g relaxes the

Ix.

rank-1 constraint. The problem represented by Equation (5.36) is also guaranteed
to have at least one optimal solution with rank one. It is to be noted that the
problem defined in Equation (5.36) is constructed using a convex optimization
problem with second-order cone programming as follows

(1+ 1 J\Hbecfz

}/avg,Th

2

HbeB

o

n

Y (5.37)

Taking the square root of Equation (5.37) yields a convex second-order cone
constraint with the downlink beamforming optimization problem as defined in

Equation (5.36).

5.4.5 Detection Techniques: Decision Rule with Perfect CSI
Provided the doubly-stochastic Poisson process, the detection rule for

the jth user with perfect CSI can be formulated as

Pmb(Zj(t"’T)_Zj (t):Np‘bj :1)
Py(Z,(t+7)=2,(t)=N,[b,=0)

J

>1
: (5.38)
<1

Utilizing Equations (5.31), (5.32), and (5.38), the detection rule can readily be

obtained as
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5.4.6 Detection Techniques: MLSD

Next, we develop MLSD of N consecutive transmitted sequence

N
bj = {bj [n]} e Based on the Poisson channel defined by Equation (5.31), the
detection rule can be written as [63]
Fl}l {b [n] 1} = argmaXH mb( (t+7) ‘b [1] ) (5.40)

Utilizing Equations (5.31), (5.32), and (5.40), the MLSD-based detection rule

can be obtained as
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,I(Z’:h] (Z’:(ibjcj [k]w, [k]g(t- kTL,)DJdt

ELJJ - {b j[”]nN:l} = arg max AN j:lH—Tk:l »
| [ w, [k, (e~ kT, )
[ [EA[$[Soetmincsn o
xe ¢ \i=1 j=1\k=1
(5.41)

where N, € {0,1,---, N} in Equation (5.41) denotes the number of ones in the

hypothesis vector and R,,,, is expressed as

n;eB,,
R,, is the sum of the effective doubly-stochastic Poisson count variables. It
accounts for the indices of the ones in the hypothesis vector. B, is a size-N,,

set of on-indices given by

B, 0{n e{1,2,..N}:b[n]=1} (5.43)

5.4.7 Experimental Setup

In this subsection, we illustrate the experimental setup of the proposed
multiuser system. The experimental setup is shown in Figure 5.6. The scenario
illustrated in Figure 5.6 considers three users. The transmitter section consists of

a UVTOP280 UV LED with a nominal center wavelength of 280 nm. The peak
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transmits power is limited to 7 dB. The minimum pulse width is set to 20 ns.

The receiver section is composed of the PMT R7154.
>Nl UV LED
‘ / driver
Transmitter

n
module

Oscilloscope

E ) 3 Transmitted
Received signal
waveforms

|
UV lens l
and filter -

= 1 ' .~"'(~ -

r &;‘ ' DemOdulator ]
User 1 -t

Receiver > UseNt

module * User 3

Figure 5.6 Experimental setup of the proposed indoor multiuser system.

Figure 5.7 shows the transmitted and received waveforms.
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Figure 5.7 Transmitted and received waveforms.

The experimentally measured BER performance against the peak
transmit power is depicted in Figure 5.8. The BER curves are obtained for
different values of the control parameter &, that is, the average-to-peak power
ratio. The number of users is set to three. As illustrated, the experimental results
are in good agreement with the simulation results. The marginal difference

between the performance obtained through the experiment and the simulation is

because it is difficult to model the real noise in the simulation.
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Figure 5.8 Experimentally measured BER against the peak transmit power.
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6 Orbital Angular Momentum Assisted Optical

Communications
In the recent past, the potential of the orbital angular momentum (OAM)
has been explored to increase the data rate and to support multiple users.

Different OAM states act as a new orthogoanl dimension and form a basis for an

interference-free multiuser access technology.

Figure 6.1 An OAM carrying optical beam with helical wavefront.
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As a method to improvise the reliability of the UV communication
system, we develop an OAM-based UV communication system. Our work
presents a significant increase in the UV channel capacity. It is demonstrated
that the proposed OAM-based UV communication outperforms the conventional
IM/DD-based UV systems.

6.1 Signal Model

The cylindrical link geometry of the OAM-assisted UV communication
system is illustrated in Figure 6.2. The cylindrical coordinate system (r, ¢,Z) is

utilized for the system analysis where we assume the reference plane is the
Cartesian xy-plane with equation - = 0. » is the radius and ¢ is the azimuth

angle between the reference direction on the chosen plane and the line from the

origin to the projection of the receiver R on the plane. - is the axial distance
between the transmitter and the receiver. The transmitter 7, is located at the
coordinate (0, 0, 0). d represents the link distance between 1. and R located

at the coordinates (I”, ¢,Z).
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Figure 6.2 OAM-assisted UV communication link geometry in cylindrical

coordinates.
The electric field of a Laguerre-Gaussian beam propagating along z-

direction can be expressed in cylindrical coordinates as
E=U(r.¢,2)a
(6.1)

where « is a constant unit vector and the term U(r,4,z) 1is given by
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e 1%
} , (6.2)

xexp[ |l| l(p exp( —jlp)exp(—jkz)

X exp exp {

where the variables p and /represent the radial and azimuthal mode numbers,
respectively. For a fixed p , the OAM states of Laguerre-Gaussian beam are

mutually orthogonal, as shown below:
(Ul (l", ¢7 Z)’Um (I", ¢7 Z))
0 [0 (.. 20U, (. 2yrdrdg (6.3)

0, Vm #1
j U, (r,,2)| rdrdg, m=1

where the operator (.,.) denotes the scalar product and * denotes the complex

conjugate. As shown in Equation (6.3), therefore, different OAM states for fixed
radial mode numbers p are mutually orthogonal and can be used as basis
functions for OAM modulation.

In addition, each OAM beam is spatially orthogonal to all other OAM
beams with different OAM states when they propagate along the same axis
through a single pair of apertures. Also, a pure OAM-mode is characterized by

an integer and different OAM-modes are orthogonal with each other. When the
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OAM-mode is a non-integer, the phase term eXp( ]l¢) can be expressed by the

sum of the Fourier series of orthogonal O AM-modes.

We model the channel impulse as

A 2nd .
h, =ﬂ;%eXP(JTJCXP(ﬂ¢) , (6.4)

with ﬂ;deﬁnes the channel gain coefficient and denotes the attenuation during

the propagation of an OAM-carrying Laguerre-Gaussian UV beam. It is modeled

as

A0.0) (6.5)

Bl =G,

where the terms G and G, represent the power attenuation due to the

atmospheric absorption and scattering, respectively. Aj) (b,0)is the amplitude

function of the Laguerre-Gaussian beam.
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Figure 6.3 Normalized intensity distributions of various modes of the

Laguerre-Gaussian beam.

It is important to note that, since the time scales of these fading processes

(=107 — 10 seconds ) are far larger than the transmitted bit interval (3 — 5 nano-
seconds) , h; can therefore be considered constant over a larger amount of

transmitted bits. As a result, an optical channel is often termed a slow-fading flat
channel and can be considered fixed over a block of bits. In addition, in a slow-
fading flat optical channel, the amplitude and the phase change imposed by the

channel can be considered constant over the period of use; hence, it can be
written as hj, (n)= hj, . In addition, the delay spread in a UV channel is negligible

as described in the literature [29]. For UV channels, the reported delay spreads

169



are on the order of one hundred nanoseconds and can thus be assumed negligible.

Therefore, the optical channel is safe to be assumed as the flat channel.

6.2 Transmitter and Receiver Design

Next, we provide the schematic of the transmitter and the receiver

sections.

6.2.1 Transmitter Section

UV beam
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(Rectangular
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Data
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Figure 6.4 Transmitter Section
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6.2.2 Receiver Section
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Figure 6.5 Transmitter Section

6.2.3 Detection of Total OAM

Equation (6.6) is derived from Maxwell’s theory of electromagnetic
radiation and is an important formula as it is a basis to understand the atomic
physics related to the angular momentum. The angular momentum density
associated with the transverse electromagnetic field of a Laguerre-Gaussian

beam is given by [64]
M =g, rx(ExBj (6.6)
Method I:
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Using Equation (6.6), the total angular momentum (consisting of the
OAM and the spin angular momentum) of the Laguerre-Gaussian beam can then

readily be obtained as
j=EOJ:x(Exl§jdr, 6.7)
where
J=1+S, (6.8)

with L and E representing the OAM and the spin angular momentum,
respectively. Solving Equation (6.7), the magnitudes of the spin angular

momentum and OAM are then obtained as [64]

1 - -
S=——|EXAdV |, 6.9
47zc-|. (69

1 —
L 3G E V |dVA dV 6.10
4ﬂc'[[k=)cz,y,z k[rx j ; ( )

Equation (6.10) provides the exact number of the OAM mode. The amplitude of

a Laguerre-Gaussian mode has an azimuthal angular dependence of exp(—ji¢),

where / represents the topological charge, i.e., the OAM mode number. These

modes are the eigenmodes of the angular momentum operator and carry an
orbital angular momentum / 7 per photon [65], where 7Zis equal to %, and h is

Planck’s constant.
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Method II:
Alternatively, the OAM from Equation (6.6) can also be determined

using the steps provided in [66] and [67]. Using Equation (6.6), the time average

of the real part of ¢, Ex B , which is the linear momentum density, is given by
Eol e 2 s & [y . 2"
S| E'xB+ExB :]w?(U VU -UVU")+wke,|U] z, 6.11)

where U (r,4, z) is defined as

e b j (55
p[ <>Je"p ’_[ <>} T

xexp[—j(|l| +2p+1)q) ]exp jl¢)exp(—jkz)

As defined in the manuscript, lN is the Laguerre polynomial associated with the

orbital angular momentum index /.
Now, considering lﬂ , the orbital angular momentum of a Laguerre-

Gaussian beam can be measured by first converting or decomposing a Laguerre-

Gaussian mode into the Hermite-Gaussian modes as follows:
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n+m

> @i ROV, (DH, ()

k=0
(_l)m m!(x_i_jy)n*m L’;:m (x2 +y2)’n >m > (6.13)
— 2n+m %

(-1)" nl(x+jp)" " L (x2 +y2),m >n
where H, (x) and H, ( y) are the Hermite polynomials associated with TEMumgq
modes. f,fnfk’m*)(o) is defined as

-1)" g* Wi
R (R

(6.14)

t=0
Now, as shown in [68], connecting the Hermite polynomials to their 45°

transformed value:

S @ B R OH, ,, 0, (7)=(2) " H, [’“g me (’Cg j (6.15)

It may be seen that the summation in Equation (6.15) is the same as that

in Equation (6.13). £ is an integer associated with the Hermite polynomial in the
y-direction, H, ( y) . From Equation (6.15), we can show that

5 — +

Ry Lo

H,(x)H,(y)-H,(x)H (y)-2H,(x) H,(»). (6.16)

2H, (x)H, (y)+H, (x) H,(y)~H, (x) H, (»)

—

Similarly from Equation (6.13), we obtain
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321«3-/¢Ll (r2) =
Hy (x)H, (y)+ jH, (x)H, (»)+2H, (x) H,(y) . (6.17)
+/2H, (x) Hy (y)+ H, (x) H,(y)+ jH, (x) Hs ()

From Equations (6.16) and (6.17), it can be easily verified that a Hermite-

Gaussian mode with spatial dependence H, (x) H, ( y) gives the information of

the Laguerre-Gaussian mode defined by L’p (rz) as in this example,

L’p (rz):le (rz).
More specifically, for L™ (rz), n > m, we may identify (n—m) as the orbital

angular momentum of the photon in units of 7.
6.3 Results and Discussions

The average error rate of the proposed OAM-carrying Laguerre-
Gaussian beam is illustrated in Figure 6.6. The radial index p is set to one. For
the proof of concept, the performance is compared with the conventional UV
link utilizing OOK modulation. As expected, the performance is found to be a
function of the radial distance z. An important observation can be inferred that
the proposed OAM assisted UV link outperforms the conventional UV link
equipped with OOK modulation. This can be attributed to the fact the
propagation mechanism of the Laguerre-Gaussian beam is significantly different
from the conventional beam. The energy of the OAM-carrying Laguerre-
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Gaussian beam is focused within a circular region surrounding the beam axis. It
yields different propagation gains within the circle and outside the circle region.
This phenomenon provides superiority in the performance of the UV link with

the OAM-carrying Laguerre-Gaussian beam over the conventional UV link.

1uﬂ ] 1 Ll I ] T
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&
[:+] 3
o 104': f
S
I
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<
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[ — % — Conventional UV link: OOK
—+— 0AM-based UV link: | =5
—&— 0AM-based UV link: | =10
10.11} 1 L I I I I
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Axial distance (2} {m)

Figure 6.6 Average error rate as a function of the axial distance z.

The average symbol error rate performance as a function of the
topological charge [ and the radial index p is depicted in Figure 6.6. Two

important observations can be made. First, keeping the radial index p value
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constant, while increasing the topological charge [ value, the average error rate
decreases. The justification for this behavior is provided below.

The radii of the outer ring of the OAM-carrying Laguerre-Gaussian beam
are proportional to v/I. The OAM-carrying Laguerre-Gaussian beam has a ring-
shaped intensity profile. Because the outermost ring of the beam is relatively
wide, a considerable amount of total beam energy is allocated to the outermost
ring. For instance, for the Laguerre-Gaussian beam with [ = 5 and p = 1, the
outermost ring accounts for 44.4% of the total beam energy, whereas the
intensity at the center is approximately zero [69]. Therefore, with [, the size of
the outermost ring increases with lower destructive interference. It results in
higher received energy over a given distance for a fixed p.

The second important observation made is that with fixed topological
charge [, the average symbol error rate increases with the radial index p. This
behavior is because the spot size decreases in the focal region as the radial index
p value increases. The decrease in the spot size is due to the destructive
interference produced by the longitudinal electric field components of the inner
rings to the outermost rings. For instance, in an OAM-carrying Laguerre-
Gaussian beam with p = 2, the focal spot size is effectively reduced because of
the existence of 180° phase shift between the inner and the outer ring. Therefore,

as the degree of radial polarization increases, the number of rings of OAM-
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carrying beam increases and the destructive interference increases, thereby

leading to a reduction in the focal spot size, and hence higher error rate.
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Figure 6.7 Average error rate as a function of the OAM modes [ for the given

radial index p.
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7 Optical Scattering Based Intervehicular Communications

Given unique propagation features of radiation in the Ultraviolet-C (UV-
C) band that ranges from 200 to 280 nanometers, ultraviolet communications
become increasingly popular. This chapter presents a novel self-organizing non-
line-of-sight (NLOS) ultraviolet (UV) based intervehicular communication
(IVC). In contrast to conventional IVCs based on radio frequency (RF), infrared
(IR), and visible light, the UV based IVC bypasses the need for expensive
infrastructure,  supports  non-line-of-sight (NLOS) vehicle-to-vehicle
communications over a long distance, and can also be implemented using simple
networking protocols with less stringent pointing, acquisition, and tracking
(PAT) requirements. Furthermore, the UV-IVC system is compact and requires
low primary power for operation. Experiments for proof-of-principle purposes
were conducted with two vehicles in both stationary and time-varying UV
channels. It is demonstrated that the proposed UV-IVC is capable of providing
low-cost, low-power, and NLOS capable intervehicular communications with
acceptable performance.

Bluetooth radio technology was also adopted in intervehicular and road-
to-vehicle communications in traffic jam conditions in the context of the
intelligent transport system (ITS) [70]. The most critical drawback in adopting

Bluetooth for IVC is that it imposes a piconet structure that is difficult to
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maintain in a dynamic IVC. Furthermore, new vehicle nodes joining existing
piconets would encounter significant delays [71]. IR laser was utilized in IVC as
an intervehicular networking method for bidirectional information exchange by
applying a spread spectrum [72]. This laser-based IVC was dedicated to
determining the exact location of the vehicles and the distance between them.
Apparently, this IVC is vulnerable to any blockage in the link, due to the
directionality of the laser beam. Visible light communication (VLC) was also
applied for IVC, based on the controller area network [73]. Unfortunately, this
IVC is limited to line-of-sight (LOS) transmission only for a distance of up to
20 m. In addition, outdoor visible light-based IVCs would suffer from sunlight
noise that causes photodetector saturation problems. The outdoor solar
background or fluorescent noise may significantly limit the performance of IR
and visible light receivers [74]. A comparison of existing IVC network access

technologies are listed in Table 7.1 [75].

Table 5.2 Comparison of IVC network access technology.

Access Type | Bluetooth | Infrared VLC 802.11p

Data

180



Association

Featuxes
(IrDA)
Frequency 2.4 GHz 850-900 nm | 400-780 5.8-59
Band/Wavelength | ISM band nm GHz
Data rate 1 Mbps 4-16 Mbps 400 Mbps | 54 Mbps
Range 100 m 2m 100 m 1 km
License Free Free Free Licensed
Cost Low Low Low High
Mobility Very low | No Low High
Weather condition | Robust Less Sensitive | Robust
sensitive
Ambient light Not Less Very Not
interference affected sensitive sensitive affected
LOS required No Yes Yes No

7.1 System Overview and Experimental Setup

The pictorial representation of the UV-based IVC communication is
illustrated in Figure 7.1. In regard to geometry parameters, Sz (transmit off-axis
angle) is defined as the angle between the baseline distance and the projection

of the transmit beam axis on the horizontal plane (ground plane). Similarly, Sz
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(receiver off-axis angle) represents the angle between the baseline distance and
the projection of the receiver FOV on the horizontal plane. If the transmitter and
the receiver are moving in the same lane, then f7: and fr. will be equal to zero,
resulting in the coplanar geometry. If any of the angles fr: and Sk, is non-zero,
the link geometry will be non-coplanar. The non-coplanar link geometry
generally occurs when the transmitter and the receiver are moving in a different
lane. As described previously, the common volume formed from this geometry
in space plays an important role in UVC, contributing to the strength of the
received signal. The common volume is determined by parameters including the
baseline distance d between the transmitter and the receiver, the off-axis angles
prc and fry, the transmitter beam angle @, the receiver FOV @4, and the
transmitter and receiver focal (or apex) angles W, and ¥, . In addition to this
common volume, the received signal is influenced by the photon density incident

on the volume and characteristics of scattering particles within the volume.
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Figure 7.1 Optical scattering based NLOS IVC communications.

The system model is depicted in Figure 7.2. The transmitter employs a
waveform generator feeding binary sequences to current driver circuitry that
powers the UV LED. The binary data is used to modulate the intensity of the
optical carrier, i.e. a continuous wave UV LED. At the receiver, the incoming
UV radiation is passed through an OBPF and is then converted into an electrical
signal by the direct detection photodiode. The OBPF is used to limit the amount

of background radiation noise. The PMT is employed at the receiver. The PMT
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output current is directed to the low noise amplifier followed by a photon counter

unit.
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/i distance (d)

LED driver | ¥ Optical

::: bandpass
PBrx # 0: non-coplanar geometry filter
tical B, # 0: non-coplanar geometry
m((:gulator Brx = Bgy = 0: coplanar geometry Demodulator
; Recovered

Binary data
L data

Transmitter Receiver

Figure 7.2 System model.

The proposed UV-IVC can be implemented with a low-power
miniaturized transceiver. To validate the potential of the UV-IVC, we performed
experiments with the following transceiver. For the transmitter, a 280 nm UV
LED array was deployed with 1.5 mW average output optical power with a
forward current of 20 mA and @, equal to 114°. The transmitting pulse width
was set to 10 ps, ensuring that sufficient photons were emitted from the LED
with a duty cycle of approximately 20 percent. In the receiver, a PMT was
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deployed along with the silicon carbide (SiC) based UV photodiode with a FOV
(Pg,) of 100° for 60 percent of the normalized signal output. It is responsive to
wavelengths from 221 nm to 358 nm with a wavelength of maximum spectral
responsivity equal to 280 nm with a responsivity of 0.13 AW and dark current
of 1.7 fA at a reverse voltage of 1 V. For the correct reading of the photodiode,
a trans-impedance amplifier was employed at the receiver. The apex angle of
both the transmitter and the receiver was set to 45°.
7.2 Experimental Conditions and Environment

The following measurements were carried out across three different sites.
Sites A and B are the open field campus areas and Site C is outside the campus
on an urban highway. On Site A, the two test vehicles drove on the same lane
and therefore can be thought of as a coplanar link. On Site B, the two test
vehicles drove on different lanes forming a non-coplanar geometry. The mid-
points of the two lanes are separated by 16 m. Figure 5 displays a snapshot of
the streets inside and outside the campus. The channel measurements were
conducted during the daytime from 10 a.m. to 4 p.m., November 5 through 23.
The outdoor temperature was ranged from 8.8 degrees Centigrade to 17.2
degrees Centigrade and the wind speed measured during the experiment periods

was 5.1 m/s to 5.36 m/s. The average relative humidity was measured at 57%.

185



Unless otherwise stated, during the measurement, the vehicles maintained an

average constant speed of 40 km/h.
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Figure 7.3 Site locations for experimental verification.

7.3 Received Power Profile
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The received power measurement relative to the distance is illustrated in
Figure 7.4. The random variation in the received power represents multiple

unresolvable components by a single process.
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Figure 7.4 Measurement of the received power as a function of baseline
distance at different sites.
The PDFs of the fading statistics measured at different sites are
illustrated in Figure 7.5. The estimation of the fading statistics can be well fitted
by an appropriate distribution model. We applied a test with a 95% confidence

interval to ensure that an appropriate fit is obtained. The sliding window size is
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set to 10A. The standard deviation values of the fading are obtained by averaging

repeated measurements.
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(a) Fading statistics at Site A.
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(b) Fading statistics at Site B.
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(c) Fading statistics at Site C.
Figure 7.5 Channel characteristic measurements at different sites.
To analyze the large-scale fading statistics, we first average the received
optical power for each time instant, such that
[T L2 5
B()=7— 2 |H[/]

1
T;zvg t'=t-T,,/2 (1.1)

Subsequently, we further average over the small-scale fading by using a moving

window spanning Tg,,4. The choice of Ty, is such that the small-scale fading is
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averaged out. Finally, we obtain the large-scale fading LSr|,45 as the variation

of

)

where E.{-} represents the sample mean over the time axis. The Rayleigh

FLarge-scale (t’ f)‘dB - P” dB _E’ {P”

: (7.2)

distribution has been empirically confirmed for fitting the amplitude distribution

of shadow fading.

Table 7.2 Measurement of the Path Loss Exponent.

Site Path Loss Exponent
A 1.9
B 2.1
C 2.2

7.4 Baseband Representation of the UV-based IVC Channel
The channel impulse response model and the baseband representation of
the non-stationary uncorrelated scattering channel for ultraviolet-based

vehicular communication are illustrated in Figures 7.6 and 7.7, respectively.
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Figure 7.6 Channel impulse response model for UV-based IVC.
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Figure 7.7 Baseband representation of the non-stationary uncorrelated

K

scattering channel IVC communication.

To investigate the signal dispersion further and to gain more insight, we
develop an algorithm to track the time-varying delay. In this algorithm, we
estimate the differential delay between the two multipath components at each
time instant. For an unknown time-varying transmitter, receiver, and scatter
position T,, R,,, and S,,, respectively, the path delay 7, (t) is given by

7 (1)= l(Hsp N TPH * HRP B SPH)
¢ (7.3)
where c is the speed of light. Using (7.3), the Doppler frequency component over

the k™ propagation path is formulated as
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where vr_and vg_represent the transmitter and receiver velocity, respectively.
fD(k) = D(,’;) + fD(,Iz? . T (t) and fD(k) are represented jointly as a multivariate
Gaussian distribution Y ~ N(@, Y,) defined in the parameter space & (t)
observable in the measured snapshot of time ¢ as

Tk

5k =
i, o)

T
where @ = [E [t], E [ D(k)” is a vector of mean values. The covariance matrix

is given by
)
o, 0
Z = 2
T o (7.6)

Based on Y ~ N(@,))) , the PDF of §; can readily be obtained as

-
U g (-]
f(gk(5k;w,2) =Rexp o2 26;)
| ’ 1.7
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For the k™ path, we represent the time-variant parameters as by (t) =
[6, ()T, A5, (t)T]T, where A, (t) denotes the nonobservable rate values of the
observable parameters & (t).

The process equation can be formulated as

B(t+At)= T, . B(@)+4, (¢) (7.8)

where T} ¢4 4; denotes the transition matrix taking the state B(t) from time t to
time t + At. A,(t) denotes the background process noise. Following (7.8), the

measurement equation can readily be expressed as
y(t)=MB(t)+1,, (1), (79)

where y(t) is observable at time ¢ and M denotes the measurement matrix.

A, (t) is the measurement noise and is uncorrelated to the process noise A,,(t).

Let B~(t) denote a priori estimate of the state vector B(t). The a posteriori

estimate of the state vector can then be expressed as

B{1)=G(1)B(1)+G,(1)y(1) (7.10)

b

where Gp(t) is the multiplying matrix factor and G, (t) is the Kalman gain

matrix. Define the state error vector

B(r)=B(t)-B(t) (7.11)

and apply the principle of orthogonality, it yields
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E[E(t)yT(t’)] =0vi<t

(7.12)
We employ the maximum-likelihood (ML) estimation defined by
ML{ t),Bt (1 } -B,, (t
(0.8 ()] =B (1) .

such that the output of the ML estimator converges around the a priori
estimate B~(¢t) . It follows
L ~ T
E| (B(¢)-B{1))(ML{y(¢).B (1)}) 0¥ 1<
. (7.14)

Using (7.11), (7.12), and (7.14), and applying the fact that the process and

E{(I—Gy (1)M=G, (r))B(r)(ML{y(f')aB_ (f)})T}
e {a (s o)) @l jo

From (7.13), it can be shown that (7.15) holds true for any arbitrary state vector

B(t) and observable y(t') if and only if

G4 (1)=1-G, ()M 016

thereby yielding the necessary condition for Gz(t). Following this, the a

posteriori estimate of the state B(t) at time t can be expressed as
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Figure 7.8 Measurement of time-delay statistics at different sites.

In the process of analyzing the time-varying scattering channel, the main
objective is to obtain information about the statistical distribution of spatial-
temporal characteristics of the underlying channel. Figure 13 displays typical

time-delay statistics. Among the various measurements performed at different
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sites, Site A shows the lowest delay spread, while Site B and Site C display
slightly higher delay spreads.
7.5 Future Scope

A new V2V communication system based on the NLOS ultraviolet
transmission has been proposed with a few attractive features inherited from its
propagation characteristics such as low-cost, low-power, long-distance, and non-
line-of-sight transmission capability. A more rigorous study on this UV-IVC is
still needed to be more viable. For example, when many vehicles are involved
in the transmission, the synchronization issue needs to be addressed. An
extension can also be made by considering multiple access schemes over spatial,
temporal, wavelength, and code dimensions. Over more realistic traffic
conditions with varying transmitter beam and/or receiver FOV angles, the UV-
IVC needs to be further investigated. More importantly, the NLOS transmission
capability of the UV-IVC needs to be rigorously studied under various weather
conditions. It is, however, envisioned that even over unfriendly weather
conditions, the UV-IVC can still maintain superiority with multi-hop
transmission schemes that would minimize the effect of atmospheric conditions
over a relatively short distance between hops. The present scheme can also be
enhanced by designing a hybrid architecture to integrate its access to different

wireless network technologies with the aim of enabling seamless use of
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communication services for users inside a vehicle. To accommodate the need for
many classes of applications, comprehensive networking protocols and solutions

are also worth exploring.
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8 Conclusion

This thesis has delivered the design and modeling of state-of-the-art
NLOS optical scattering communication systems. This thesis has also explored
multiple aspects of optical scattering communication systems and networks,
including receive and transmit diversity techniques, optical spectrum sensing,
game theory, ANN, indoor optical communications, and OAM.

In the first part of the thesis, the spatial diversity techniques have been
analyzed in the correlated turbulence channel. With received signal
characterized by a continuous waveform detector, we have investigated the SSC
receive diversity and maximal selection transmit diversity techniques. It has
been demonstrated that the maximal selection transmits diversity technique
significantly outperforms the RC and OSTBC techniques.

The next study has focused on developing optical spectrum sensing
techniques. First, an energy detection-based optical spectrum sensing technique
has been presented for a continuous waveform detector. It has been demonstrated
that the proposed technique guarantees a reliable optical spectrum sensing
performance while enhancing spectrum utilization efficiency. In addition, a
generic blind spectrum sensing has been developed. Next, for a system where
the received signal is characterized as a photon-counting receiver, we have

proposed two novel cooperative optical spectrum sensing techniques:
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centralized and decentralized techniques. In the centralized technique, it has
been assumed that the decision-making capability is only available at the fusion
center, whereas the decentralized spectrum sensing technique requires only one-
bit information (a local binary decision), instead of all the raw data, to be sent to
the fusion center by each collaborative user.

We have also introduced an ANN-based learning approach to the
classification and detection problem in optical scattering communications. We
have proposed a classification algorithm that is adaptive to varying channel
conditions. Moreover, an analytical tool has been developed to estimate the
fading parameters.

The next part of the thesis has focused on the development of novel and
state-of-the-art UV-based indoor communications. The indoor channel model
has been developed. Various design issues in indoor UV communication have
been considered. It is shown that the UV indoor channel can be characterized
completely by their path loss and delay spread. It is found that, in the absence of
shadow fading, the impulse response with LOS components yields the smallest
delay spread ranging from 0.1 to 0.4 ns. For the diffused and the scattered
environment, the delay spread is found to vary between 1 and 4 ns.

In addition, a free space wireless channel model for the Laguerre-

Gaussian UV beam with the fixed OAM mode has been considered. The exact
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closed-form expressions for the ASER and the channel capacity have first been
derived. Based on these novel expressions, the performance and capacity have
been analyzed. It is demonstrated that the OAM-carrying UV communication
system outperforms the conventional UV communication system in terms of
performance and capacity. The received beam divergence is found to be a
limiting factor as the distance increases. This limitation is, however, envisioned
to be readily addressed by employing multiple receivers.

The last section proposed a novel non-line-of-sight capable V2V
communication system using solar-blind ultraviolet signal has been presented.
With no necessity of expensive infrastructure, the proposed UV-IVC can readily
be deployed with miniaturized transceivers. To highlight the main features, the
UV-IVC has been experimentally demonstrated in both stationary and time-
varying UV channel conditions. Moreover, the non-coplanar geometry with the
transmitter and the receiver obstructed by buildings has been evaluated. It is
found that the proposed UV-IVC can provide good performance as long as
sufficient common volume is formed in space. The performance degrades as the
vehicle speed increases over a long distance. The UV-IVC system can be further
enhanced with more sophisticated modulation schemes and networking
protocols. As the UV-IVC is based on the common volume formed between the

transmitter and the receiver in space, it is inherently capable of providing non-
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line-of-sight transmission at a low cost. In addition, the beam pointing and
acquisition are not necessary. Thus, the proposed UV-IVC can be envisioned as
a low-cost, low-power, and compact alternate IVC to conventional RF based

IVCs.
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