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ABSTRACT

Optical wireless communication (OWC) is gaining considerable research atten-
tion due to the scarcity of RF spectrum, and increasing demand for multi-rate multi-
media services. The conventional OWC systems, including free-space optics (FSO)
and visible light communication (VLC), requires line-of-sight (LOS) along with strict
pointing, acquisition, and tracking (PAT) requirements. These constraints limit FSO
and VLC system’s applicability in scenarios where it is not feasible to obtain LOS.
Ultraviolet communication (UVC), on the other hand, overcomes such limitations
and finds a prominent role in establishing the reliable communication link. UVC has
the unique ability to operate in non-LOS (NLOS) mode. This ability is due to the
extremely small operating wavelength of ultraviolet (UV) waves ranging from 200
nm to 280 nm (commonly referred to as UV-C band), which results in the strong
interaction of UV waves with atmospheric particles, thereby giving rise to scattering
phenomenon. Additionally, the deep UV band is solar blind due to the absorption
of UV-C waves by the ozone layer, which results in almost negligible background
noise near to the earth surface. Due to the exceptionally low background noise, a
wide field of view (FOV) can be used at the receivers, enhancing the communication
system’s performance.

NLOS UVC suffers from high path-loss due to atmospheric absorption and
turbulence-induced fading caused by inhomogeneous atmospheric conditions. These
impairments severely degrade NLOS UVC system’s performance and limit its com-
munication range to a short distance. Further, in-spite of the availability of huge
license free band, the data rate of NLOS UVC is rather limited due to low modu-
lation speed of UV LEDs. The goal of this thesis is to address these challenges of
NLOS UVC through the use of spatial diversity, cooperative relaying, and higher-
order modulation schemes, and making it suitable for data-intensive applications,
and long distance outdoor communication.

In this thesis, initially the problem of turbulence induced fading is addressed
through the use of a single-input-multiple-output (SIMO) NLOS UVC system em-
ploying selection combining (SC) at the receiver. The multiple receiver branches
are assumed to be correlated, and the system’s performance is analyzed in terms
of outage probability, ergodic capacity, and average symbol error rate (ASER) for
higher order modulation formats including square quadrature amplitude modulation
(SQAM), rectangular QAM (RQAM), cross QAM (XQAM), and hexagonal QAM
(HQAM). Numerical study is conducted and it is demonstrated that the proposed
system model effectively mitigates the effect of fading, and use of higher order mod-
ulation schemes significantly improves the data rate.

Further, a parallel multi-relay cooperative NLOS UVC system is presented to
address the problems of both the high path-loss and fading. Amplify-and-forward
(AF) based relays are employed and SC is used at the receiver. Comparative per-
formance of the considered system is studied for fixed-gain and variable-gain AF
relaying. Higher order modulation schemes are used with the objective of improving
the data rate of the system. Detailed performance study is performed in terms of
outage probability, diversity analysis, and ASER for different system configurations,
and useful insights are drawn.

Furthermore, a decode-and-forward (DF) based multi-relay NLOS UVC system
employing best-relay selection is studied. The performance of the considered sys-
tem is assessed in terms of outage probability, diversity order, ASER for RQAM,



SQAM, XQAM, and HQAM schemes. In practical systems, it is not possible to have
complete CSI knowledge at all communication nodes thereby resulting in channel
estimation errors (CEEs). The negative impact of CEE on system performance can
not be ignored in realistic system designs. A detailed comparative study showing the
impact of CEE on the system performance for different number of relays is evaluated
and useful inferences are drawn.

Additionally, a hybrid RF/NLOS UVC system is proposed to extend the com-
munication range of an RF system to RF prohibited areas with no LOS connectivity.
Hybrid of RF and OWC technologies such as VLC and FSO have been extensively
studied in the literature. However, the need of LOS by FSO and VLC hinders their
applicability to scenarios where LOS in the optical link is not available. UVC is
an attractive choice in such situations due to its ability to operate in NLOS mode.
A detailed performance study of the proposed hybrid RF/NLOS UVC system is
conducted considering the practical case of imperfect CSI at the receiver. Impact
of CEE on the RF and UVC link is studied and it is demonstrated that the RF
link is more vulnerable to CEE as compared to UVC link. The ASER analysis is
performed and comparative performance of RQAM, XQAM, and HQAM schemes is
presented.

Lastly, numerical results are compared with Monte-Carlo simulations to verify
the correctness of derived expressions.
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Chapter 1

Introduction

1.1 Overview

Wireless communication system designers have been confronted with an ever-increasing
need for high-capacity and high-data-rate wireless applications such as gaming,
streamed multimedia, high-definition television (HDTV), as well as Internet pro-
tocol (IP) telephony. The current system is experiencing severe congestion of the
radio-frequency (RF) spectrum and wireless traffic bottleneck in order to cater an ex-
ponentially increasing amount of data to end users within an acceptable delay. The
scarcity of RF spectrum and the need for an affordable and attractive high-data
rate technology which can complement the existing RF systems has encouraged re-
searchers to shift their focus to the optical band of the electromagnetic spectrum
with wavelength range 350 — 1550 nm. This led to the ascend of optical wireless

communication (OWC) systems [1].

Over the last few decades, OWC has received growing attention and effort. In
comparison to a RF system, it exhibits various potential advantages, including a
huge unlicensed bandwidth, low-power and compact transceiver, high resilience to
jamming, and the possibility for data rate enhancement. Due to these advantages,
OWC is an realistic and intriguing addition to next-generation wireless connectivity

(5G and beyond). An OWC system transmits data using an optical wave with a

1



1.2. ULTRAVIOLET COMMUNICATION

wavelength ranging from infrared (IR), visible-light (VL) to ultraviolet (UV) [2].

The IR optical band has three regions (a) IR-A (780—1400 nm), (b) IR-B (1400—
3000 nm), and (c) IR-C (3000 — 10® nm). Outdoor and indoor communications have
benefited from infrared technology by utilizing lasers or light-emitting diodes (LEDs)
in line-of-sight (LOS) conditions. IR-A is intended for wireless communications over
short distances. IR-B is mostly utilized for long-distance communications, whether
guided (through optical fibre) or free space optical (FSO). IR-C, on the other hand,
has been extensively used in military applications.

Visible light communication (VLC) refers to OWC systems that operate in the
visible band (380 — 780 nm) [2]. LEDs are used in VLC systems because they may
be pulsed at very high speeds without affecting the lighting output or the human
eye. The use of LEDs for both illumination and communication is a sustainable and
energy-efficient strategy that has the potential to transform how we utilize light.
VLC can be employed in a variety of applications, including wireless local area

networks, wireless personal area networks, and vehicle networks.

UV spectrum comprises of wavelength range 10 — 380 nm which is subdivided
into 4 bands (a) UV-A (315—380 nm) (b) UV-B (280—315 nm) (c) UV-C (200— 280
nm) (d) extreme UV (EUV) (10 — 200 nm). UV-A and UV-B bands are effective in
a wide variety of applications, including commercial, military, medical, and dental.
UV-C band, also known as deep UV band, is employed in wireless ultraviolet com-
munications (UVCs). EUV comprises of extremely small wavelength and requires

high vacuum for transmission.

1.2 Ultraviolet Communication

UVC, although still in its infancy stage, is attracting considerable research interest
in academia and business as a result of recent breakthroughs in UV sources and
detectors [3]. Deep UV band has been widely adopted for UVC due to its unique

atmospheric propagation characteristics. The conventional IR and VL based OWC

2



CHAPTER 1. INTRODUCTION

systems, including FSO and VLC, requires LOS along with strict pointing, acqui-
sition, and tracking (PAT) requirements. These constraints limit FSO and VLC
system’s applicability in scenarios where it is not feasible to obtain LOS. UVC, on
the other hand, overcomes these constraints and plays a critical role in establishing
a reliable communication link [4]. First and foremost, UVC has the unique ability
to operate in non-line-of-sight (NLOS) mode due to the strong interaction of UV
waves with molecules and aerosols present in the atmosphere [5, 6]. There is a lot of
UV in this band that is scattered by the atmosphere. This allows the radiation to
be directed toward a receiver even when there is no direct LOS between the sender
and receiver. Additionally, the deep UV band is solar blind at ground level due to
ozone absorption in the upper atmospheric layers. Thus, background noise has a
negligible effect, permitting the use of wide field-of-view receivers (FOV) [3]. From a
safety perspective, the harmful effect of UV-C radiation on humans can be avoided
by conforming to the threshold limit value (TLV) of exposure established by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) and the

American Conference of Governmental Industrial Hygienists (ACGIH) [7, §].

When UV light travels through an atmospheric channel, it encounters a variety
of negative factors as a result of the UV wave’s interaction with atmospheric con-
stituents. Path loss and atmospheric turbulence are two of the most critical factors
that affect the quality of communication. Path loss quantifies the amount of power
a signal loses as it travels through a communication channel. Atmospheric turbu-
lence occurs as a result of change in the refractive index of the atmosphere thereby
causing random fluctuations in the received signal strength. This phenomenon is

referred to as turbulence-induced fading.

Fig. 1.1 shows a typical single-input-single-output (SISO) NLOS UVC channel
between transmitter (Tx) and receiver (Rx) which are d distance apart. ¢** and §7°
are the beam divergence and elevation angle of the Tx, respectively; and, ¢®* and 0

are the FOV and elevation angle of the Rx, respectively. An NLOS UVC experiences

path loss due to both scattering [6] and turbulence [9]. Closed-form expression for

3



1.2. ULTRAVIOLET COMMUNICATION

Tx d Rx
Figure 1.1: NLOS UVC channel.

the scattering path loss under single scattering assumption is presented in [10]|. This
scattering path loss model is shown to have close resemblance with the experimental
data for smaller values of ¢*®. We have adopted this scattering path loss model in
this work. The path loss due to turbulence in NLOS UVC system was introduced
in [9], and is shown to have significant impact on the system performance. We have

considered turbulence path loss in our analysis and the same is incorporated in (1.5).
The closed-form expression for the path loss due to scattering is given as [10]
s _ ks A, 0T R P(Bs) sin(ds) [12 sin? (077) + ¢+ sin?(977)]
96d sin(67*) sin®(97*)(1 — cos(¢7*/2)) exp (ked[sin(07*) + sin(67*)]/ sin(fs))’
(1.1)

where A, is the effective area of Rx, and 0y = #7% 4+ 9f*. [k, is the extinction
coefficient given as k. = ks + k,, with k, as the absorption coefficient and k; is the

scattering coefficient. P(1)) is the single scattering phase function given by

k?ay Ra; ké\/[ie Mie
P(y) = k_P Y() + k_P (V). (1.2)

The scattering coefficient is computed as k, = kR + kMie where kR and kM© are

the Rayleigh and Mie scattering coefficients, respectively. PR (3)) and PMie(3)) are

4



CHAPTER 1. INTRODUCTION

the Rayleigh and Mie scattering phase functions, respectively, and are defined as

[10]
Ray o 3[1 + 37 + (1 - 7)¢2]
P) = 167 (1 +27) (1.3)
and,
Mieg (1= 9° 1 0.5(3¢2 — 1)
PW) = ( Amr ){(1+92—2g¢)3/2+f (14 ¢%)%2 | (L4)

where v, f and g are the model parameters.

The NLOS UVC channel is modeled as a combination of two individual LOS
communication links, one from Tx to common volume (CV) and another from CV
to Rx [11]. The distance between Tx and Rx is considered to be of few hundred
meters such that the irradiance variance of the received signal is less than 1.2 [12].
In such case, the UV signal experiences weak turbulence and the channel coefficient
is modeled using lognormal (LN) distribution [9, 11, 12]. The closed-form expression
for the probability density function (PDF) of NLOS UV channel coefficient (k) under

weak turbulence condition is derived in [12] and is given as

(Inh — Mh)z} |

1
h) = —— -
fh( ) Uhh\/%exp{ 20_}%

(1.5)

where p;, and o7 are the mean and variance, respectively, of the associated Gaussian

random variable (RV) In(h) ~ N (up,0%), and are computed as [12]

Hn = Hrx-cv + HCV-Rx; (1.6)

2 9 2
O = Opx.cv T OCV-Rx- (1.7)

02 oy and o&y g, are the log-irradiance variance of the LOS links from Tx to CV and
from CV to Rx, respectively. Assuming the plane wave propagation and horizontal

link between Tx and Rx, these parameters are given by [9, 12]

1.2302(27?/)\)7/6d11/6 Sin(QRx) 11/6
Sin(95)11/6

2 _
OTx-cV —

, (1.8)
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and,

1.23C2 (2 /\)7/8d"V/6 sin (977) 11/6

sin(fg)""/°

2 _
OCVRx —

, (1.9)

where C? is the refractive index structure parameter, and X is the wavelength.
prsov = —0.50% oy — (ixoy and picvre = —0.502y g, — Ly, are the log-
irradiance mean for the LOS links from Tx-CV and CV-Rx, respectively [12]. Terms
0% ov and €Ly g, are attributed to the turbulence path loss of Tx-CV and CV-Rx
links, respectively, and can be computed as [9]

sin(&Rﬂ”)H/6 . sin(@TﬂC)H/6

C v = oy | 2 e = agy | (1.10
ey ’ sin(95)11/6 VR sin(05)11/6 )

In(10) /23.17C2(27)7/6411/6
where ag = = 3776 .

1.3 Cooperative Communication

Turbulence induced fading is a significant issue in OWC [13]. Spatial diversity has
proven to be an effective and widely used technique to alleviate the effects of fading
and to improve the performance of communication systems [14]. In spatial diversity,
several parallel communication links are formed between Tx and Rx by employing
multiple transmit and/or receive branches. Such systems are usually termed as
multiple-input multiple-output (MIMO). Use of MIMO system results in reception
of the multiple copies of the transmitted data stream at the receiver. A combining
technique is used at the receiver to properly combine the received copies of the
signal with an objective to improve end-to-end (e2e) signal-to-ratio (SNR) of the
communication link, and thereby improving the communication quality. Some of the
popularly used diversity combining schemes are maximal ratio combining (MRC),
selection combining (SC), and equal-gain combining (EGC) [14].

In this work, the selection combining scheme is used at the Rx primarily based
on two considerations: (1) lower receiver complexity, and (2) analytical tractability.

The MRC and EGC combining techniques necessitate a new receiver chain for each

6



CHAPTER 1. INTRODUCTION

diversity branch, which increases the total complexity of the receiver. In contrast,
only one of the diversity branches processes the received signal during selection com-
bining. In particular, the typical SC combiner selects the branch with the highest
SNR. In addition, the coherent sum of the separate branch signals is not necessary
because the output of the SC combiner is identical to the signal on only one of
the branches. Consequently, the SC scheme is compatible with both differentially
coherent and noncoherent modulation schemes, as it does not require knowledge of
the signal phases on each branch, as would be required to execute MRC or EGC in
a coherent system. In addition, the EGC and MRC schemes compute the weighted
sum of the signal received over multiple branches, which involves calculating the
distribution of the received signal at the combiner’s output. To analyse such UVC
systems, the distribution of the sum of lognormal random variables must be de-
termined, which remains an open problem. Although there are several curve fitting
approximations available in the literature for determining the distribution of the sum
of lognormal random variables, these techniques can result in large approximation

errors [15-19]. This is another reason to choose SC over EGC and MRC.

It is not always feasible to employ multiple transmit/receive branches at each
node owing to device size and hardware constraints (for example, in mobile hand-
sets and sensor networks). Cooperative communication is a viable choice in such
situations [20]. The fundamental concept of cooperative communication is to pro-
cess data between source and destination via an alternate indirect multipath with
the help of intermediary relay nodes (each equipped with a single transmit/receive
branch), thereby producing a virtual MIMO system. Cooperative communications
is used in a variety of standards, including IEEE 802.16j, IEEE 802.22, and 3GPP-
LTE-Advanced (LTE-A), and plays an important role in 5G and beyond standards
[21].

Fig. 1.2 depicts a dual-hop one-way cooperative communication system con-
sisting of a source (S), relay (R), and destination (D) nodes. In this system, one

complete communication takes place in two phases. In the first phase (Phase 1),

7
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Phase 1

Figure 1.2: Dual-hop one-way cooperative communication system.

node S transmits signal which is received by both R and D nodes. In the second
phase (Phase 2), S node remains silent, and R node forwards the received signal
based on a relaying protocol to the D node. At the end of second phase, node D has
two copies of the received signal from S and R. Finally, D combines the received
signal copies using a combining scheme (such as SC, EGC or MRC) to improve the
overall SNR of the system. There exists different types of relaying techniques which
can be employed to realize such cooperative communication system. Selection of
the appropriate relaying technique depends on various factors such as transceiver

complexity, nodes location, and channel conditions.

Decode-and-forward (DF), amplify-and-forward (AF) and selection-relaying (SR)
are widely used cooperative relaying techniques in the literature [20, 22]. In DF re-
laying, R explicitly decodes the message received from S and passes the newly gen-
erated signal to D. DF relaying scheme is alternatively referred to as regenerative
relaying. In AF relaying technique, R does not decodes the received signal, instead it
simply amplifies and forwards the received signal to the D node. AF relaying is also
known as non-regenerative relaying schemes. SR, on the other hand, is a dynamic
relaying scheme in which relays are chosen to retransmit the source message only
when the relayed link is sufficiently reliable. This scheme can be used in conjunction

with both the DF and AF schemes to increase the efficiency of cooperation.
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1.4 Modulation Schemes

In spite of huge bandwidth availability in UV band, the data transmission rate of
NLOS UVC is still limited. This is mainly due to the low modulation speed of
the LEDs operating in the deep UV band [23]. In such case, high data rate can
be achieved by using spectrally efficient higher order modulation schemes [24]. In
the existing literature, the performance analysis for UVC is generally limited to
on-off-keying (OOK) modulation scheme, due to its simplicity [25-30]. Minimizing
average transmit power for a given bit error rate (BER) or symbol error rate (SER)
can enable future wireless communication systems to communicate at high data
rates while using less power. However, higher data rates for a given bandwidth typ-
ically require a higher transmit power to achieve the same performance. The use of
spectrally efficient higher-order modulation schemes such as quadrature amplitude
modulation (QAM) and its variants is an effective way to achieve both high data
rates and optimal power utilisation. In this section, we provide a brief introduc-
tion to various QAM based versatile and bandwidth-efficient futuristic modulation
schemes including rectangular QAM (RQAM), cross QAM (XQAM), and hexagonal
QAM (HQAM).

1.4.1 Rectangular QAM (RQAM)

RQAM is a bandwidth efficient modulation scheme which has got wide acceptance
due to its generic nature [31-34]. RQAM includes multilevel amplitude-shift-keying
(ASK), OOK, quadrature phase shift keying (QPSK), square QAM (SQAM), orthog-
onal binary frequency-shift-keying (OBFSK) as its special cases [33]. RQAM constel-
lation is obtained by arranging the constellation points in a rectangular shape. The
obtained rectangular constellation can be parallel to in-phase axis or quadrature-
phase axis with same average energy. The 32-points RQAM constellations are shown
in Fig. 1.3.

The conditional expression for the SER of M; x Mg RQAM over additive white
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Figure 1.3: 32-points RQAM constellations.

Gaussian (AWGN) channel is given as [32]

P (e]x) = 2poQ(a0y/X) + 200Q (boy/X) — 4poqoQ(a0/X)Q(boy/X),  (1.11)

where ag = \/6/((MI2 — 1)(MZ — 1)82),b0 = Boao, po = 1 — 1/M;, go = 1 — 1/ Mo,
and Sy = dg/d;, in which dg and d; denote quadrature and in-phase decision dis-
tances, respectively. The expression for M-ary SQAM scheme can directly be ob-
tained from (4.19) by substituting M = /M; = /Mg, [35].

1.4.2 Cross QAM (XQAM)

RQAM is a suitable modulation scheme for transmission when the number of bits
per symbol is even. However, RQAM is not a power efficient modulation scheme for
the transmissions involving odd number of bits per symbol. In such cases, XQAM
offers higher power spectral efficiency, with a minimum SNR gain of around 1 dB,

as compared to RQAM [33]. A 32-points XQAM constellation is shown in Fig. 1.4.
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Figure 1.4: 32-points XQAM constellation.

The conditional expression for XQAM-32 is given in [36] as

PRAN(c]y) = [26Q(v2AY) +QVAY) - 28Q1(VIAY)|,  (112)

where A = % with M representing the constellation size which is 32 for XQAM-

32 scheme.

1.4.3 Hexagonal QAM (HQAM)

HQAM is a futuristic two-dimensional (2D) constellation scheme which is based on
hexagonal lattice [37]. HQAM has optimum Euclidean distance between constella-
tion points due to its densest 2D packing, which enables improved power efficiency
with low peak-to-average-power ratio (PAPR). As a result, HQAM offers consid-
erable SNR gain over RQAM and XQAM schemes for higher constellation sizes.
Fig.1.5 shows the HQAM constellations for different constellation sizes.

The conditional expression for the SER of HQAM over AWGN channel is given
as [34]

PO (e]y) = DQ(/AX) + 5 DeQ?(V2ax/3) — 2DecQUaQ i f3),
(1.13)

where g1, D and D¢ are the constants which has different values for different HQAM

11



1.5. SUBCARRIER INTENSITY MODULATION (SIM)

Gl GO BS
SO OORRS

4-points

8-points
16-points

32-points
Figure 1.5: HQAM constellations.
constellation sizes. For M-ary HQAM constellation
No (A1) 1 — 1 —
=—|= D=— D(k), Dc = — De(k 1.14
0= (3)  P=q o 00 De= g Dot

where A; is the half of the minimum distance between constellation points, o is
the standard deviation of the AWGN. D(k) is the number of nearest neighborhoods
(NNs) of the constellation point k, and D¢ (k) represents the number of couples of
adjacent NNs of point k [37]. The values of these parameters for various constellation
sizes considered in this study are given in Table 1.1.

Table 1.1: Parameter values for HQAM

Constellation Size ‘ a1 ‘ D ‘ D¢ ‘
M =14 1 52 | 3/2
M =8 32/69 7/2 21/8
M =16 8/35 33/8 | 27/8
M = 32 512/4503 | 75/16 | 33/8
M =64 8/141 163/32 | 75/16

1.5 Subcarrier Intensity Modulation (SIM)

Subcarrier intensity modulation (SIM) with direct detection for OWC is an at-
tractive alternative to conventional modulation/detection schemes such as OOK

and pulse position modulation (PPM) based intensity modulations [38]. Recently,
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SIM has gained wide adoption in OWC systems due to its several unique benefits
including support for higher-order-modulation schemes, low-complexity implemen-
tation, and improved error performance [39]. In this work, SIM based techniques
are adopted for the NLOS UVC system to overcome the rotational ambiguity as-
sociated with the complex modulation schemes for optical channel [39-42]. In SIM
technique, the information symbols are pre-modulated using the RF subcarrier(s).
A direct current (DC) bias is added to the pre-modulated RF signal to ensure that
the signal amplitude is greater than a pre-defined positive threshold. The DC-biased

RF signal is then used to modulate the intensity of a UV laser diode/LED.

Information Electrical Optical > /,/'}‘ Q\\
Source Modulator Modulator Atmoshperic 14—

)b Turbulent
DC Bias Channel
Information Electrical | | Remove | Optical-Electrical
Sink Demodulator DC Bias Converter

Figure 1.6: Block diagram of SIM.

The generic block diagram of SIM based optical system is shown in Fig. 1.6.
It consists of an information source/sink, electrical modulator/demodulator, optical
modulator, and photo detector. The information bit stream, obtained from the
information source block, is first modulated on a RF subcarrier using a conventional
electric modulator block. Both the phase and/or amplitude modulators are used
as the electrical modulator block. The pre-modulated RF subcarrier is then used
to drive the intensity of an optical source. Usually for the outdoor OWC system,
semiconductor laser diode or LED is used as an optical source. Since the input of
the semiconductor laser diode/LED must be non-negative, the pre-modulated RF
subcarrier is added with a DC bias before driving the laser diode. The output of
the laser diode is finally transmitted to the atmosphere. At the receiver, a photo-

detector is used to convert the received optical signal into an electrical signal. After
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removing the DC bias from the electrical signal (through a bandpass filter), the
electrical signal is passed to the electrical demodulator and detector. Finally, the
output of electrical demodulator/detector is collected at the information sink. For

an intensity modulation system the received optical power is given as [38]
y(t) = P.()x(t) + v(t), (1.15)

where P,(t) is the received optical power, x(t) is the scintillation characterized by the
stationary probability process, and v(t) is the AWGN. As an example, for subcarrier
phase shift keying (PSK) modulation the received optical power is given as

P.(t) = x(t) Pn21a:v (14 m cos(2m fot + @;)) + v(t), (1.16)

where f. is frequency of RF subcarrier, ®; = W, j=1,2,..M, and M = 2*, so
that the demodulator has zero threshold and this zero threshold is independent of
irradiance fluctuation caused by atmospheric turbulence [43]. Further, P, is the
received peak power, and m is the modulation index. Due to the slow scintillation
changes, the DC term z(¢) 2222 can be eliminated. The electrical current signal i(t)

at the output of the photodiode can be expressed as

Pz (eDG)

i(t) = z(t) m cos(2m ft + ®;) + v(t), (1.17)

where (eDG) is the constant of photoelectric transfer [38]. Finally, i(¢) is demodu-

lated using the reference electrical carrier signal to obtain the information symbols.

1.6 Noise Modelling and Photodetection

In optical communication, the receiver utilises photodetection. Photodetection is
the process of converting optical radiation carrying information into its equivalent
electrical signal in order to recover the transmitted data. The receiver’s front-end

components (telescope and optical filter) concentrate the filtered radiation onto the
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photodetection surface in the focal plane. PIN and APD are the two most widely

used and popular optical receivers [44].

The PIN photodetector is composed of p-type and n-type semiconducting mate-
rials that are separated by an intrinsic region that is very lightly n-doped. In a PIN
photodetector, the incident photon employs its energy to excite an electron from
the valence band to the conduction band, thereby producing a free electron-hole
pair. This results in the flow of current in an external circuit. Typically, the PIN
detector’s responsivity is either unity or less than unity. In contrast to the PIN
photodetector, the APD provides an inherent current gain through a process known
as repeated electron ionisation. This increases the sensitivity because the photocur-
rent is now multiplied prior to encountering the thermal noise of the receiver circuit.

Typically, APD responsivity is greater than unity [45].

PIN photodetectors are thermally limited PD receivers that are compatible with
OWC systems that operate over a few kilometres. Thermal and background noise
comprise the PIN photodetector’s noise. Due to the ozone layer’s absorption of
the UV wave, it is possible to disregard background noise in the case of UV. Con-
sequently, terminal-noise is the only factor that must be addressed in the case of
UVC receivers employing PIN photodetector. APD receivers, on the other hand, are
photon-counting-receivers that are ideally suited for very long distances due to their
enhanced output current gain. This additional gain is however accompanied by mul-

tiplicative noise, an increase in circuit complexity, and a rise in power consumption

[45].

In this thesis, thermal noise limited PIN photodetectors over photon-counting
APD receivers is used due to our considered maximum UV link distance of 1 km,

negligible background noise, and less complex and energy-efficient receivers.
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1.7 Performance Measures

Performance measures are used to examine the performance of a wireless communi-
cation system over different channel characteristics, fading conditions, and system
configurations. These measures play an important role in identifying any design
issues in the underlying system, and also assist in identifying the best operating
conditions for its optimal performance. Commonly used performance measures in
wireless communication are instantaneous SNR, outage probability, average symbol

error rate (ASER), diversity order, and ergodic capacity.

1. Instantaneous SNR: Instantaneous SNR is the most fundamental measure
used to quantify the signal distortion due to noise. It is measured at the output
of receiver and determines the overall fidelity of the communication system.

Instantancous SNR is calculated as

Received signal power
et = o h 2’ 118
X Noise power at the receiver XolAl ( )

where Y, represents the average received SNR in the absence of fading, and h

is the fading channel coefficient.

2. Outage Probability: Outage probability is defined as the probability of

instantaneous SNR of the system falling below a predefined threshold (xy).

Pout(Xtn) = PT[X < Xth] = /0 ) fx(X)dX

= Fy(xn) (1.19)

where f, (x) is the PDF of x. F\ (xu) is the camulative density function (CDF)

of x evaluated at xy,.

3. Average symbol error rate (ASER): ASER is an important performance

measure for wireless communication system. Using PDF based approach,
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ASER of the underlying system is computed as

Py(e) = / " Peh0 A (0dx, (1.20)

where Ps(e|x) is the conditional SER of the selected modulation scheme for a

given .

4. Diversity order: Diversity order is an important metric to evaluate compar-
ative performance of multi-relay wireless communication systems for different
number of relays [12, 34, 46]. The conventional diversity order of a lognormally
distributed fading channel does not converge to a finite value. In such case,
relative diversity order (RDO) is computed as a useful measure to quantify
the diversity advantage of a system as compared to some benchmark scheme.
RDO was first introduced in [47] and thereafter widely adopted in the coop-
erative communication literature involving LN fading channels [12, 48, 49].
For systems incorporating multiple relays, non-relayed (SD link) is typically
considered as the benchmark scheme [12]. With this consideration, the RDO

of the system is defined as,

0ln P,,;/01n x,

Oln Psd

D i
R O out/alnXO’

(1.21)

where P39 is the outage probability of non-relayed SD link.

5. Ergodic capacity: Ergodic capacity is the maximum rate that can be com-
municated through a fading channel given a transmission strategy based solely
on the fading distribution, averaged over all channel realizations [14]. Ergodic
capacity is computed by averaging the instantaneous capacity over PDF Of

instantaneous SNR of the system.

C. = Ellog,(1 + x)]
:/ logy (1 + x) fx(x)dx  Dits/sec/Hz. (1.22)
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1.8 Motivation and Objectives

In this section, we present the motivation and objectives behind research work in

this thesis.

1.8.1 Motivation

As discussed earlier in this chapter, UVC offers alternative system advantages and
overcomes several limitation of conventional OWC technologies including FSO and
VLC. It is worthwhile to re-iterate that the UVC has the ability to operate in NLOS
mode which makes it a unique choice for scenarios where RF is prohibited and, FSO
and VLC can not be used due to non-availability of LOS. Additionally, extremely low
background noise due to absorption of UV wave by ozone layer allows the use of large
FOV thereby improving SNR at the receiver [1, 3]. In spite of several advantages
offered by NLOS UVC, it suffers from a very high path loss, turbulence induced
fading, and limited data rate due to low-modulation speed of UV LEDs [23]. These
shortcomings of of NLOS UVC restricts its usage to low-data rate applications over
smaller distances. This research work is an attempt to address these challenges of
NLOS UVC by making it suitable for long distance outdoor communication, and
high-data rate applications.

Spatial diversity and cooperative relaying are the well established and proven
techniques to mitigate the adverse effect of fading and to increase the communica-
tion range of wireless systems. The effectiveness of the spatial diversity to improve
system capacity, coverage area and also to combats fading has been demonstrated
in the seminal works from RF domain [50-52]. The cooperative relaying has gained
enormous attention in current and future wireless systems due to its improved spec-
tral efficiency, enhanced coverage and link capacity. Cooperative relaying has been
considered in IEEE 802.16j/m, 3GPP LTE-Advanced and can be viewed as a promis-
ing solution for 5G and beyond systems [21, 22, 53]. Over the past few years, these

techniques are widely being adopted in OWC systems operating in IR and VL band.
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NLOS UV

Figure 1.7: Applications of hybrid RF/NLOS UVC system.

However, the literature exploiting these techniques in the context of UVC is rather
limited. Incorporating these techniques in NLOS UVC system and showing their

effectiveness towards addressing the challenges of UVC is highly motivated.

Additionally, there are numerous applications where RF communication must be
extended into areas where RF is restricted due to high-security requirements or to
avoid interference with RF equipment. A hybrid RF/OWC system can meet these
requirements by utilizing optical wireless links for RF prohibited areas. There is an
extensive research literature exists on the hybrid RF/FSO and RF/VLC systems
[40, 54-57]. However, due to the stringent LOS requirement posed by the FSO
and VLC, these hybrid systems are rendered ineffective when the RF prohibited
area lacks LOS connectivity. As a result, long-distance wireless connectivity to RF
prohibited areas with no LOS presents a significant challenge that requires attention.
A highly motivated solution to this problem is to use hybrid RF/NLOS UVC system,
thereby leveraging the benefits of NLOS UVC for the optical link as shown in Fig.
1.7.

On the other front, the low modulation speed of UV LEDs limits the data-rate
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of UVC systems [23]. The higher-order modulation schemes, such as QAM and
its variants including SQAM, RQAM, XQAM, and HQAM has gained increased
research attention due to their high power, and bandwidth efficiency in RF com-
munication systems. These complex modulation techniques can be incorporated in
OWC through the use of SIM technique [38, 43, 58]. Using these futuristic modula-
tion techniques is an effective way to address the low-data rate challenge of UVC.
Therefore, it is worthwhile to explore the performance of these modulation schemes
in NLOS UVC systems. Further, channel state information (CSI) plays a vital role
in the equalization process at the receiver. However, perfect knowledge of CSI at
the receiving node is rarely available in practice. This leads to channel estimation
error (CEE), which has significant detrimental impact on the system’s performance
[56, 59]. Hence, from the real system design perspective, it is highly motivated to

analyze the effect of CEE on the system performance.

1.8.2 Objectives

The challenges associated with NLOS UVC indicated in the previous subsection

encouraged this thesis to pursue the following objectives:

e To employ spatial diversity to mitigate the fading caused by turbulence in
an NLOS UVC system and to investigate the effect of channel correlation on

system performance.

e To incorporate cooperative relaying in NLOS UVC system to enable long-

distance outdoor UV communication.

e To evaluate the performance of a hybrid RF/NLOS UVC system in order to
address the issue of providing long-distance RF connectivity to RF-prohibited

areas with no LOS availability.

e To improve the data rate of the NLOS UVC system by utilizing SIM-based
higher order modulation schemes and to conduct a thorough analysis of the

ASER performance.

20



CHAPTER 1. INTRODUCTION

e To study the impact of CEE on the performance of proposed cooperative

NLOS UVC systems, and hybrid RF/NLOS UVC system.

In view of the above stated objectives, this thesis is an attempt to pursue a unified
study of the performance of NLOS UVC systems employing spatial diversity, cooper-
ative relaying, and hybrid techniques. This research highlights some deeper practical
insights to optimize physical-layer design features by assessing the trade-offs in sys-
tem performance through system configurations, turbulence characteristics, and the
complexity involved. The derived analytical expressions and the inferences drawn,
obviate the necessity for computationally intensive and time-consuming Monte-Carlo

simulations.

1.9 Thesis outline and contributions

The thesis is organized in 6 chapters, which are briefly described with their contri-
butions as follows:

Chapter 1. Introduction: section 1 briefly describes different OWC technolo-
gies, ultraviolet communication, NLOS UVC channel model, cooperative communi-
cations, various higher order modulation schemes, important performance measures,
and finally, the motivation and major contributions of the work presented in the the-
sis.

Chapter 2. Performance Analysis of NLOS Ultraviolet Communica-
tions in Turbulent Channel: In this section, an NLOS UVC system experiencing
turbulence due to variation in the refractive index of the atmosphere is considered. A
spatial diversity reception in the form of N,-branches SC at the receiver is adopted.
The channel coefficients are assumed to be exponentially correlated, and turbulence
is modeled using LN distribution under weak turbulence conditions. Closed-form
expressions for the outage probability and ASER for general order RQAM, XQAM,
and HQAM schemes are derived. Furthermore, the ergodic capacity of the system is

computed as a function of the channel correlation coefficient. The impact of varying
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number of receiver branches, and channel correlation on the system performance is

evaluated and useful insights are drawn.

Chapter 3. Performance Analysis of AF Relayed Cooperative NLOS
UVC System in the Presence of Turbulence: This section presents an effective
AF based cooperative multi-relay system to combat the effect of both path loss and
fading in NLOS UVC. Performance of the proposed system is analyzed in terms
of outage probability by considering both variable-gain and fixed-gain AF relaying.
Further, higher-order modulation schemes are employed to improve the data rate
of the system. Innovative closed-form expressions of the ASER and diversity order
are derived. The performance gains of the considered multi-relay system over non-

relayed links for different system configurations are demonstrated.

Chapter 4. Impact of CSI Imperfections on Multiple Relay DF NLOS
UVC Systems: In this section, a DF based best-relay selection cooperative relay-
ing technique is proposed to improve the performance of NLOS UVC system and to
extend its communication range. The practical case of imperfect CSI is considered
at the receiver and the outage probability of the system is derived. The impact of
elevation angles, receiver FOV, and turbulence strength on the system performance
is studied. The RDO analysis of the system is conducted and the convergence of
RDO through asymptotic analysis is presented. Further, the novel analytical ex-
pressions of ASER is derived for RQAM, XQAM, and futuristic HQAM schemes. A
detailed performance study is carried out considering different system configurations

and several interesting insights are highlighted, which reinforces UVC as a futuristic

OWC technology.

Chapter 5. Relay Assisted Hybrid RF-NLOS UVC System with Im-
perfect Channel Estimation: In this section, the challenge of providing long
distance wireless connectivity to RF prohibited areas is addressed by mixing NLOS
UVC with RF communication using a DF relay. The RF link is modeled using
Rayleigh distribution, and the NLOS UV link is modeled using LN distribution

under weak turbulence conditions. Framework for analytical expressions of out-
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age probability and PDF of the e2e SNR is presented by considering the practical
scenario of imperfect CSI at the receiver. Subsequently, novel closed-form analyti-
cal expressions of ASER is deduced for spectrally-efficient higher-order modulation
schemes including RQAM, SQAM, XQAM, and HQAM. Numerical investigations
are conducted, and the impact of CSI imperfections on the system performance is
evaluated.

Chapter 6. Conclusions and Future Works: This section summarizes
all the contributions of the thesis along with the crucial insights and conclusions.

Additionally, the scope of future works is outlined in this section.
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Chapter 2

Performance Analysis of NLOS
Ultraviolet Communications in

Turbulent Channel

2.1 Introduction

UVC is becoming increasingly popular due to its inherent NLOS connectivity, high
security, and abundant unlicensed spectrum availability. NLOS nature of the UV
channel makes it a perfect solution for applications where LOS is not possible and RF
communication is prohibited, for example, in aircrafts, hospitals, and covert opera-
tions. UVC suffers from high path loss due to underlying scattering and absorption,
thus, restricting its usage to short communication range [29]. In addition, as the
communication range increases, the turbulence induced fading further deteriorates

the performance of the UV link [12].

Spatial diversity has been demonstrated to be an effective and commonly used
strategy for mitigating the effect of fading and boosting communication system
performance. There are various techniques proposed in the literature to introduce
spatial diversity in NLOS UVC systems thereby making it suitable for long distance

outdoor communication [12, 25, 29]. In [29] an experimental testbed is set up to
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study the effect of diversity reception in an NLOS UVC system with EGC used at
the receiver. In [12], the authors conducted the performance analysis of an NLOS
UVC system using cooperative communication techniques to achieve diversity; MRC
is used at the receiver to combine the signal received via multi-hop relayed path and
direct path. In [25], multiple photo-detectors are used to achieve diversity; channel
coefficients are assumed to follow gamma-gamma distribution and switched-and-stay

combining (SSC) technique is used at the receiver.

Due to the low modulation speed of LEDs operating in the deep UV region
[23], UVC has a limited data transfer rate. It is highly desirable to adopt higher
order modulation schemes to increase the data rate of NLOS UVC systems. In
the existing literature, the performance analysis for UVC is generally limited to
OOK modulation scheme, due to its simplicity [25-30]. QAM, on the other hand,
is a general modulation technique that has gained widespread popularity due to its
efficiency and generic nature. Different variations of QAM, such as RQAM, SQAM,
XQAM, and HQAM are described in Section 1.4. These modulation schemes are
extensively studied in RF based communication systems [33, 60]. However, detailed
performance analysis of these modulation schemes in the context of NLOS UVC is

least explored.

In this chapter, novel closed-form expressions for the outage probability, and
ASER of a single-input-multiple-output (SIMO) NLOS UVC system are derived.
The multiple receiver branches are assumed to be correlated, and SC is used at
the receiver to achieve spatial diversity. The PDF of the instantaneous SNR at the
output of selection combiner is computed. The computed PDF expression is used
to derive the novel and generic ASER expression. This generic expression is then
used to compute the ASER for RQAM, XQAM and HQAM schemes. The ergodic
capacity of the considered system is derived and effect of channel correlation on
the ergodic capacity is studied. Performance of the considered QAM schemes is
investigated for different channel conditions, and useful inferences are drawn. It

is shown that the system performance deteriorates with the increase in channel
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correlation due to the loss of diversity. The derived expressions are validated by

Monte-Carlo simulations.

2.2 System Model

Optical to
. e Electrical |»
NN : Converter 5¢
Ny : 2c
si(t) S 8E h
Serial [ . ' S |Opticalto] |55
> QAM Electrical Add Optical -
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Serial [« ping |e Modulator zer
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Figure 2.1: Selection combiner with N, receiver branches

Fig. 2.1 dipicts an NLOS UVC system with N, branches and SC at the receiver.
At the transmitter, SIM is employed in which the information symbols are first mod-
ulated in the electrical domain. The DC bias is added to the electrically modulated
signal. Finally, optical modulation is performed and the resultant optical signal
is transmitted via NLOS UVC channel. The transmitted optical signal is received
at the receiver after being distorted by the turbulence. N, receiver branches are
employed to achieve diversity. Each receiver branch is equipped with a photodetec-
tor that converts the optical power received into an electrical signal. The resultant
electrical signal is passed to a selection combiner, which receives N, copies of the
detected electrical signal and selects the one with maximum SNR for further pro-
cessing. The output of the selection combiner is fed to the equalizer, which employs
the zero-forcing technique to eliminate the effect of channel. It is assumed that the
CSI is completely known at the receiver. Next, DC-bias is removed and detection

is performed to retrieve the QAM symbols. Finally, detected QAM symbols are
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demapped to parallel bit stream which is then converted into the serial information
bits.

Let the received electrical signal corresponding to the " branch of the receiver
is given by,

y; = nPN%%hs + v, i=1,2,...,N, (2.1)

where s is the source symbol with average energy, E[|s|?], normalized to 1. PNFOS
represents the received optical power at the receiver via i** path under single scatter-
ing assumption in the absence of turbulence and w; is the signal-independent noise
modeled as zero mean AWGN [12, 25, 61] with variance 2. h; is the turbulence
induced fading channel coefficient of the i** path which follows LN distribution for
weak turbulence. For mathematical tractability, the same elevation angle at all re-
ceiver branches is considered which means that the transmitter and all the receivers
are looking at the same CV. As a result, the channel coefficients {h;} 7, follows iden-
tical distribution, In h; ~ N (jp,07). The channels experienced by different receiver

branches are assumed to be exponentially correlated [25]. The covariance matrix of

h = [hi,hy, ... hy]T is given by

1 v piNr—1
) v 1 pNr=2
Th - Uh (2 2)
Nl N2 1

The correlation coefficient between any two channel coefficients is given as

JF#k (2.3)

(hy —ma)(hy, — mh))}
o} ’

vl —kl — E[

2
with m;, = exp (Mh + %)
Let y; is the instantanecous electrical SNR of the i** receiver branch which is
given by

2 PNLOS?1 2
77 ‘P'r hz
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The average received electrical SNR per symbol at any branch in the absence of

turbulence is given as,

2 pNLOS?
n-F;
Xo = 5. (2.5)

oy

Using the properties of LN distribution, it can be shown that the instantaneous
SNR (x:) also follows LN distribution, In(x;) ~ N gy, Ui). The mean and variance

of In(x;) can be computed as,
px = 2pn +1n(xo), o = 4oy (2.6)

Let x = [x1, X2, .-, xn,]7, then the joint pdf of x is given as

exp [—1(lnx — o)X (Inx — Byl

2.7
(2m)Ne 2|0 V2 X0 X2 - - XN, (27)

Ix(x) =

T

Here pu, = 1, [1,1,...,1]" is a N, X 1 vector and covariance matrix Y, is given as

1 v ool
) v 1 oo o2
Yy =0, (2.8)
o=l pNe=2 1

SC is employed to achieve receiver diversity. There are other combining schemes
such as MRC and EGC, which has better performance as compared to SC. However,
the improved performance is achieved at the cost of increased receiver complexity.
In SC, only the branch with maximum SNR is selected for signal detection, thus,
simplifying the receiver structure for practical deployments. The instantaneous SNR

at the output of the selection combiner is given as

Xsc = maX(Xh X2y 7XN1~)' (29)
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In the following section, the CDF and PDF expressions for y,. are derived.

2.3 Owutage Analysis

In this section, the closed-form expression of the outage probability of the considered

system is obtained. As stated in Section 1.7, the outage probability is defined as

Paut(Xth) =Pr [Xsc < Xth} = FXsc(Xth)7 (2-10)

where F, (-) is the CDF of x,. Invoking (2.9) into (2.10), we get

X¢h Xih
Poui(xen) = / / F(x)dx,dx, .. .dxn,. (2.11)
N

N, Integrals

Using fy(x) from (2.7) into (2.11) results in

exp [—3(Inx — py) " (Inx — p
out Xth / / X) ( X>] dX1dX2 R dXNr'

27T NT/Q‘T |1/2X1X2 - XN,

(2.12)

Substituting y = In(x) into (2.12) results in

fu(¥)
) o~ P T — ]
exp [~y — p, Y — Iy,
out Xth / / 27T)NT‘/2’TX|1/2 dy1 dyz . derv

(2.13)

where f,(y) is the PDF of the multivariate Gaussian random variable, y = [y1, 42, - . ., yn, |7,

with mean vector p, and covariance matrix Y, . The random variables {y:}¥r, can

be obtained from NN, + 1 independent Gaussian random variables Z;, Z,..., Zn,.;V
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using the following transformation [62]

y = oy [V1 = U Zp + VUV 4y, k=1,2,..., N, (2.14)

where Z, V ~ N(0,1). v is obtained by approximating the covariance matrix given

in (2.8) as
1 o v
v 1 v
YT, ~ Y, =0} , (2.15)
v 1

where v’ is computed by minimizing the Frobenius norm of the vector [v/ — v, v —

v?,. . v — N T resulting in SN (vF — of) = 0. On solving this equation, the
following expression is obtained

, v(l — oV
(Nr - 1)(1 - U)

for N, > 1. (2.16)

The transformation given in (2.14) is applied to (2.13) to obtain

T Inx,, —py — /U020
Pout(Xm>:/le< : = * )

e o2(1—')
Iny,, — iy —+/V02v
X ... X FZN 1 X fv("l))dv. (217)
' o2(1—')

Substituting the PDF and CDF expressions for standard normal distribution into

(2.17) and using the transformation v/v/2 = u results in

00 N,
1 Inx,, — iy — /20020 )
Pout(Xth) = ﬁ / [1 - Q( X qu X )] €7u du. (218)

o2(1 —')
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Integral in (2.18) can be evaluated using Gauss Hermite quadrature integration

technique [63, Table 25.10] as

Ny
In — Uy — £ /2002 u;
Pout Xth \/_ Z w] [ < Xth /’LX X J >] ’ (219>

where Q(x) = % fmoo e 1’24t w; and u; are the weight factors and zeros of n'* order
Hermite polynomial, respectively. Differentiating (2.19) w.r.t. x,, and replacing x,,

with x for notational simplicity, results in the following PDF expression of y.

-1

Nr
Inx — gy — /2002 u,
Fo(x Zw] [1 B ( X — Hx X J)]
X7r,/202 1—) oZ(1 =)
—(Iny — —,/21/02%2
X /’I’X X .7) :| (220)

202(1 — ')

xexp{

2.4 ASER Analysis

In this section, PDF based approach is used to derive the generic expression for
ASER. Let Ps(e|x) represents the conditional probability of symbol error for AWGN
channel. Thus, for a fading channel, ASER can be computed by averaging Ps(e|x)

over x as

o0

Py(e) = / Pu(elX) fro ()i, (2.21)

0

where f,..(x) represents the PDF of the e2e SNR. Using (2.20) into (2.21), we get

ARE 1
PO =" [ P(el)
T xy/202(1 =)
Inx — gy — /2002 uy ot —(Inx — py — /2002 u;)?
X |1—=0Q exp 5 - dyx.
O'i(l—v’) 20‘X(1 —U)

(2.22)
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In x—p—V2v' 02u; .n(

T 2.22) and simplifying, results in

Substituting v =

N, [ <&
:_/ijPs<e|X:exp( 202(1 = V') v+ py + 2U’O‘>2<Uj)>
T
=t

X [1 —-Q(V2 v)] N exp(—v?)dv. (2.23)

On using Gauss Hermite quadrature integration in (2.23), we get

Z Zwkwj ( X = exp(1/202(1 = ') v + puy + 2U’a>2<uj))
k=1 j=1
Ny—1

x [1 —Q(V2 vk)] . (2.24)

The expression in (2.24) is the generic ASER expression for the considered system,

and is applicable to all modulation schemes.

2.4.1 Rectangular QAM Scheme

The conditional expression for the SER of M; x Mg RQAM over AWGN channel is
described in (1.11) of Section 1.4.1. On substituting (1.11) into (2.24) results in the
following final ASER expression for RQAM scheme.

PRQAM Z Z wkwj 1 — 2 Uk)}Nr_l

kljl

{2p0Q \/exp \/202(1 =) vg + iy + /20020y )

+ 2q0Q(bo\/eXp ( 202(1 — V') vp + piy + /20" 02u;)

— [4p0qOQ(a0\/exp ( 203((1 — V') v+ oy + 2U/O'>2(uj>

X Q(bo\/exp (1/202(1 = ') v + o + 2UIU§Uj>1 } (2.25)
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2.4.2 Hexagonal QAM Scheme

The conditional expression for the SER of HQAM over AWGN channel is given
by (1.13) of Section 1.4.3. Substituting (1.13) into (2.24) and after mathematical
simplifications, ASER expression of HQAM scheme for the considered system is

computed as

o 237 w1 v

k=1 j=1

:|NT—1

X {DQ<\/q1 exp ( 202(1 = ') v + py + 2U/0—)2(/(Lj) )

2

#2000 (2 e (2= ) v+ o) 3 )

—2D¢ [Q(\/ql exp ( 202(1 — V') vg + iy + 2/UIO_>2<U]') )

XQ<\/qleXp( 202(1 — V') v + piy + 2u/a§uj)/3)”. (2.26)

2.4.3 Cross QAM Scheme

In this section, the ASER of XQAM scheme with 32 constellation points (XQAM-
32) is derived. The conditional expression of the SER for XQAM-32 scheme is
given by (1.12) of Section 1.4.2. Substituting (1.12) into (2.24) results in the ASER

expression for XQAM-32 given by

PXQAM32 () ﬁ i i Ww; [1 - Q(V2 Uk)]

k=1 j=1

X {26@(\/2Aexp (1/202(1 = ') vk + py + 4/ 20020, )

+Q<2\/Aexp( 202(1 = ') vp, + piy + 2U’a>2(uj>

— 2307 (\/QA exp ( 202(1 — ') v, + puy + 4 /20" 02uy ) } (2.27)
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2.5 Ergodic Capacity

In this section, the ergodic capacity of the system under consideration is derived.
Ergodic capacity is an important performance metric, usually computed for the
fast fading channels, to identify the data rate that can be achieved for a given
system configuration. A UVC system operating in NLOS mode is very sensitive to
atmospheric variations thus giving rise to fast fading [64]. From Shannon’s capacity

theorem [14], the ergodic capacity in bits/sec/Hz is computed as

.= [ 1om(14 0 (0 (2.28)
0

On substituting f,,.(x) from (2.20) into (2.28) and following the steps similar to

Section 2.4, the following expression for the ergodic capacity is obtained.

Ce = % i iwkwj [1 -Q(V2 vk)} o

k=1 j=1

log, (1 + exp ( 202(1 = ') v + py + 21}’03&@)). (2.29)

2.6 Numerical and Simulation Results

In this section, numerical analysis is conducted for the considered N,-branches NLOS
UVC system with selection combiner and validate the results through Monte-Carlo
simulations. Unless otherwise stated, the system and channel configuration param-
eters given in Table 2.1 are considered for the numerical study [10, 12]. The number
of terms (n) used to compute Gauss Hermite quadrature in (2.19), (2.25), (2.26),
(2.27) and (2.29) is considered to be 20 for better numerical accuracy [64, 65].

Fig. 2.2(a) illustrates the theoretical and simulation results of outage probability
for correlated channels (v = 0.2,v = 0.8). The SNR threshold xy, is considered to

be 4 dB [25]. It is observed that the theoretical results overlap with the simulation

35



2.6. NUMERICAL AND SIMULATION RESULTS

—e—N =1

—8—N=2(v=02)
—6—N=3(v=0.2)
—p—N=4(v=0.2)
- A -N=2(v=08)
-+ -N=8(v=08) |]
- x--N=4(v=08) |3

*  Simulation

Outage Probability

25 30
Average SNR, x, (dB)
(a) Outage probability versus average SNR
102" \\. ]
R e e e e e
10 ¢ giP ]
2
B Q) :
© \
S 10°F 3
a >
S
< F A 1
3 10°%¢ Mg 3
1070
10-12 | | | | | | | | |
2 4 6 8 10 12 14 16 18 20
N

r

(b) Outage probability versus N, (xo = 15 dB)

Figure 2.2: Outage probability for x,, =4 dB.

results for all the investigated cases, thus, confirming the accuracy of the derived

expression of outage probability given in (2.19). It can be seen that the system
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Figure 2.2: Outage probability for y,, =4 dB (contd.).

performance degrades with the increase in correlation (v > 0). This is due to the

fact that, for v = 0 the channels become independent and hence the system achieves

37



2.6. NUMERICAL AND SIMULATION RESULTS

Table 2.1: System and Channel Configuration

Parameter Symbol Value
Wavelength A 260 x 10~"m
Receiver aperture area A, 1.77 cm?
Refractive index structure coefficient | C? 1 x107Pm=%3
Rayleigh scattering coefficient kay 24x107*m™!
Mie scattering coefficient ke 2.5 x 107" m™!
Absorption coefficient ko 9x 1074 m™!
Channel model parameters v, 9, f 0.017,0.72,0.5 [10, 12]
Transmitter beam divergence ol 8 mrd
Receiver FOV e 45°
Transmitter elevation angle ot 30°

Receiver elevation angle o= 30°

Distance between Tx and Rx d 500 m [12, 66]

full diversity. However, as the channel correlation increases, the diversity order of
the system reduces resulting in degraded system performance and increased outage
probability. Fig. 2.2(b) shows the effect of increasing number of receiver branches
on system performance for different channel correlations. It is observed that for
uncorrelated channels, the outage probability increase linearly with N,. However,
as the correlation increases, increasing N, beyond a certain number has limited
performance improvement or no impact on the outage probability. Fig. 2.2(c) and
2.2(d) shows the impact of different transmitter and receiver elevation angles on
the outage probability for v = 0.4 and 0.8, respectively. It can be observed that,
irrespective of the channel correlation coefficient value, optimum performance is
achieved for smaller elevation angles of ~ 10°. This is because, the smaller elevation
angle reduces the distance from Tx and Rx to the CV, thus, reducing the signal
attenuation. However, reducing the elevation angle below 10°, results in decreased
CV area which leads to smaller number of photons being scattered towards the FOV

of the receiver, thus, deteriorating the system performance.

In Fig. 2.3, the ASER performance of various QAM schemes, such as SQAM,
RQAM, XQAM and HQAM, are studied for different constellation sizes and v. It
is observed that the theoretical curves overlap with the simulation results for all

schemes which validate the theoretical analysis presented in Section 2.4. Fig. 2.3(a)

38



CHAPTER 2. PERFORMANCE ANALYSIS OF NLOS ULTRAVIOLET
COMMUNICATIONS IN TURBULENT CHANNEL

ASER
5

I — RQAM-16x2 (Analytic) (‘a
10%E| O RQAM-16x2 (Simulation)
F |----- RQAM-8x4 (Analytic)
| < RQAM-8x4 (Simulation)
105k ——HQAM-32 (Analytic) )}
£| > HQAM-32 (Simulation) o :
[ |- - - -XQAM-32 (Analytic)
O XQAM-32 (Simulation)
10—6 | | | | | I I
0 5 10 15 20 25 35 40
Average SNR, y, (dB)
(a) 32-points constellations (v = 0.8)
10%
10 "o, E
g
102 s Q 5
Y
% 3 \'\ Q 4
0 10 A
< i Y
[ \
e RQAM-32x2 (Analytic) < %
104 F| O RQAM-32x2 (Simulation) - -
F [=-==~RQAM-16x4 (Analytic)
[| < RQAM-16x4 (Simulation)
105 L| T SQAM-64  (Analytic) |
£| > SQAM-64 (Simulation) o 1
[ |----HQAM-64 (Analytic)
O HQAM-64 (Simulation)
10—6 I | | | | I
0 5 10 15 20 25 40

Average SNR, x, (dB)
(b) 64-points constellations (v = 0.8)

Figure 2.3: Comparison of analytical and simulation results of ASER versus SNR for
different modulation schemes.
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Figure 2.3: Comparison of analytical and simulation results of ASER versus SNR for
different modulation schemes (contd.).

compares the simulation results for 32 points RQAM, HQAM and XQAM schemes
for v = 0.8. Considering 10~* as the target ASER, it is observed that RQAM-8 x 4
results in SNR gain of approx. 5.1 dB as compared to RQAM-16 x 2. Further,
it is observed that XQAM-32 outperforms RQAM-8 x 4 scheme with a significant
gain of ~ 1.1 dB. This is because of the lower peak and average power in XQAM
as compared to RQAM. It is also observed that, HQAM-32 performs slightly better
than XQAM-32 (~ 0.34 dB).

In Fig. 2.3(b), the ASER performance of RQAM-32 x 2, RQAM-16 x 4, SQAM-
64 and HQAM-64 schemes is compared. It is observed that HQAM-64 performs
better than SQAM-64, RQAM-32 x 2 and RQAM-16 x 4 modulation formats. For
instance, to achieve ASER of 10~* HQAM-64 requires approx. 0.6 dB lower SNR
as compared to SQAM-64. Further, it can be inferred that, using SQAM-64 results
in a significant gain of ~ 3.3 dB and ~ 8.9 dB as compared to RQAM-16 x 4 and

RQAM-32 x 2 schemes, respectively. The reason for better performance of SQAM
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over non-square RQAM is that SQAM maximizes the minimum distance between
the constellation points for a given energy, thus, requiring slightly less power as

compared to non-square RQAM to achieve the target ASER.

Fig. 2.3(c) presents the ASER curves of different modulation schemes for v =0
and constellation sizes of 4,16,32,64. It is observed that for a given constella-
tion size, SQAM results in lower ASER as compared to RQAM. Further, it can be
seen that SQAM-4 performs marginally better than HQAM-4. However, except for
constellation size 4, HQAM always performs optimally, as compared to other mod-
ulation formats. As an example, for v = 0, HQAM-8, HQAM-16, HQAM-32 and
HQAM-64 provides a significant gain of approx. 1.2 dB, 0.4 dB, 1.5 dB and 0.5 dB
as compared to RQAM-4 x 2, SQAM-16, RQAM-8 x 4 and SQAM-64, respectively.
As an important observation, XQAM-32 performs better than 32 points RQAM
constellations, however, lags behind ~ 0.3 dB SNR as compared to HQAM-32 to
achieve the target ASER of 10~*. The reason for optimal performance of HQAM is
the densest 2D packing of its constellation points as compared to other modulation

schemes [33].

In Fig. 2.4, the ergodic capacity versus average received SNR (x,) is plotted for
different values of v and C?. It can be depicted that the simulation results confirm
correctness of the derived analytical expression. Further, it can be seen that the
channel correlation has very little impact on the channel capacity for smaller values
of C2. Furthermore, it is observed that increase in C? adversely affects the ergodic
capacity of the system. As an example, for v = 0, with the increase in C? from
1 x 107%m=2/3 to 1 x 107"“m~2/3, 4.5 dB more SNR is required to achieve C, = 4
bits/sec/Hz. This is because, C? directly affects the log-amplitude variance of the
received optical signal. Also, increase in C? increases turbulence strength, thus,

deteriorating the ergodic capacity of the system.

As (2.15) approximates (2.18), all analysis equations are approximations and not
exact, thereby resulting in slight deviation in the simulated and analytical plots.

This deviation is quantified in terms of mean square deviation error (MSDE) and
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Figure 2.4: Ergodic capacity versus average SNR for different values of correlation coef-

ficient.

the same is shown in Table 2.2, Table 2.3, Table 2.4, and Table 2.5, for the plots

30

given in Fig. 2.2(a), Fig. 2.3(a), Fig. 2.3(b), and Fig. 2.4, respectively.

Table 2.2: MSDE in the analytical and simulated
outage probability plots shown in Fig. 2.2(a).

N, [ p=02 | p=08 |
2 24 %1078 4.3 x 1078
3 43 x 107 1.4 x10°°
4 1.1x107° 6.0x10°°

Table 2.3: MSDE in the analytical and simulated
ASER plots shown in Fig. 2.3(a).

Modulation Scheme Mean Square Devia-
tion

RQAM-16 x 2 1.1 x 1078

RQAM-8 x 4 1.0 x 1078

HQAM-32 9.7 x 1076

XQAM-32 2.3x107°
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Table 2.4: MSDE in the analytical and simulated
ASER plots shown in Fig. 2.3(b).

Modulation Scheme Mean Square Devia-
tion

RQAM-32 x 2 9.4 x 107

RQAM-16 x 4 9.2 x 107

SQAM-64 1.4 x 1078

HQAM-64 3.2x107°

Table 2.5: Mean square deviation in the analytical and simulated er-
godic capacity plots shown in Fig. 2.4.

| C? [ p=0 | p=0.2 | p=0.38
1x 107 ™ 1.2 x107° 1.7x 1076 1.2x10°7
1x 1071 6.2 x 107° 1.7 x 1076 1.3 x 1077
1x 10716 2.7 x 107% 0.7 x 10~° 2.0x 1077

2.7 Summary

An NLOS UVC system with multiple receiver branches and SC at the receiver is
studied. The channels experienced by different receiver branches are assumed to be
correlated and novel closed-form expressions are derived for the outage probability,
ASER and ergodic capacity. Several simulation studies are conducted to validate
the accuracy of the derived analytical expressions. The effects of receiver branches,
channel correlation and elevation angles are evaluated on the system performance. It
is demonstrated that for large channel correlation, increasing the number of receiver
branches beyond a certain value has a very little impact on the system performance.
Further, the ASER performance of different modulation schemes such as RQAM,
SQAM, HQAM and XQAM is studied and it has been shown that HQAM is the
optimum modulation scheme for all constellation sizes except for 4-points constel-
lation where SQAM marginally outperforms HQAM. Additionally, it is shown that
the ergodic capacity of the system improves as the channel correlation reduces. It
is further been observed that for low value of refractive index structure coefficient,
channel correlation has negligible impact on the ergodic capacity. This chapter ad-

dresses the problem of turbulence induced fading for NLOS UVC system. However,
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the considered system model does not deal with high-path loss in UVC, which exists
due to strong interaction of deep UV wave with the atmospheric particles. The
following chapter examines a cooperative NLOS UVC system that addresses both

fading and path loss issues.
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Chapter 3

Performance Analysis of AF
Relayed Cooperative NLOS UVC
System in the Presence of

Turbulence

3.1 Introduction

In the previous chapter, spatial diversity was used to mitigate the fading effect
caused by turbulence in an NLOS UVC system. Furthermore, the significance of
higher-order modulation techniques in supporting a high data rate was emphasized.
However, Chapter 2 did not address the issue of high path loss in UVC, which
limits the communication range of a UVC link to shorter distances. There is a re-
quirement for an NLOS UVC system that addresses both high-path loss and fading
issues. This chapter examines a multi-relayed cooperative communication system
that deals with the problem of high path loss by introducing relay nodes between
source and destination and mitigates the effect of fading by employing multiple par-
allel relays. In the recent past, there have been several research studies conducted

towards increasing the communication range of NLOS UVC by incorporating the
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cooperative communication techniques [12, 46, 66-68]. In [67], Ardakani et al. stud-
ied the BER performance of cooperative orthogonal frequency division multiplexing
(OFDM) NLOS UVC; however, the authors did not consider the turbulence effect
under the short distance assumption. In [46], the authors studied the performance
of serially relayed multi-hop cooperative communication techniques and studied its
performance for strong turbulence for which the irradiation fluctuations are modelled
using gamma-gamma PDF. In [12], the authors derived a closed-form expression for
the PDF of irradiance fluctuations of NLOS UVC links for weak turbulence and
performed the outage analysis of DF based serially relayed multi-hop NLOS UVC
system. Further, in [68], the BER performance of dual-hop AF relayed NLOS UVC
system is evaluated for higher-order RQAM scheme. The multi-relay cooperative
communication has also been extensively studied in the existing literature related
to FSO and hybrid RF/FSO systems [54, 69-71].

In this work, an AF based multi-relay cooperative NLOS UVC system using
higher-order modulation schemes, and selection combiner at the receiver is con-
sidered. The performance of the considered system is studied in terms of outage
probability for both variable gain and fixed gain relaying. The diversity order of
the system for variable-gain relaying as a function of system configuration parame-
ters is derived. Further, the novel analytical expressions of ASER for higher order
modulation formats including RQAM, HQAM and XQAM-32 schemes are derived.
The numerical study is performed to verify correctness of the derived analytical ex-
pressions. It is shown that using parallel relays along with SC results in significant
performance improvement as compared to no-relay case. It is further shown that the
performance of the system further improves with an increase in number of relays,

lower elevation angles, and higher FOVs.
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Selection
Combining

Figure 3.1: Parallel relayed NLOS UVC system.

3.2 System Model

Fig. 3.1 shows a parallel AF relayed NLOS UVC system, which consists of a source
node S, a destination node D, and M relay nodes {R,,}_,. The relays are assumed
to be placed in the middle such that the distance of SR,, and R,,D links are the
same. All the nodes are assumed to operate in half-duplex mode. The exact CSI is
assumed to be known at the receiving nodes. All the nodes are assumed to be time
synchronized using decentralized algorithm [72]. Further, the total power budget is
considered to be P;, which is equally divided amongst S and {R,,}»_; nodes, such
that the transmit power available at each transmitting node is P = P,/(M + 1).
With this system configuration, communication from S to D, via relayed path, takes
place in M +1 time slots. In the first time slot, S transmits the information bearing
signal to D and {R,,}*_, nodes. In the subsequent M time-slots, each relay node,
one at a time, amplifies and forwards the received signal to D. Hence, D receives
total M +1 copies of the signal from S and {R,, }}*_,. For the analytical tractability,

the signal received via direct S — D link is ignored at the selection combiner. This
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assumption has a negligible impact on the performance analysis because the direct
S — D link experiences very high path loss (due to long distance) as compared to
the signal received via relayed link. The SC [14, 73] is used at the receiver, in which
D selects the signal with maximum SNR to decode the information. A single SIM
employing higher-order modulation scheme is used at Tx. In SIM, the information
bearing signal is pre-modulated using an RF subcarrier. A DC bias is added to the
modulated RF signal, and the resultant signal is then used to modulate the intensity

of a laser diode [41, 46].

Let s be the transmitted optical signal by S in the first time-slot. The aver-
age power of s is assumed to be unity, E[|s|?] = 1. The signal received at the

photodetector output of R, is given as,

Yrm = T]-Pgsrhsfrms + Vrs m=1... ]\47 (31)

where 7 is the effective optical-to-electrical conversion ratio. As the geometrical
configurations are assumed to be same for all the relay nodes, therefore all the links
from S to {R}M_, experience the same path loss given as /., which is normalized
with the path loss of SD link. v, is the AWGN, v, ~ N(0,02 ) [12, 25, 46, 66, 68, 73].
Rspy .. hsr,, are the independent and identically distributed (IID) fading channel

coefficients, In(h, ) ~ N (i, 07 ).

In the subsequent phase, R,, amplifies the received signal by gain G and forwards

the resultant signal to D. The signal received at D over R, D link is given by

Ym = Nlrahr, aGYy, +v4, m=1...M, (3.2)

where Ay, q...hy,q are the IID fading coefficients, In(h,,4) ~ N(up ,, 04 ,), and
va ~ N(0,0,,)%

The gain (G) depends on the channel information at the relay. Both the fixed-
gain relaying and variable-gain relaying are considered in the analysis depending on

the CSI availability.
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Fixed-gain relaying

When only the statistical information of hs,  is known, then the fixed-gain relaying

is used, for which

G = P/\[i2P22E2, ]+ 02 (3.3)

Using (3.1), (3.2) and (3.3), the instantaneous SNR of the SR,, D link for fixed-gain

relaying is computed as

Xsrm Xrmd

el (3.4)

Xsrmd =

where C' = k€2 E[hZ]xo + 1, in which & = 1/(M + 1)%. X, = kl2.h2, Xo and
Xrmd = K2gh2, X0 are the instantaneous SNRs of SR, and R, D links, respectively.
Using the properties of LN RV, it can be shown that both y,. and x, 4 follow LN
distribution In(xs,,) ~ N (s, 0s) and In(x;,.a) ~ N (pra, 0,4), respectively, with

parameter values given by [74]

i =2, +In (kG xo) +Inxo, 07 =40}, i€ {sr,rd}. (3.5)

Variable-gain relaying

On the other hand, when the CSI is known at the relay, then G can be changed

adaptively according to hs,. , and could be written as

G= P/\/n2p2£2 h2. +02 (3.6)

sr!Vsrm

Using (3.1), (3.2) and (3.6), the instantaneous SNR of the SR,, D link for variable-

gain relaying can be computed as

Xsrm Xrmd
sr = —— 5 3.7
Xsrond X srm + Xrmd + 1 ( )
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The SC employed at D selects the signal corresponding to the highest SNR. The

resulting e2e instantaneous SNR at the output of SC is given as

Xe2e = mIillaXM Xsrmd- (38>

3.3 Owutage Probability

Using (3.8) and (1.20), the outage probability of the considered system is computed

as
Y M
Pout = H FXsrmd(Xth> = [FXSde(Xth)} ) (39>
m=1
where F . (xu) represents the CDF of x,,4.
Fixed-gain relaying
Using (3.4), the CDF of x4, 4 is given as
Xsrm Xrmd
F. =Pr| /" < . 3.10
onsln) = o | KXt (3.10)
On rearranging, (3.10) can alternatively be written as
1
FXsrmd(Xth) = 1 - Pr Z 2 - | (311)
Xth

where Z = Z; + Z5, in which Z; = X;in, and Zy = st_énxgid. Using the properties
of LN RV it can be shown that both Z; and Z, follow LN distributions, In(Z;) ~
N(us,,0,.),i=1,2[64]. The closed-form approximation for the distribution of sum
of LN RVs is not yet known. However, according to [15, 17, 18], the sum of LN RVs
can be approximated by another LN RV. Following the approach adopted in [17], Z
is approximated as In(Z) ~ N (p,,0,). The values of u, and o, are computed from

p, and o, by following the steps given in [17]. Using the selected approximation, the
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CDF of x4,,4 can be computed as FXsrmd(Xth) =Q (w) On substituting

Oz

Fy,,, o(xu) into (3.9), the outage probability of the considered fixed-gain AF relayed

system is obtained as

P = {Q <1n(1/Xth) _”Z)}M. (3.12)

Variable-gain relaying

At moderate-to-high value of x,, the instantaneous SNR given in (3.7) can be ap-

proximated by

~ X srm Xrmd
oy g = —mArmd 3.13
X I Xsrm + erd ( )
which is bounded as [34]
1 . - .
3 min(Xsr,, s Xrmd) < Xsrmd < 0i0(Xsp, XdeZ' (3.14)
) Xf:b:d X?;{,Ld
The CDF of x** , is given by [74]
P Gen) =1 = [1= Foo,, Ge)] [1= Praln)] (3.15)

On substituting the CDFs of LN RVs g, and x4 into (3.15) and using the
resulting expression in (3.9), the lower-bound (LB) of the outage probability for

variable-gain relaying computed as

Py = [1 -Q (w) Q (w)r (3.16)

Osr Ord
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3.4 Diversity Gain Analysis

In this section the diversity analysis of the considered system for variable-gain re-
laying is computed using (1.21). The outage probability of direct SD link is given
by

In — g

Pyl =1— Q(—Xth & d), (3.17)
Osd

with ptsq = 2pp,,+In(x0), sa = 40}2%. On differentiating the logarithm of (3.16) and

(3.17) with respect to In x,, and substituting the resulting expressions into (1.21),

the following RDO expression of the considered system for variable-gain relaying is

obtained.

TaMQ (%) [% exp (%) + L exp (—ano;_;)iﬂrd)?)}

RDO =
exp ( —(111();;—)?;195(02 ) |:Q (hﬂ(X;z:ﬂsr ) + Q (ln(X;id—ﬁrd )]

Y

(3.18)

where where ¥V = Inxy — 2up,,, and ¥; = Inxy, — 2In(4; /(M + 1)) — 2uy, for
i€ {sr,rd}.

Next, the asymptotic RDO (ARDO) [47] of the system at high SNR values is com-
puted. ARDO is defined as

ARDO = lim RDO. (3.19)

Xo—>00

Using the well known bounds of @ function [75] and evaluating the resulting expres-
sion for y, — 00, the following approximate expression of ARDO of the considered

system for variable-gain relaying is obtained.

2 2 2
ARDO =~ M(";d + Zsd . _Cod ) (3.20)
Ogr Ord OsrOrd
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3.5 Average Symbol Error Rate

In this section, a variable-gain relaying is considered and the closed-form expressions
of ASER for different modulation schemes including RQAM, HQAM and XQAM-32

are derived. Using the PDF based approach the LB on the ASER of the system

under study can be computed as

R0 = [ Pehfey (ax (3.21)

Here fu (x) is the PDF of the upper-bound (UB) of electrical SNR and can be

computed by differentiating the outage probability expression given in (3.16) as

Ord Osr

fow () =M [fxsr (Q (M) + S (0)Q (M)l

M-1

3 [1 w(%ﬂ)cg(mi;ﬁ)] | (32

Next, a lemma to compute averaging of a function over f ub (x) is defined.

Lemma 3.1. Let g(x“.) is a function of the RV ¥, whose PDF is given in (3.22),

eZe

then

Elg(xez.)] = E1 + Za, (3.23)

where,

N
= M § 2 Osr®i + fhsy — fhr
=1 = = wig(\/ao-srxi+ﬂsr>Q<\/_ K Iud)

Ord

y [1_Q(\@Ii)Q(\/?osrmﬁusr—Mrd)rH, (3.24)

Ord
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and,

[1]

OST

N
M \/50'7' Ti + frd — Msr
2=ﬁg wig<\/§ard95i+,urd>Q( 4 frd — 1 )
=1

Osr

x [1 —Q(V2 xi)Q<\/§U’"d%+”rd_““>]Ml. (3.25)

Here w; and z;, respectively, are the weight factors and zeros of the N order

Hermite polynomial.

Proof. See Appendix A.1. |

Lemma 3.1 is used to derive the ASER expressions for the higher-order modulation

schemes in the following subsections.

3.5.1 Rectangular QAM Scheme

The conditional expression for the SER of M; x Mg RQAM over AWGN channel is
given by (1.11). On substituting (1.11) into (3.21) and using Lemma 3.1, the LB of
the ASER for RQAM modulation scheme is obtained as

N
M 2 T + -
PSRQAM(e) B ﬁE W Q<\[ OsrXi T Hsr Mrd) [2poQ <a0 \/§ OsrZi + ,Usr>
i=1

Ord
+ 2q0Q (bO \V \/§ OsrXi + Msr) - 4p0Q0Q (CLO \/ \/i OsrXi + Hsr) Q(bO \/ \/§ OsrXi + Msr)
V2 oo + o & N
. ] OsrXy T Msr — Hrd el ) OrdXi T Hrd — Hsr
x !1 Q(\@m)Q< ~ )] +ﬁ;wzQ< - )

X [229062 (ao V2 0,41 + ,urd) +2¢qoQ (bo V2 047 + Md) — 4poqoQ <ao V2 oqmi + Mrd)

f M-1
[1 _ Q(\@ xz)Q( 2 0rdTi + fird — Nsr)] . (3.26)

Ogr

X Q (bo V2 0pqm; + ,urd>

3.5.2 Hexagonal QAM Scheme

The conditional expression for the SER of HQAM over AWGN channel is given by
(1.13). On substituting (1.13) into (3.21) and using Lemma 3.1, the final expression
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for the LB of ASER for HQAM modulation scheme is computed as

2
PHQAM sz < OgrL; + Hsr — NTd) [DQ(\/Ql\/i O + ,Usr)

Ord

3

M-1
X ll_Q(ﬁxi)Q<\/§03rl‘i+N3r_,Urd>] Zwl < 20Mwl+ﬂrd Msr)

+2Deq? (\/QQ1\/§ Tsri + Nsr/?)) - 2DcQ(\/qn/§ Torii + /W)Q(\/ql\@ Tsri + //fsr/?))]

Ord Osr

X [DQ(\/CH\/i Orqi + ,Urd) + gD(JQQ(\/QQﬂ/§ TraZi + Mrd/3) — 2DCQ<\/Q1\/§ OraTi + Md)

M-—1
(\/5 . )Q(ﬂ OrdTi + brd — :UST>] . (327)

Osr

X Q(\/‘h\& OrdZi +Mrd/3>]

3.5.3 Cross QAM Scheme

The conditional expression for XQAM-32 is given by (1.12) Using (1.12), (3.21) and
Lemma 3.1, the final expression for the LB of the ASER for XQAM-32 modulation

scheme is computed as

Ord

N
2 srig sr — Mr
PSXQAM_SQ(B) _ TM Zwi Q(\/_ Osr@i + [ H d) [26@(\/2A\/§ OsrXi + ,u5r>
m
i=1

+ Q(Q\/A\/@ OorTi + ,usr) —23Q? (\/2A\/§ Oorli + usr>
M1

M sz ( 2 O'rdxzo":rﬂrd ,Usr>
X —26Q (\/214\/5 OrdZi + urd) +Q (2 \/A\@ OrdXi + urd> — 230 <\/2A\/§ OrdZi + ,urd>

[1 - Q(V2 z;)

% Q(ﬁ Osrs + Hsr — /er)

Ord

% 1_Q(ﬂmi)Q(\/ﬁardxi"i_,urd_ﬂsr)] ' (328)

Osr

3.6 Numerical and Simulation Results

In this section, the numerical results is presented for the outage probability and
ASER from the derived analytical expressions and prove their correctness through

Monte-Carlo simulations. Unless otherwise stated, for the presented numerical re-
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Figure 3.2: Comparison of analytical and simulation results of outage probability versus
SNR for different values of M.
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sults, the parameter values considered are as follows: wavelength A = 260 nm,

receiver aperture area A, = 1.77 cm?, refractive index structure coefficient C? =
5x 107> m~2/3] Rayleigh scattering coefficient k% = 2.4 x 10~* m~!, Mie scatter-
ing coefficient kM = 2.5 x 107* m~! and absorption coefficient k, = 9 x 107* m~*.
The values for the channel model parameters ¢, f and ¢ are considered as 0.017,0.72
and 0.5, respectively [10, 12]. The Tx and Rx elevation angles of S and D nodes are
set as 0,9 = 30°; and Tx and Rx elevation angle of relay node as 6, = 70°. Further,
the beam divergence of S and R nodes are considered to be ¢7* = 8 mrad; and the
FOV of the R and D nodes are configured as ¢® = 45°. The total link distance
between S and D nodes are considered as 1 Km. The R,, node is assumed to be

placed in the middle of S and D nodes, resulting in the distance between S and R
nodes; and R, and D nodes as 500 m [12, 66, 68, 73]. In Fig. 3.2, the theoretical

10°88 ! ‘ ‘
M=2 —+H— Variable-gain AF
—&— Detect-and-forward | |
10 —O— Fixed-gain AF ]
102 E
2 4
= 10°
QS 103
S0 3
o ]
P
o ]
o 4
g w07 ¥ 3
- ]
5 1
(@) ‘ ‘
105k 18 19 20 |
100 e TR 3
107 ; ‘ ‘
0 5 10 15 20 25 30 35 40

X. (dB)

Figure 3.3: Comparison of outage probability for AF and detect-and-forward (DF).

and simulation results of the outage probability versus x, are plotted for different
number of relays and x, = 4 dB [25]. Fig. 3.2(a) and Fig. 3.2(b) shows the outage
probability results for variable-gain and fixed-gain relaying, respectively.

It can be seen that, for moderate to high values of SNR, the numerical results
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Figure 3.4: Outage probability versus relay elevation angle (x, = 15 dB).

closely overlap with the theoretical results, thus confirming the accuracy of the
derived analytical expression of the outage probability. It is observed that, for both
fixed-gain and variable-gain cases, incorporating relays significantly improves the
system performance due to reduction in the required average SNR for a given outage
probability. As an example, for variable-gain relaying and target outage probability
of 1078, when compared with direct SD link, an SNR gain of 16.5 dB, 21.5 dB,
22.75 dB and 23.25 dB is obtained for M = 1,2, 3 and 4, respectively. Further, it is
observed that for a given SNR, the outage probability of fixed-gain relaying is lower
than that of the variable-gain case. This is because of the high amplification gain
of fixed-gain relaying, irrespective of the channel conditions. On the other hand,
the amplification gain in the case of variable-gain is comparatively less due to its

dependence on the CSI [70].

Fig. 3.3 compares the simulation results for variable-gain AF, fixed-gain AF,
and DF relaying. It can be seen that fixed-gain AF outperforms both DF and
variable-gain AF with an SNR gain of 3.51 dB and 3.75 dB, respectively, for 10~*

o8



CHAPTER 3. PERFORMANCE ANALYSIS OF AF RELAYED
COOPERATIVE NLOS UVC SYSTEM IN THE PRESENCE OF
TURBULENCE

10° T
—=—M=1|
——M=2|1
——M=3|
—<+—M=4|

10° N

Outage probability

10-15

10'20 C I I I I I I I .
10 20 30 40 50 60 70 80 )
Receiver FOV, ¢"* (degree)
(a) Outage probability versus Rx FOV.
10 T T
—6—RDO (M = 1)4
o ——RDO (M =2) |7
—=—RDO (M = 3)
8r ——RDO (M = 4)| |
i LDDDDDDD—Q—RDO(M:5)~f>
o4 T ARDO
6L J
O = S = = S|
8 s ]
o

0 20 40 60 80 100 120

(b) RDO versus x, for different M values.

Figure 3.5: Theoretical results of outage probability and RDO for variable-gain relaying.

outage probability. It is observed that DF performs better than the variable-gain

AF for lower values of SNR, however, as the SNR increases, outage curves for DF
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Figure 3.6: Comparison of analytical and simulation results of ASER versus SNR for
variable-gain relaying and different modulation schemes.
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Figure 3.6: Comparison of analytical and simulation results of ASER versus SNR for
variable-gain relaying and different modulation schemes (contd.).

and variable-gain AF start overlapping. This is because, outage probability of DF is
same as that of outage probability of LB for variable-gain AF, and the LB becomes
tight for higher SNR values.

Fig. 3.4 presents theoretical plots to show the effect of relay elevation angle (0")
on the system outage probability for different M. It can be seen that the outage
probability reduces as the relay elevation angle decreases. This behavior is due to
the fact that as the relay angle decreases, the relative distance between the Tx and
Rx with CV decreases, thereby reducing the effective path loss and improvement in

the system performance.

Fig. 3.5(a) studies the impact of receiver FOV on the system outage probability.
It can be seen that the system performs better for higher values of FOV. The reason
for this improvement is that for large FOV, more number of photons are received
by the Rx, which in turn participates in the detection process, thus resulting in

enhanced system performance. Using the higher value of FOV is practically possible
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as the UV-C band is solar blind and results in negligible noise at the Rx. Fig. 3.5(b)
depicts the RDO of the system for different number of relays. It is observed that
RDO converges to ARDO at higher SNR values confirming the accuracy of the
derived analytical results in Section 3.4. Further, it is observed that the diversity

order improves with the increase of number of relays. For example, the diversity

order of 1.85,3.71,5.51, and 7.42 are achieved for M = 1,2, 3, and 4, respectively.

In Fig. 3.6, the numerical and simulation curves of ASER are plotted for different
modulation formats and constellation sizes, considering M = 2 and 6" = 50°. It
can be seen that irrespective of the modulation format used, relayed links always
provide significant performance gains as compared to no-relay case. Further, the
simulation curves closely follow the theoretical ASER and nearly starts overlapping

for moderate to higher values of average SNR.

Fig. 3.6(a) presents the ASER vs. x, curves for 32-points RQAM, HQAM
and XQAM schemes for a target ASER of 107%. It can be seen that XQAM-32
outperforms RQAM-16 x 2 and RQAM-8 x 4 scheme with a significant gain of ~ 6
dB and ~ 5 dB, respectively. The reason for better performance of XQAM-32 is
due its lower peak and average power as compared with RQAM. Further, it can be
seen that on using HQAM-32, an additional gain of 0.5 dB is achieved as compared
to XQAM-32.

In Fig. 3.6(b), the ASER performance curves for RQAM-32 x 2, RQAM-16 x
4, SQAM-64 and HQAM-64 schemes are presented. It can be seen that for the
target ASER of 1079, HQAM-64 performs better than SQAM-64, RQAM-32 x 2 and
RQAM-16 x 4 schemes by providing a significant SNR gains of 0.5 dB, 4 dB and 9.5
dB, respectively. Further, using SQAM-64 results in the significant gain of ~ 4.5 dB
and ~ 9 dB as compared to RQAM-16 x 4 and RQAM-32 x 2 schemes, respectively.
The SQAM outperforms non-square RQAM by maximizing the minimum distance
between the constellation points for a given energy. As a result, SQAM requires less

power as compared to non-square RQAM for the target ASER.
In Fig. 3.6(c) ASER curves of different modulation formats are compared for
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the constellation sizes of 4,16,32,64. It is observed that for 4,16, and 64 points

constellation, SQAM always outperforms the non-square RQAM in terms of required
average SER. Further, it can be seen that, except for the 4-points constellation size,
HQAM always performs optimally, as compared to other modulation formats. For
instance, to achieve an ASER of 107%, HQAM-8, HQAM-16, HQAM-32, and HQAM-
64 results in the SNR gain of approx. 1.5 dB, 0.5 dB, 1.5 dB and 0.5 dB as compared
to RQAM-4 x 2, SQAM-16, RQAM-8 x 4 and SQAM-64, respectively. The HQAM
optimum performance is attributed to the densest packing of its 2D constellation

points as compared to other modulation formats [33].

3.7 Summary

In this work, a parallel AF relayed NLOS UVC system with SC employed at the
destination node is considered. Performance of the system is analyzed by deriving
the closed-form analytical expressions for the outage probability, RDO, ARDO, and
ASER. The outage performance for the fixed-gain and variable-gain relaying cases
is studied. It is shown that the fixed-gain relaying outperforms the variable-gain
relaying irrespective of the number of relays. A detailed study of the considered
system is studied for higher-order modulation scheme for a wide variety of system
parameters. It is shown that large performance gains can be achieved by using
parallel relays, however, increasing the number of relays beyond a certain value
has a very limited impact on the system performance. Further, it is shown that
the system performs optimally well for lower elevation angles and higher Rx FOV.
Furthermore, it is observed that HQAM results in significant performance gains as
compared to RQAM and XQAM schemes for the considered UVC system. This
chapter investigates the parallel relayed cooperative communication system, which
requires M + 1 slots to carry out one e2e communication. The channel coefficients
are also assumed to be perfectly known at the receiver. In the following chapter, a

cooperative communication system based on best relay selection is presented, which
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requires only two time slots regardless of the number of relays used. The impact of

CSI imperfection on system performance is also assessed.
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Chapter 4

Impact of CSI Imperfections on
Multiple Relay DF NLOS UVC

Systems

4.1 Introduction

In the previous chapter, an NLOS UVC cooperative communication system involving
AF based parallel relays was presented. Even though, the parallel relayed coopera-
tive system effectively addresses the problem of high path loss and fading in the UV
channel. However, due to the greater time duration required to achieve a single e2e
communication, it has a limited system capacity. Additionally, the receiver’s CSI
is supposed to be exactly known, which is not realistic in a practical system. This
chapter describes an NLOS UVC cooperative communication system that utilizes
best-relay selection. This solution takes into account the practical issue of imperfect
CSI knowledge at the receiver and also offers data-rate improvement by shortening

the time required for single e2e communication.

Although, the relay-assisted NLOS UVC cooperative system has piqued the in-
terest of researchers. The use of best relay selection in conjunction with imperfect

CSI remains unexplored in the UVC literature. In [12], Ardakani et al. studied
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the performance of a serial relayed NLOS UVC system considering binary PPM
(BPPM) and weak atmospheric turbulence modeled using LN distribution. Authors
computed the outage probability and diversity order assuming perfect knowledge of
the CSI at the Rx nodes. In [67], Ardakani et al. proposed a three-node dual-hop
cooperative NLOS UVC system ignoring the effect of atmospheric turbulence under
the assumption of short-distance link. A frequency selective UVC channel is con-
sidered, and DC-biased optical OFDM (DCO-OFDM) scheme is used to mitigate
the inter-symbol interference (ISI). Authors studied the BER performance of DCO-
OFDM in the absence of fading and optimized the source and relay node’s power
allocation. Further, the system throughput is maximized using bit loading. In [25],
Arya et al. considered strong turbulence scenarios and derived outage probability
of a system with multiple correlated Rx branches. In [66], the performance of a
multi-relay NLOS UVC system is studied in terms of outage probability assuming
the perfect knowledge of CSI. Further, the important performance metrics such as
diversity order and ASER are not computed in this work. In [73], authors conducted
a detailed performance study of SIMO NLOS UVC system under weak turbulence
scenarios. Further, the authors derived outage probability, ASER for higher-order
QAM schemes. The performance of a multihop AF relayed NLOS UVC system is
studied in [46] considering the SIM scheme. In [76], authors considered a parallel
dual-hop AF-relayed NLOS UVC system, and evaluated the LB on the outage prob-
ability and ASER for higher order modulation schemes. In all these studies, the
CSI is assumed to be perfectly known at the Rx, which is impossible to achieve in
practical systems [77, 78]. In [79], a dual-hop DF based single-relayed NLOS UVC
system is considered with multiple receiver branches at the destination node only.
SC is employed at the destination node and ASER performance of the system is
evaluated only for RQAM scheme. There has been several studies conducted in the
past, in which researchers evaluated the impact of imperfect CSI on the performance
of RF cooperative communication systems [24, 34, 35]. In [34], authors evaluated

the performance of a dual-hop variable-gain AF relayed RF communication system
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for Nakagami-m fading channel and studied the impact of imperfect CSI on the
ASER performance of the system for a variety of higher order QAM schemes. In
[24], a multi-relay RF communication system with best relay selection is considered
with imperfect CSI at the Rx. The ASER performance of the system is analyzed
for higher order modulation schemes including RQAM, HQAM, and XQAM over
Nakagami-m fading links. In [35], the performance of a MIMO non-regenerative
RF cooperative network with transmit antenna selection (TAS) and MRC employed
at the Tx and Rx, respectively, is studied. The authors analyzed the impact of
imperfect CSI on the ASER performance of the considered system. In addition,
most communication receivers estimate CSI at the Rx for symbol detection. Thus,
for practical applicability of UVC operating on futuristic higher-order modulation
schemes, it is important to study the impact of CEEs on its performance. Main

contributions of this work are as follows:

1. For the first time in multi-relay NLOS UVC studies, the practical case of
imperfect CSI at the Rx is considered and its impact on the performance of

the considered multi-relay system is evaluated.

2. A DF based cooperative NLOS UVC system employing relay selection is pre-
sented and its performance in terms of outage probability is analyzed. Further,
the novel PDF expression of e2e SNR of the considered system is derived.
Furthermore, the ASER analysis is conducted for higher-order modulation
schemes, such as RQAM, HQAM and XQAM, by deriving the closed-form

expressions using PDF based approach.

3. The diversity analysis of the system is performed and novel expressions of the
RDO and ARDO are computed. The reason for computing RDO is due to the
non-convergent nature of the conventional diversity order for LN faded UVC
channels. To overcome this difficulty, the RDO is computed as an alternative
performance metric in the literature. The RDO and ARDO expressions are

derived by considering non-relay NLOS UVC link as the benchmark scheme
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and provide comprehensive analysis. The impact of varying number of relays

and system configurations on the achieved diversity gains is demonstrated.

4. Although there has been considerable research in RF cooperative communi-
cation systems. However, the underlying analysis, analytical results, and in-
ferences are not applicable to NLOS UVC system due to its entirely different
channel characteristics and system configurations. The system limiting factors
such as turbulence severity, elevation angles, and Rx FOV are not considered
in RF, FSO, and VLC communication systems. Therefore, the results pre-
sented in this study are useful to gain insights about multi-relay NLOS UVC

performance and its dependence on various configuration parameters.

As both the current chapter and Chapter 3 involve multiple parallel relays, it is
worth mentioning how the system model of the current chapter differs from the one

considered in Chapter 3. There are three major differences, as stated below:

1. In the current chapter, a best relay selection scheme is employed in which there
is only one active link from the best relay to the destination node. However, in
the parallel cooperative relaying setup considered in Chapter 3, there exist M
active links from relays to the destination nodes. Due to this difference, in best
relay selection, two time slots are needed to realise one full e2e communication.
However, in parallel relaying of chapter 3, M + 1 time slots are needed for one

communication, which is way higher than that of best relay selection.

2. The second difference is in the cooperative protocol. In Chapter 3, AF coop-
erative relaying is used, considering both the fixed-relaying and variable-gain
relaying scenarios. However, in the current chapter, a DF cooperative relaying

protocol is used.

3. The third significant difference is with regard to the availability of CSI. In
Chapter 3, the CSI is assumed to be perfectly known at Rx. However, in
the current chapter, the practical case of imperfect CSI is considered and its

impact on the system performance is studied.
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4.2 System Model

NLOS UV Link NLOS UV Link

Best
Relay
Selection

Ry,

AN N Ry

X Ry

Figure 4.1: A multi-relay NLOS UVC system with best relay selection.

In this work, a dual-hop planar NLOS UVC system is considered which has a
source (5), a destination (D) and N, parallel relays Ry, k = 1...N, as shown in
Fig. 4.1. All the nodes are assumed to operate in half-duplex mode. The channel
coefficients corresponding to SRy, and RpD links are independent and follow LN
distribution for weak turbulence case. The relays are configured with the same

elevation angles and FOVs, resulting in identical distribution of hgp, links,

In(hsa) ~ N (thsn, 7, ) (4.1)
with Phsr, = Phsr and U,%SRk = J%SR, k = 1...N,; and identical distribution of
hg,p links,

n(hrep) ~ N (Hhngps O, ) (4.2)
with o, , = fhg, and UiQZRkD = o, k = 1...N.. Further, with similar

system configurations the path loss of SR, and RyD links are given as lggr, =

lsp and lg, p = Crp , respectively. To avoid the adaptive threshold requirement of
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OOK modulation and to achieve higher spectral efficiency, SIM is used at Tx.

At the UVC Rx, the CSI is not known a priori, and is thus estimated prior to
the symbol detection. Considering MMSE at the Rx, the actual channel (h,,) and
its estimate (h,,) are related as hy, = Ay + €m, where e, ~ N(0, 0?,,) is the CEE
with o7, = ;g —, m € {SRy, RiD} [24, 34, 35, T4]. vy, = [exp(o} ) —

1] exp(2uhm + O‘}%m) is the variance of h,,, p > 0 represents quality of the channel

estimate, and Yy, is the average received SNR of the non-relayed link.

The instantaneous electrical SNR of the SR, D link at Rx is given as

k :
Xipk = Min(Xsa,, Xa,0), (4.3)

where Y, = %, m € {SRy, RyD} represents the instantaneous SNR of
the m! link in which 4., is the optical to electrical conversion efficiency of the PD.
For moderate to high SNRs, o7, is very small as compared to vy,,, and hence,
the distribution of h,, and h,, is considered as approximately same with negligible

impact on the performance analysis [34, 59]. Using the properties of LN RVs, it can

be shown that x,, also follows LN distribution as
In(xm) ~ N (2un,, — In(4en + 402,,), 204,,), (4.4)

where €,, = £-2x;'. The best-relay selection technique is used, in which the relay
with the highest SNR is chosen for communication to D [33]. Due to relatively high
path loss of SD link (~ 123 dB for 1 Km distance [10] ) as compared to SRy D link,
the SNR of the SD link is not considered by the selection combiner at D for UVC
cases. Thus, the instantaneous e2e electrical SNR at node D is given by

k
Xe2e = kzglla)]ifr X(D%? . (45>

In the next section, the e2e SNR (xe2¢) is used to compute outage probability of the

considered system.
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4.3 QOutage Probability

The outage probability of SRy D link is computed as

Pés;ka = Pr[Xg?m < xul] = Fxg; (Xen), (4.6)
where F ) (Xtn) s recognized as the CDF of X%}. Substituting (4.3) into (4.6) and
DF

rearranging results in
Fw =1 —Prlmin(xsr,, Xr.0) = Xin- (4.7)

For independent RVs xsg, and xg,p, (4.7) can alternatively be represented as [12]

Fxgl): =1- [1 - FXSRk (Xth)Hl - FXSRk (Xth>]v (4'8)

where Fyg, (-) and F,

XRy,D

(+) represent CDFs of RVs xsg, and xg,p, respectively.
For independent RVs X%%, X(g};, e X%ﬁ:), the outage probability of the e2e system
can be computed from (4.5) and (4.8) as [80]

N

Pfff = H (1 - [1 - FXSR,C (Xth)} [1 - FXRkD<Xth>:|>' (49)
k=1

On substituting the CDFs of identically distributed LN RVs {xsg, }~", and {Xr,p o’y
into (4.9), the following closed expression of the outage probability for the considered

system is obtained. *

Pe2e .

out ~—

[1 0 (ln(x) — 2fipg, + In(4desp + 4‘7?,51%))

QO'hSR

(4.10)

2 Nr
< Q In(x) = 24y, +In(derp + 4‘7e,RD)
20hRD .

1 .
Using (4.1) and (4.2), 0c,5R = Oc,SRy»€SR = €SRy»0e,RD = Oc,ryD; ad €gp = €g, p for
k=1...N,.
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Note that, for notational simplicity, the symbol xy, is replaced with x in (4.10).

Further, observing P2 as the CDF of Yo, (4.10) is differentiated with respect to

out

X to obtain the PDF for y.s. as

Fxese (x) =

In(x) — 24,y + ln(4eRD + 40’3’RD)>
QUhRD

N, [fmm@(

(00 (hl(X) — 2ingy, + In(desr + 407 5p) )]

QUhSR

X [1 — Q(IH(X) — 2ng + m(desr + 403,51%))@ <ln(x) — 2ty + In(4erp + 402

2O'hSR

- ( In(x)—2pn; +1H<4€J'+4U§,j>) 2

20’hRD

(4.11)

where fXj (X) = \/ﬂzo‘h. eXp
J

7j € {SR? RD} The erQe (X)

802
hj

is used in deriving analytical expressions of ASER in later sections. Therefore,

Theorem-4.1 is defined which compute ensemble average of an arbitrary function of

Xe2e Using the PDF derived in (4.11).

Theorem 4.1. Let g(-) be an arbitrary function of RV y.s., whose PDF is given in

(4.11). The ensemble average of g(xe2.) can be computed as

Elg(xeae)] = / " 00 Frn (V) =

N
5% > wng ( exp (mfR —In (4esp + 403,5}2)))
n=1

))]N”?

Ny—1
X Q(ARDHER —Trp — Agrp 111@)) [1 - Q(\ﬁfn)> Q(ARDH;S;R — Trp — Agrp hl(ﬁ))]

+

Ny—1
X [1 — Q(\/ﬁgn)Q(ASRligD — TSR + ASR ln(19>)] )

N X
\/% E wng(eXp </<fD — In (4egp + 4U§,RD)>>Q<ASR/<§D —Tsr + Asr 1n(19)>
n=1

(4.12)

where /= 2\/§0hj£n + 2pn;, Ay = 1/204,, Tj = pp, /on, with j € {SR, RD}, and

0 = (esr + US,SR)/(ERD + O’iRD). w, and &, are the weights and zeros of N order

Hermite polynomial, respectively.
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Proof. See Appendix B.1. [ |

4.4 Diversity Analysis

4.4.1 Relative Diversity Order (RDO)

For systems incorporating multiple relays, non-relayed (SD link) is typically con-
sidered as the benchmark scheme [12]. With this consideration, the RDO of the

system is defined as,

dln P22 /01n .
RDO = out 4.13
Oln P3P /01n y,’ (4.13)
where
QUhSD

is the outage probability of the SD link.

Theorem 4.2. The RDO of the considered system is computed as

Xp ( ~ ( ln(Xo)—ln(CSR)+2l‘hSR) ] )

In(xo)—In +2
- ZUhSDNrQ( (Xo) 2((;35);) MhsD> 20hgp SUiSR
= - (ln(Xo)—ln(CsD)‘f‘Qﬂh )2 0 <1n(xo)—1n(<sa)+2uhs,%> ) <ln(Xo)—1n(§RD)+2uhRD >
exp ( 807 = > 20hgp 20hgp
SD
2
e (e
+ = "D (4.15)
Q <1H(Xo)—1H(CSR)+2uhSR> 1Q <1n(Xo)—1ﬂ(CRD)+2,uhRD > ’ '
20hgR 20hpp
where ¢, = 40,*x"",p € {SD, SR, RD} with y is the threshold SNR.
Proof. See Appendix B.2. [ |

The RDO expression of (4.15) is quite complex and does not explicitly state

about the obtained diversity order and its dependence on the system configuration.
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To gain further insights on the achieved diversity gain, the asymptotic value of the

RDO is computed at high SNR values below.

4.4.2 Asymptotic RDO (ARDO)

The ARDO is computed as higher SNR approximation of RDO as [47]

ARDO = lim RDO. (4.16)

Xo—00

Theorem 4.3. The ARDO of considered system is given as

hrD

2
ARDO ~ N,o7, [(0,:;1% - 0;}1}3) + U;SIRO'_I } . (4.17)
Proof. See Appendix B.3. |

Corollary 4.1. For the special case of same elevation angles at S, R, and D; and

dsg = drp = dsp/2, the ARDO expression converges to N,2'1/6. [

It is noteworthy to see that, due to its simplicity, ARDO gives more insight about
the achieved diversity order as compared to RDO derived in the previous section.
ARDO expression clearly shows dependence of the diversity order on the number of
relays, and scintillation indexes of SRy, Ry D and SD links. It can be inferred that
for a fixed U,%SD, relative diversity order of the system is directly proportional to IV,,
however, the presence of additional term (a,:SIR — 0;}1/3)2 + O'}:SIRO}:;D lowers the di-
versity order of system for high turbulence scenarios. The same is expected because
due to high turbulence, the optical wave front distortion becomes more prominent,
thereby resulting in increased molecular dispersion, and deteriorated system perfor-

mance [81]. Further, from Corollary 4.1, it can be observed that the dependence of

the diversity order on scintillation index vanishes when identical configurations are

chosen for SRy, RiD and SD links.
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4.5 ASER analysis

In this section, the ASER analysis of the considered system is presented for a variety
of different modulation schemes including RQAM, HQAM and XQAM-32. Using
the PDF based approach, the ASER expression of the system can be computed as
73]

P = [ P s (00 (118)

where P;(e|x) is the conditional SER for the AWGN channel, and f, . (x) is the
PDF of the e2e SNR of the system given by (4.11).

4.5.1 Rectangular QAM Scheme

The conditional SER expression of RQAM-M; x Mg scheme is given in (1.11). On
substituting the (1.11) into (4.18) and applying Theorem-4.1, the ASER expression
of the RQAM scheme is obtained as

+2¢0Q (bo \/exp (FL;S;R —In (4esr + 402’5}3))) — 4poqo@ (ao \/GXP <"<65R —In (4esr + 40275}%)))
xQ <b0\/exp (557 —n (desr + 402731%)))
No—1
X [1 - Q(\@fn)Q<ARDK§R —Trp — Agrp 111(19))]
N X
+ \/7% ; Wy, [2])0@ (ao\/exp (ﬁﬁD —1In (4€RD + 4027RD))>
+2q0@ (bo \/eXp (f”vﬁD —In (4erp + 407 pp) ) 4poqoQ < exp ("v’ﬁD —In (4erp + 403,RD)>>

X Q <b0\/exp (HﬁD —In (4epp + 403,RD)>)

x [1 ~ Q(V26,)Q(Asrrf” — Tsp + AsnIn(d))

Q(ARDRER — TRD — ARD 111(19))

Q(ASRH —Ysr+ Asr 111(79))

Ny—1

(4.19)
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4.5.2 Cross QAM Scheme

Here, the ASER expression of XQAM scheme is derived for constellation size of 32
(XQAM-32). The conditional SER expression of XQAM for AWGN channel is given
in (1.12). Using (1.12) into (4.18) and applying Theorem-4.1, the ASER expression
of XQAM-32 scheme is obtained as

PSXQAM—SZ (6) —

N
Ny
NG nz::lwn [26@ <\/2Aexp (KER —In (4esp + 4U§,SR)>)

+Q (2\//1 exp (HER —In (4esr + 40’3751%))) —23Q? <\/2A exp (R;S;R — In (4esr + 4‘72,51%)))]

Nr—1
X Q(ARMgR —Yhp - Arp ln(ﬁ)) [1 . Q(\/ign)Q(ARD;{gR —Yrp - Arp ln(ﬂ))]

_l’_

N
N;
N Z:l W, [26@ <\/2A exp (ﬁf}D —In (4eRD + 40§7RD)>>

+Q (2\/A exp (nﬁD —In (4epp + 40§,RD))> —23Q° <\/2A exp (HED —In (4epp + 40’3,RD)>)]

N,—1
X Q(A srklP — Tsp + Agr ln(ﬁ)) [1 - Q(ﬂgn)Q(A seil0 — Tsp + Agr ln(ﬁ))

(4.20)

4.5.3 Hexagonal QAM Scheme

The condition SER expression of M-ary HQAM constellation for AWGN channel is

given as (1.13). Substituting (1.13) into (4.18), and applying Theorem-4.1 results in
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the following ASER expression of M-ary HQAM scheme for the considered system.

N
N, 2
psHQAM(e) = \/—% Z Wy, [DQ <\/q1 exp (RER —1In (4653 + 402751%)) ) + §DC
n=1

x Q2 (\/23(11 exp (/-;;?R —In (4653 + 403751%)) ) —2Dc@Q (\/q1 exp (;@;jR —1In (4€SR + 402751%)))
X @ <\/q31 exp <;@§R —1In (4€SR + 4027512)))

Q(ARDKSR —Yrp — Arp ln(ﬁ))

N,—1 N
N,

X [1 - Q(x@én)Q(ARmﬁR — Trp — ArRD 111(?9))

2
[ )
2
x Q* <\/§1 exp (KED —In (4epp + 4037RD)> > —2DcQ <\/q1 exp (KED —In (degp + 4"21%13)))

X Q (\/(131 exp (/@ﬁD —1In (46RD + 4USRD))>

X [1 — Q(\@fn)Q(AsRﬁfD —Ygr + Asp ln(ﬁ))

Q(AsrAlP = Tsp + Aspn(¥))

Np—1

(4.21)

4.6 Numerical and Simulation Results

In this section, the numerical investigations are presented, and validate accuracy of
the derived analytical expressions using Monte-Carlo simulations. Unless otherwise
stated, it is considered that A = 260 nm, k% = 2.4 x 107 m~!, kMie = 2.5 x 10~*
m! k,=9x10""m™, C2 =5x 107" m~%3, 1, = 1. = 1, and Rx aperture area
A, = 1.77 cm?. Distance between S and D nodes is dsp = 1000 m [12, 73] and relays
are assumed to be placed in the middle of S and D, dsg, = dr,p = 500 m. Further,
elevation angles are configured as 6%, = 07, = 30°, and 0§ = %", = 70°. [12]
Furthermore, the beam divergence of Tx and FOV of Rx are considered to be 10°
and 60°, respectively [10].

In Fig. 4.2, outage probability of the considered multi-relay system are presented

for different system configurations, p values and turbulence strengths. Fig. 4.2(a)
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Figure 4.2: Outage probability results for different average SNRs, number of relays,
elevation angles, Rx FOVs, and turbulence strength (C?).
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Figure 4.2: Outage probability results for different average SNRs, number of relays,
elevation angles, Rx FOVs, and turbulence strength (C2) (contd.).
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compares the analytical and simulation results of the outage probability versus x, for

N, = 2, considering both the perfect CSI (p — o0o0) and imperfect CSI (p = 0.1,0.9)
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cases. It can be observed that the simulation results overlap with the theoretical
results, thereby confirming accuracy of the derived analytical expressions of outage
probability. It is observed that the outage probability increases with imperfections
in the CSI for both the no-relay and relayed link. Further, considering no-relay
case as the benchmark, it is observed that the use of relays significantly improves
performance of the system as compared to the no-relay case for both perfect and
imperfect channel estimates. As an example, for a target outage probability of 1074,
with N, = 2, an SNR gain of around 19.5 dB is achieved over benchmark case for

both the perfect CSI (p — oo) and imperfect CSI (p = 0.1,0.9) cases.

Fig. 4.2(b) illustrates the outage probability versus relay elevation angle (Qgﬁk =
0k p = 0,) for p=(0.1,00) and N, = (1,2,3,4). It can be seen that irrespective of
the value of NN, and p, the system performs better for a lower elevation angle. This
performance improvement can be attributed to the reduced distance from Tx and
Rx to the CV for a lower elevation angle. In Fig. 4.2(c), theoretical results of outage
probability versus Rx FOV angles (gzﬁ?ﬁk = gbgi p = ¢') are presented for different
values of N, and p. It is shown that the system performs better for a large value
of FOV irrespective of the number of relays and the quality of channel estimation.
This is because, with large FOV, more number of photons are received by the Rx,
thereby resulting in improved signal quality. This results in significant reduction in

the outage probability of the considered system for a given ..

Fig. 4.2(d) presents theoretical results of outage probability versus N, for dif-
ferent values of C?, considering both perfect CSI and imperfect CSI cases. It is
observed that for all the scenarios, the outage probability improves with increase in
number of relays. However, the imperfect estimate of the channel severely degrades
the system performance and requires more number of relays to achieve the same
performance as that of perfect CSI case. As an example, for C* = 1 x 107°, and
a target outage probability of 107°, the required number of relays increases by 1.5
times and 1.8 times for p = 0.9 and p = 0.1, respectively, when compared to the

perfect CSI case. This can be a tradeoff for system designers to increase relays or
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Figure 4.4: Analytical and simulation results of ASER versus SNR.

use more sophisticated computationally complex CSI estimator at the Rx. Further,

it is observed that the outage probability of the system increases with C2. This is
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Figure 4.5: Theoretical ASER results for 4,8, 16, 32, 64-points constellations in perfect
CSI conditions and N, = 2.

because, the turbulence scintillation index is directly proportional to the C?, as a
result, higher value of C? increases fading severity and adversely affects the system
performance. Furthermore, as an interesting observation, it can be observed that
the impact of the increased fading severity becomes worse as the imperfection in the

channel estimation increases.

Fig. 4.3 depicts RDO of the considered system for different configurations. The
ARDO is also plotted considering high SNR, values for asymptotic analysis. In Fig
4.3(a), it is observed that the diversity order of the system improves with the increase
in the number of relays. For instance, ARDO of 2.1584,4.3168,6.4752, 8.6336, and
10.7919 are obtained for N, = 1,2, 3,4 and 5, respectively. The observed asymptotic
values coincides with the RDO curves for higher y,, thereby confirming accuracy
of the derived ARDO expression in (4.17). Fig 4.3(b) shows the RDO and ARDO
curves for N, = 2 and different 6,. As an important observation, it can be seen that,
for a constant N,., the RDO of the system significantly improves for lower elevation

angles at relay nodes. It is observed that the ARDO of the system comes out to be
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7.1272,5.6626, and 4.3168 for 3, = 30°,50°, and 70°, respectively.

Fig. 4.4 presents both numerical and simulation results of ASER versus y, for
different modulation schemes, N,., and p. It is observed that for all cases, analytical
results and simulation results closely overlap, thus, validating correctness of the
derived ASER analytical expressions. Fig. 4.4(a) presents comparison of different
32-points RQAM, HQAM, and XQAM constellations for the considered multi-relay
case with benchmark system for N, = (1,2) and p = 0.1. It is observed that the
use of relays provide significant gain in terms of the required SNR for a target
ASER. Considering a target ASER of 107°, the SNR gains of around 13 dB, 13.14
dB, 13.28 dB, and 13.3 dB are obtained with N, = 1 for RQAM-16 x 2, RQAM-
8 x 4, XQAM-32, and HQAM-32, respectively, when compared with no-relay case.
Further, ASER performance of the system improves significantly by increasing the
number of relays. As an example, it is observed that for NV, = 2, considerable SNR
gains of approximately 3.3 dB, 3.3 dB, 3.1 dB, and 3.2 dB are obtained for RQAM-
16 x 2, RQAM-8 x 4, XQAM-32, and HQAM-32, respectively, as compared with
N, =1.

In Fig. 4.4(b), the ASER performance of SQAM-64 and HQAM-64 constellations
are presented for NV, = (1,2) and p = (0.1, 00). It is observed that HQAM-64 shows
better performance as compared to SQAM-64 schemes due to its higher value of ¢,
and low peak and average powers as compared to SQAM. Further, it is observed that
irrespective of the selected modulation scheme, the ASER of the system increases
as the quality of the channel estimate deteriorates. As an example, to achieve a
target ASER of 1075, for p = 0.1, HQAM-64 provides a significant gain of 0.4 dB as
compared to SQAM-64. Further, using two relays (N, = 2) provides an additional
gain of approx. 3.3 dB when compared with single relay (N, = 1) case, due to the

improved diversity order.

Fig. 4.5, illustrates the ASER performance comparison of RQAM, SQAM,
XQAM, and HQAM schemes with different constellation points for perfect CSI case

and NV, = 2. It can be seen that XQAM-32 outperforms RQAM-8 x 4 with a signifi-
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cant gain of 1.1 dB. This is because, XQAM is spectrally more efficient than RQAM
for odd number of bits, due to its better peak and average powers as compared
to RQAM. It can be seen that, except for HQAM-4, HQAM outperforms SQAM,
RQAM, and XQAM irrespective of the number of constellation points. For per-
fect CSI case and N, = 2, for ASER of 1075, HQAM-64 provides approx. 0.4 dB
gain over SQAM-64; HQAM-32 provides approx. 0.24 dB gain over XQAM-32; and
HQAM-16 provides SNR gain of approx. 0.3 dB over SQAM-16. This performance
improvement can be attributed to the optimum placement of constellation points in

HQAM as compared to other modulation schemes.

Finally, Fig. 4.6 shows the comparison of the outage probability of the parallel
relaying model considered in Chapter 3 with the best relay selection model of the
current Chapter. It can be seen that the best relay selection outperforms parallel
relaying for wide range of relay elevation angles. For instance, for a target outage
probability of 1074, the significant SNR gain of 4.6 dB, 6 dB, and 7.6 dB is achieved
by using best relay selection as opposed to parallel relaying for the elevation angles

of 20°, 50°, and 80°, respectively.

4.7 Summary

In this chapter, a DF based cooperative NLOS UVC system employing the best
relay selection technique is proposed. The outage and ASER analysis of the sys-
tem is carried out for practical imperfect knowledge of CSI at the Rx. The RDO
and ARDO of the system are derived and it is observed that the ARDO of the
system improves with the increase in the number of relays. Further, it is shown
that, for a fixed number of relays the diversity order of the system improves for
the lower elevation angles at the relay nodes. It is also shown that imperfect CSI
downgrades the performance of the considered NLOS UVC system. However, the
performance loss due to imperfect CSI can be compensated to an extent by using

cooperating relaying techniques. Further, it is shown that the lower elevation angle
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Figure 4.6: Outage probability comparison between parallel relaying of Chapter 3 versus
the best relay selection of Chapter 4 (N, = 2, xy, = 3 dB).

at the relay, and higher Rx FOV, significantly improves the system performance.
As an interesting observation, it is seen that the impact of imperfect CSI becomes
severe as the turbulence severity increases, which results in higher SNR require-
ments to achieve the target system’s performance. Furthermore, it is observed that
the HQAM scheme performs significantly better and is robust than RQAM, SQAM,
and XQAM schemes for the same average constellation energy and constellation size
in multi-relay UVC systems. All communication links in the dual-hop cooperative
system model studied in this chapter are considered to be UV. In the following
chapter, a novel hybrid RF/NLOS UVC system is examined to address the issue of
extending the communication range of an RF system to RF-restricted regions with

no LOS availability.
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Chapter 5

Relay Assisted Hybrid RF-NLOS
UVC System with Imperfect

Channel Estimation

5.1 Introduction

As discussed earlier, the UVC overcomes the limitations of FSO and VLC systems
due to its unique ability to operate in NLOS mode. In previous chapters, the chal-
lenge of turbulence induced fading and high path loss in UVC were addressed using
space diversity and cooperative relaying techniques. In this chapter, the challenge
of providing long distance wireless connectivity to RF prohibited areas with no LOS
availability is addressed by mixing NLOS UVC with RF communication using a
cooperative DF relay. There are numerous practical applications in which the pro-
posed system model fits best. One such application is the radiology department in
hospitals where the use of RF are restricted due to the possible interference with the
medical imaging equipment. Another application is to provide wireless connectivity
to military personnel during covert operations due to security reasons as RF signals
are vulnerable to eavesdropping. In this arrangement, NLOS UVC can be used in

the RF prohibited area, which is comparatively small, while using RF link for the
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remaining distance.

Recently, for increased coverage, hybrid of RF with OWC technologies such as
FSO and VLC are extensively investigated in the literature [40, 55-57, 69, 71, 82—
84]. In [57], the performance of a fixed-gain AF relayed dual-hop mixed FSO/RF is
evaluated with FSO and RF links modeled using Gamma-Gamma and Nakagami-m
distribution, respectively. In [69], the authors’ conducted the performance analysis
of a multi-hop hybrid FSO/RF communication system in terms of outage probability
and BER for differential phase-shift keying (DPSK) scheme. In [55], the authors’
investigated the performance of a DF relayed hybrid RF/VLC system in terms
of secrecy outage probability, capacity, and consumed power. In [85], Pan et al.
considered a MISO simultaneous wireless information and power transfer (SWIPT)
based system employing TAS and studied its physical layer security performance for
Rayleigh fading and imperfect CSI case. This work was extended in [56] for mixed
RF/FSO system. The fading distributions for the RF and FSO links are considered
to be Nakagami-m and Malaga, respectively. In [40], Praveen et al. carried out an
ASER performance analysis of hybrid RF /FSO system for higher-order modulation
schemes. In [82], Sanya et al. conducted the performance study of a fixed-gain
AF relayed dual-hop mixed RF-FSO communication system considering Nakagami-
m fading and Gamma-Gamma fading for the RF and FSO links, respectively; In
[83] the authors considered a DF based dual-hop mixed RF-FSO communication
system and evaluated its BER performance and capacity, considering pointing error
in the FSO link. In [71], the authors’ studied the outage and BER performance
of a novel multi-user multi-hop hybrid FSO/RF communication system considering
fixed-gain and variable-gain AF relay; and in [84], the outage probability, ASER,
and capacity performance of a mixed RF/FSO system were studied using Rayleigh
fading model for the RF link, and unified Gamma—Gamma atmospheric turbulence
fading model for the FSO link. A few more recently published studies in hybrid

RF/FSO communication systems are [86-88].
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5.1.1 Contributions

The ASER performance of the futuristic higher-order modulation schemes for dual-
hop hybrid RF/NLOS UVC DF relay system by considering Rayleigh and LN distri-
butions for RF and NLOS UVC links, respectively, is not available in the literature.
Further, in the current UVC literature, CSI is usually assumed to be perfectly known
at Rx. However, it is not possible to obtain the perfect estimate of CSI in practical
systems [78]. Therefore, it is worthwhile to evaluate the robustness of the proposed
system under such practical constraints. Following are major contributions of this

work:

e The outage probability of the considered system is derived, and the impact
of CEE on the system’s outage performance is investigated under various sce-
narios, including when the actual CSI and estimated CSI are completely cor-

related, and when their correlation is moderate or severely poor.

e The diversity order analysis of the considered system is performed and it is
shown that with the increase in CEE, the rate at which the diversity order

converges to its eventual value of one slows down.

e A novel closed-form expression of the PDF of the e2e SNR is derived. Further,
the PDF based approach is used to derive the generic analytical expression of

ASER.

e The SIM based technique for NLOS UVC link is considered, and the system’s
ASER performance is evaluated for futuristic higher order modulation schemes
including RQAM, XQAM, and HQAM. Thorough numerical investigation is
performed to compare the performance of these modulation methods for dif-

ferent CEE.

e Extensive numerical study is carried out and some highly valuable insights are
drawn. The impact of different CEE of the RF and UV link is studied, and it

is demonstrated that the RF link is more susceptible to CEE as compared to
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UV link at high SNR. Further, the impact of elevations angles on the overall
system performance is evaluated and it is shown that keeping the elevation

angle below 70° results in better performance.

5.2 System and Channel Model

— )
Binary . 4 3 |
RF RF | Electrical Optical
Data > Modulator Demodulator Modulator Modulator
RF Link NLOS UV Link

DC Bias
Source (S) DF Relay (R)
Binary Electrical Remove | | Optical-Electrical
Dat Demodulator DC Bias Converter
ata

Destination (D)

Figure 5.1: System model of dual-hop hybrid RF/NLOS UVC DF cooperative system.

Fig. 5.1 shows a dual-hop hybrid RF/NLOS UVC DF cooperative communica-
tion system consisting of source (S) node, relay (R) node, and a destination (D)
node. All nodes are assumed to be equipped with a single Tx and Rx, and operating
in a half-duplex mode. The SR link is considered to be an RF link with channel
coefficient following a Rayleigh distribution, and RD is NLOS UVC link modeled
using LN distribution assuming weak turbulence. The narrowband fading model
is assumed for both the RF and UV link. In the NLOS UVC channel, temporal
dispersion (Ty) can reach lus [89]. If the symbol transmission rate R, > Tid, the
ISI may become a concern. The transmission bandwidth is considered to be well

below 1 Mega symbols/second to support our assumption of narrowband fading

model. Hence, the pulse broadening and the impact of phase shift are considered to
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be negligible in the proposed system design analysis. These assumptions draw the
benchmark result for practical system design insights. Relay R uses DF relaying
protocols and has hybrid capabilities. It first decodes the data transmitted by S over
SR link, re-modulates the data using the SIM technique, and transmits it towards
D over the NLOS UVC link. In a practical system, since the CSI is estimated at
the Rx, the imperfect CSI at R and D is considered. For unbiased MMSE used at
Rx, actual channel (h;) and its estimate (h;) are related as h; = h; + e, in which

e; ~ N(0,9,) [90-93] is the CEE of the j* link, where j € {sr,rd}. CEE variance
Qp,

can be computed as ()., = m, where p is the correlation coefficient between
3hg
h; and ﬁj, X; is the average received SNR of the 4% link, and Qp, is the variance of

hj. The variance of h can be computed as Q;Zj = Qp; — Qe;-

The e2e SNR of a dual-hop DF relaying system is given by [12, 76]
Xe2e = min(Xsra er)7 (51)

where x; = Xjﬁ? /(1 +X;,) is the instantaneous electrical SNRs of SR and RD
links, respectively. It is assumed that the channel coefficient of RF SR link follows

Rayleigh distribution, and hence x, will have exponential distribution with PDF,
and CDF given by [14]

]' + YSTQEST‘ 1 + YSTQCST‘ X
o) = R g (- (LX), 52)
ST XST‘
and _
1 Q.
Fr,(x) =1—exp ( Bt XY ”)X), (5.3)

respectively. The RD link uses a UV-C frequency band for communication and

operates in NLOS mode. The RD link is assumed to experience the atmospheric
turbulence with the scintillation index adhering to the weak turbulence condition,
o? < 1.2 [12]. For weak turbulence, the channel coefficient h,q is modelled us-
ing LN distribution, In(h,a) ~ N(pn,,, 07 ). Parameters py , and oy, ,, respec-
tively, are the mean and standard deviation of the corresponding Gaussian ran-

dom variable, In(h,q) [14]. Using transformation of random variable, it can be
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shown that x.¢ = [X,q/(1+ Xra9,,)]h%; also follows LN distribution, In(x,q) ~
N (2pn,, + In(X,q/(1 +YrdQerd)),4ahzd) [64]. The PDF and CDF of x,4 is given as
12, 73],

2
exp (—[ln((1+xrdQer)x/xrd)—2uth} )

80% 4
= - , 5.4
erd(X) 2\/% O-thX ( )
hl 1+XTQST XYT _2/1‘7
Fuu(0) = 1 - @ PO XN Tea) = 2 ) (5.5
Uhrd
5.3 Owutage Probability
Outage probability is computed by evaluating the CDF of e2e SNR at x;.
Pout = Fyoa. (Xen) = PrXeze < xunl, (5.6)
where F_, (-) represents the CDF of x.o.. From (5.1) and (5.6) we get,
Pout = Pr[min<Xsra er) S Xth] =1- [1 - FXsr (Xth)] [1 - Fer (Xth):| . (57)

Using (5.3) and (5.5) in (5.7), the outage probability of the considered system is

computed as

14+%..Q In((1+ %, Xpg) — 2
Pout -1 exp < . ( + Xsr esr)Xth>Q( n(( + Xrd erd)Xth/X'rd) /’Lh'l‘d)‘ (58)

ysr 20—th

5.4 Diversity Order Analysis

The diversity order is calculated to obtain immediate insights on the system’s per-
formance at high SNR values. On a log-log scale, the term ”diversity order” refers

to the negative asymptotic slope of outage probability versus SNR. For finite SNR,
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the diversity order is defined as [47]

. ahlpout

DO = (5.9)

Olny,

where xo = X, = X,q- On substituting (5.8) into (5.9) and simplifying the resulting

expression for high SNR, we obtain the diversity order of the system as given in

. . 1 1
(5.10), in which k,, = 222 and kg = 12,
Psr Prd

exp (—Xefisr ) | 1 exp [ — (In(xenkra/xo)=20m,4)* \  xinksr 0 In(xtnkrd/Xo) =240,
Xo 2V2moy, , 80h2d Xo 20h,,
T

DO =

1—exp ( _ XmmST)Q (ln(XUmT»d/Xo)*QuhM>

Xo 2 Thpg

(5.10)

5.5 ASER Analysis

In this section, we evaluate ASER expression of the various QAM schemes using the PDF

based approach as follows,

Pu(e) = E[Py(elxeac)] = /0 " Plel) frn (0, (5.11)

where Ps(e|x) is the conditional symbol error probability of received SNR. The PDF of

e2e SNR can be computed by differentiating P,,; derived in (5.8), and is given by

ST

o) = (F Rt ) o (‘(1 *Xeresr>X> 0 <ln<<1 a0/ o) — mhm)

Xsr 20'th

exp ( - |:h’1((1+yrdQ€rd)X/yrd) *2%”1] ] )
802 —(1 Xsr§?
N hrd exp ( ( +§sr eST)X). (5'12)
2V2m o, X Asr

Next, we define a theorem that will be used to evaluate convenient closed-form analytical

ASER expressions for different modulation schemes.

Theorem 5.1. Let ¥(-) is an arbitrary function of RV xe2e, then

E[W(Xe2e)] = T1 — 1o, (5.13)

where,
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1 + 787"9657“ o _ 1 + 787’9657‘
I, = <7; ) / U(x)exp < ( ; )X>dX, (5.14)
sr 0 sr

and

N _ _ _
L=—% wo (X ~Xra(1 + XorQes,))
ﬁ i=1 1+ XTdQ‘?M Xsr(l + erQerd)

20 Xrd(1 + Xep .. ) €xp (2V2 0, yi + 2
X exp (2\/5 Uhrdyi+2Mth)>{ Th,g Xrd(1 + XsrLe,.) p( V2 hyaYi Mh,«d) _1}’

Ysr(l + erQe,,.d) /2yi2 +1

exp (2v2 on, i + 2#%)) exp (

(5.15)

where {y;}Y, and {w;}}¥,, respectively, are zeros and weights of a N** order Hermite

polynomial, whose values are tabulated in [63, Table 25.10] for N = 2 to 20.

Proof. See Appendix C.1. |

5.5.1 Rectangular QAM Scheme

The conditional SER expression for RQAM scheme is given as (1.11). On substituting
(1.11) into (5.11) and applying Theorem 5.1, the generalized novel closed-form ASER
expression of RQAM scheme for RF/NLOS UVC system is evaluated as

PRAMM () = py + g0 — pogo — po Xor %o —w Xsrb
) (2(1 + X5rQe.,) + Xsrap) (2(1 4+ X5 Qe ) + Xsrb3)

L 2ot X1} tan—1 [ 90 [0+ X e.,) + Xorag)
™ (2(1 + YS'I’QQST) + Ysrag) bo Ysra(%

_ _ _ N
+ 2p0q0 XS’/‘b(% tan_l b£ (2(1 + XSTQeST) + XST’b%> _ 1 Z W;
T\ (201 4 X Qe,) + Xorb5) ag Xorb? NoE =

X exp <_(1 + YSTQSST )Y’rd exp [2\/5 Thea¥i + 2'uh""d} )
(1+ XrdSle,q Xsr

yrd
2 - ATe
Pl <a0 (1 + %02

x \/ exp [2V2 oy, i + 2ﬂh,.d]> +2g0Q <bo —Xrd o [2v2 o, 0 + 2Mh7,d]>
(1 + X’I”dQerd)

Yrd YTd
—4 —_ 2v2 i+ 2 —_
poto® (ao\/(l TRy P [2V2 i 2 ) N (bo T+ Xae,)

QUhrdY’!‘d

o o) | TR
T rd

exp [2\/5 Oh,,Yi + QMth] (2.%‘2 + 1)71/2 — 1] .
(5.16)
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Obtaining (5.16) involves solving the following integral

h= (17‘5’“6”) /0 [21”0@(@0\/?) +200Q(bov/X) — 4p040Q@ (a0 vX)Q(bov/X)
X exp <_(1 —l_))zSTQeST)X)dX. (517)

This integral is solved in Appendix C.2.

5.5.2 Cross QAM Scheme

The exact conditional SER expression for XQAM-32 scheme is given as (1.12). On sub-
stituting (1.12) into (5.11) and applying Theorem 5.1, the closed-form ASER expression

for XQAM-32 modulation scheme is evaluated as

PXQAM32(() _ 47 13 24N r 1 4AX,,
* B 32 8 (2(1 + YSTQGST) + 2AY57‘) 16 (2(1 + XST'QesT') + 4AYS’I)

23 YS’T‘A —1 ( ((1 + Y‘;T‘Qe ) + X97A)>
4+ - £ t £ ST E
87T \/((1 + YSTQeST) + XSTA) o YSTA

1 & (—(1 + XorQe., )Xra €D [2V2 0,01 + 200, )
~ L S e OXp |2V 2
(1 + erQErd)Xsr

=1

13 2AY 1 Ax
X [ Q(\/(er exp [2\/5 O, Yi + QM}MLJ) + 8Q(2\/er exp [2\/5 Oh,aYi + 2/’Lhrd})
2

1+ YrdQerd) (1 + YTdQerd)

24%,
iy o Yo )|
T €rd

200, 4Xrd
(1 + YTdQerd)

exp [2V2 0w, i + 2n,,] (202 +1) 7 = 11 . (5.18)

Obtaining (5.18) involves solving the following integral

7= (Pt [T B2 + oy - $ e

Xsr
(1 + Xy e,
Xexp( ( +;<S’“ 5’)X)dx. (5.19)

This integral is solved in Appendix C.3.

5.5.3 Hexagonal QAM Scheme

The exact conditional SER expression for HQAM scheme is given as (1.13). On substitut-
ing (1.13) into (5.11) and applying Theorem 5.1, the generalized novel closed-form ASER
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expression of HQAM scheme for hybrid RF/NLOS UVC system is evaluated as

PHQAM (6) 2 1 DC DC Ysrql _ i Ysr(h
° 2 6 2 2 (2(1 + YST‘Qesr) + Xor@1 3m (3(1 + YST‘Qes'l‘) + Ysrql)

(B + 0, +x3rq1>) . De \/ Xt

Ysrch ™ (2<1 + YS’I‘QES'V') + Ysrql)

(y
« tan—1 (\/\/3(2(1+xsrﬁesr)+xsrq1)> +DC\/(6( Xori
(/

Xsrd1 ™ 1+ YST‘QGST) + Ysrql)

(6(1 + Xy Qe..) +xsrq1)) 1 ZN:w_exp <—(1 + Xor e, )Xra O [2V2 01, +2uhrd]>
i—1 ' (1+Y'r'dQ€rd)Xsr

\/gyker‘h ﬁ i

41 Xrd

\/(1 + X’l"dﬂerd)

41 Xr q1Xr
—DXrd o [2V2 on, i + 24t )Q(\/ — BN o [2v/2 o, ys + 20n,])

2 2q1X.
exp [2\/5 Oh,.qYi + 2/1}1”1]) + SDCQQ(\/?MT;E;M exp [2\/§ Oh,qYi + 2/J/h7-d:|)

— 2D
QO T3, 3(1+ XyaQers)

20}L'V'd¥7‘d

-1/2
(1 +Xa8%,.q)

exp [2V2 on, i + 2, 4] (207 + 1) L. (5.20)

Obtaining (5.20) involves solving the following integral

zlz(%) /0°° [DCQ(\/QTX)JrgDCQQ( 201x/3) — 2DcQ(Va)Q(Vax/3)

— (1 + X
><exp< ( +>>§sr sr)x>dX. (5.21)
sr

This integral is solved in Appendix C.4.

5.6 Numerical and Simulation Results

In this section, the performance of the proposed hybrid RF/NLOS UVC system is inves-
tigated and the accuracy of derived analytical expressions is confirmed using Monte-Carlo
simulations. The system and channel configuration parameters of the NLOS UVC link
are considered as A = 260 nm, C? = 5 x 10~ 15m—2/3, Hfdx = 97{? = 50°, L,q = 500 m
[12]. Under these conditions, the scintillation index of the RD link is evaluated as 0.2830,
which conforms to the weak turbulence conditions of NLOS UVC as stated in Section 5.2.
Unless otherwise stated, it is considered that p = ps = prq- Without loss of generality and
for simplicity, it is considered that x;, = 3 dB, and X,,. = X,q4 = Xo [71]. The performance

of the system is evaluated in terms of outage probability and ASER for both perfect CSI
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case p = oo, and imperfect CSI cases.

Fig. 5.2a show the analytical and simulation plots of the outage probability versus the
average SNR for p = (0.01,0.1,1,10,00). Firstly, it can be observed that the analytical
curves coincide with the simulation curves, thus confirming the accuracy of the derived
analytical expression of outage probability. Further, it can be observed that imperfection
in the channel estimate significantly degrades the system’s outage performance. As an
example, to achieve the outage probability of 1074, additional SNRs of around 20 dB, 19.6
dB, 17 dB, and 9.6 dB are required for p = 0.01,0.1, 1, 10, respectively, when compared to
perfect CSI case. This observation follows our intuition since a lower value of correlation
coefficient p signifies poor channel estimate, leading to a higher value of CEE variance
(). An increase in €, (with decreasing p) reduces the received instantaneous SNR, of

the system at Rx, thereby resulting in degraded system performance.

In Fig. 5.2b, effect of different CEEs in SR and RD links on the system’s outage
probability is evaluated. It is observed that for lower SNR values, the channel estimation
quality of both SR and RD links have a significant impact on the system performance.
However, in the case of high SNRs, the SR link is more vulnerable to CEE as compared to
the RD link. This observation is very important from the system designer’s perspective
and suggests that a more sophisticated channel estimation technique [78, 94] should be
employed at R to minimize CEE for the RF' link, irrespective of the SNR. However, for
high SNR regimes, the CEE of the NLOS UV link does not affect the system performance
much, and hence, the signal processing at D can be switched to less complex circuitry

irrespective of the value of pg,.

Fig. 5.3 depicts the effect of elevation angles (0 = 6%%, = Qﬁ%) on the system perfor-
mance for yz, = 3 dB, xo = 40 dB, and different values of p. It can be seen that irrespective
of the amount of CEE present, the system performs invariably better for #/ < 70°. On
the other hand, for elevation angle greater than 70°, the performance degrades drastically.
This happens due to larger link distance from S to CV, and from CV to D for higher

values of elevation angle, thereby increasing the turbulence strength in NLOS UVC link.

The diversity order of the considered system is illustrated in Fig. 5.4 for different
p values. It is inferred that, regardless of the value of p, the system’s diversity order

attains the maximum value 1, for large SNR. This is owing to the fact that each of the
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Figure 5.2: Outage probability versus average SNR (x,) for x;, = 3 dB.
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SR and RD links has just one communication channel. As a result, at high SNR levels,
the considered system does not provide any diversity gain. Further, it is observed that,
the rate of convergence of the diversity order to it’s final value reduces with the increase

in CEE.

Fig. 5.5 demonstrates the ASER performance of the considered system for different
QAM schemes through analytical and simulation plots. Here also, the analytical and
simulation curves overlap for both perfect CSI (p = 0), and imperfect CSI (p = co) cases,
thus validating the derived analytical expression of ASER. In Fig. 5.5(a), the ASER
results for 16-points constellation size and p = (0.1, 00) are presented. It is observed that
imperfection in the channel estimation significantly degrades the ASER performance of
the system. For instance, to maintain an ASER of 10~* with p = 0.1, an additional SNRs
of 10.25 dB is required for all modulation schemes when compared to perfect CSI case.
Further, it can be seen that SQAM-16 performs better than RQAM-8 x 2, irrespective of
the amount of CEE present. This is because, for a given energy, SQAM maximizes the

minimum distance among its constellation points as opposed to the RQAM scheme.

Fig. 5.5(b) depicts the ASER performance of 32-points RQAM, XQAM and HQAM
schemes for perfect CSI case. It is observed that, for a target ASER of 1074, HQAM-32
outperforms RQAM-16 x 2, RQAM-8 x 4, and XQAM-32 with an SNR gain of 6.01 dB,
1.2 db, and 0.08 dB, respectively. Fig. 5.5(c) shows comparative performance of different
modulation schemes for 64-points constellation, and p = oco. It is observed that SQAM-64
provides a significant SNR gain of 7.65 dB, 3.19 dB, when compared to RQAM-16 x 4,
and RQAM-32 x 2 for an ASER of 10~*. Further, it is observed that HQAM-64 shows
an SNR improvement of 0.26 dB (approx.) over SQAM-64. The optimum performance
of HQAM is due to the densest packing of its constellation points as compared to other

modulation formats.

In Fig. 5.5(d), ASER curves for different modulation formats are plotted for imperfect
CSI with p = 0.1. It can be seen that the HQAM always outperforms other modula-
tion schemes for a constellation size of 8 or more. For example, HQAM-64, HQAM-32,
HQAM-16, and HQAM-8, provides an SNR gain of 0.26 dB, 0.08 dB, 0.24 dB, and 0.94
dB, respectively, over SQAM-64, XQAM-32, SQAM-16, and RQAM-4 x 2 to achieve an

ASER of 1073, The better performance of HQAM is attributed to the optimum Euclidean
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Figure 5.5: ASER versus x, for various QAM modulation schemes.

distance of its 2D hexagonal lattice.

For the constellation size of 4, SQAM performs

marginally better than HQAM. This is due to a larger number of nearest neighborhoods
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Figure 5.5: ASER versus x, for various QAM modulation schemes (contd.).

in HQAM-4 than SQAM-4.
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5.7 Summary

The performance of a novel dual-hop RF/NLOS UVC DF cooperative communication sys-
tem is investigated in terms of outage probability and ASER. Imperfect CSI at considered
at the Rx and its impact on the system performance is evaluated. It is demonstrated that
the system performance significantly degrades as the imperfection in the channel estimate
increases. Further, it is shown that the RF link is more prone to CEE than the UV link,
specifically for high SNR scenarios, hence there is a need for better estimators in RF link.
Furthermore, it is shown that the system performs best for elevation angle of less than 70°
in NLOS link. We considered RQAM, SQAM, XQAM, and HQAM schemes for ASER
analysis and showed that for all constellation sizes, SQAM performs better than RQAM.
Furthermore, it is demonstrated that HQAM is an optimal scheme for constellation size
greater than 4. For instance, it is shown that for a constellation size of 64, HQAM provides
a significant SNR gain of 0.26 dB (approx.) over SQAM-64 to achieve the ASER of 1074

for perfect CSI case.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

In this thesis, the problem of high-path loss, turbulence induced fading, and low data rate

of UVC system is addressed through the use of spatial diversity, cooperative relaying, and

higher-order modulation schemes, respectively. Table 6.1 shows the summary of different

system models considered in the thesis.

Table 6.1: Summary of the system models studied.

Distribution for
UV link

Chapter | System Model | Fading Model | Channel | Performance
Imperfec- | Metrics
tions
Chapter 2 | Receiver Diver- | Lognormal Not Outage Probability
sity with Corre- | Distribution considered | ASER
lated Branches Ergodic Capacity
Chapter 3 | Multiple parallel | Lognormal Not Outage Probability
relays Distribution considered | Diversity order
ASER
Chapter 4 | Best relay Lognormal Considered | Outage Probability
selection Distribution Diversity order
ASER
Chapter 5 | Hybrid Rayleigh Distri- | Considered | Outage Probability
RF/NLOS- bution for RF Diversity order
uvcC link, Lognormal ASER

The performance analysis of the proposed systems is carried out using the performance

metrics like outage probability, ASER, diversity order, and ergodic capacity. In the anal-
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ysis, the practical constraint of imperfect CSI at Rx is considered, and its impact on the

system performance is evaluated.

Initially, the performance of the SIMO NLOS UVC system under weak turbulence
conditions is investigated by considering channel correlation. For higher order modulation
schemes, the ASER performance of the system is analyzed. It is observed that SQAM
outperforms RQAM across all constellation sizes and channel correlations. Further, it is
shown that HQAM outperforms SQAM and XQAM for constellation sizes greater than 4.
It is observed that performance degrades as channel correlation increases due to the loss
of diversity. Furthermore, it is demonstrated that for high channel correlation, increasing
the number of branches beyond a certain value has a negligible effect on the system’s
performance. The ergodic capacity of the system is calculated, and it is demonstrated
that when the refractive index structure coefficient is small, channel correlation has a

marginal effect on the ergodic capacity.

Next, a cooperative multi-relay communication system is proposed. The system’s per-
formance is evaluated using both variable-gain and fixed-gain AF relaying. It is demon-
strated that the use of parallel relays in conjunction with SC leads in a considerable
performance gain over the no-relay case. Additionally, it is proved that the system’s per-
formance improves with an increase in the number of relays, decreased elevation angles,
and increased FOV. It is concluded that fixed-gain relaying always outperforms variable-
gain AF relaying due to its high amplification. Further, the diversity analysis is performed
and it is shown that the system’s diversity order improves with the addition of more relays.
Furthermore, it has been found that HQAM provides significant performance advantages
for UVC long-distance cooperative communication when compared to RQAM and XQAM

schemes.

Further, a DF based cooperative relay NLOS UVC system employing best relay selec-
tion, and SC at the receiver is examined. The realistic case of imperfect CSI is considered
and the system’s performance is analyzed in terms of outage probability, diversity order,
and ASER. It is noticed that while the number of relays is fixed, the system’s diversity
order improves with decreasing elevation angles at relay nodes. It is shown that lowering
the relay’s elevation angle and increasing the Rx FOV considerably enhances the system’s

performance. It is observed that the impact of imperfect CSI grows more severe as the
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intensity of the turbulence increases, requiring a greater SNR to reach the desired system’s
performance goals. Additionally, it is proved that HQAM outperforms RQAM, SQAM,

and XQAM schemes irrespective of the number of relays, and CEE.

Finally, a hybrid RF/NLOS UVC system is proposed, in which the RF link is modelled
using Rayleigh distribution and the UVC link is modelled using LN distribution. The sys-
tem’s performance is examined in depth for higher-order modulation schemes considering
imperfect CSI at the receiver. Additionally, the effect of elevation angles on overall e2e
system performance is analyzed, and it is demonstrated that maintaining an elevation
angle of less than 70° leads in improved performance. Further, it is established that the
RF link is more susceptible to CEE and a more advanced channel estimate technique is
required for the RF link. Furthermore, it is shown that for the considered RF/NLOS UVC
system, HQAM outperforms all other modulation schemes for constellation size greater

than four.

As a concluding remark, this dissertation addresses the primary challenges associated
with NLOS UVC technology by employing diversity techniques, cooperative relaying, and
hybrid arrangements, thereby making it a more viable candidate for adoption in future
generation wireless communication networks such as 6G. Throughout the dissertation, it
has been demonstrated that futuristic higher-order modulation schemes, such as XQAM
and HQAM, can play a significant role in supporting high-data applications, regardless
of the underlying system model. In addition, the significance of system configuration pa-
rameters such as elevation angle and FOV is illustrated, and it is proved that judicious
selection of these parameters can result in a significant performance gains. It is deduced
that regardless of the system model considered, a lower elevation angle and a larger FOV
always lead to enhanced performance. Further, the detrimental effects of channel estima-
tion errors on system performance are demonstrated, thereby highlighting the need for

sophisticated and robust channel estimation techniques at the receiver.

It is also worth mentioning the limitations of the work carried out in the dissertation.
First and foremost, the research outcomes are only applicable when the geometry of the
transmitter and receiver are coplanar. Another limitation is that the maximum distance for
UV link is considered to be less than one kilometre, for which the turbulence is considered

to be weak to moderate. The results obtained are inapplicable for UV link distances
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exceeding 1 kilometre. For such distances, turbulence is intense, and a different fading
model (such as Gamma-Gamma) is more suitable. The current approach assumes a single
scattering path from source to destination, which is the third limitation. The results of this
study do not hold true for multiple scattering, which involves many scattering events before
a UV photon reaches the receiver. The search for analytical path-loss expressions and
turbulence modelling for the multiple-scattering UVC is still underway. The research work
carried out in this dissertation can be expanded in the future to address these limitations

in order to gain greater technical depth and understanding of the NLOS UVC system.

6.2 Future Works

e The work covered in this thesis considers the single scattering model of UVC, in
which the photons undergo scattering at most once. The similar study can be con-
ducted for multiple scattering models in which photons undergo scattering more
than once. Such a study is more crucial for long-distance outdoor UV communica-
tion since multiple UV photon scattering is more likely in such a scenario, making it
more intriguing to examine the effects of multiple scattering on the UVC system’s

performance.

e The work of this thesis can also be extended for strong turbulence scenarios, in which
the irradiance fluctuations due to turbulence is modelled by a Gamma-Gamma dis-
tribution. Strong turbulence is predicted to cause UVC to perform worse than in
the weak turbulence situation, necessitating the use of more sophisticated system
models and approaches in NLOS UVC to improve performance. In the presence
of strong turbulence, UVC is expected to underperform the weak turbulence case
thereby motivating the need to consider more advanced system models and tech-

niques in NLOS UVC to boost it’s performance.

e In the current study SC is employed as the diversity combining approach at the
Rx to reduce receiver complexity. Due to the low power budget of UVC, it is
worthwhile to investigate other combining techniques, such as EGC and MRC, in

order to determine the power gain over SC.
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e Impact of co-channel interference along with outdated channels estimation can be

focused for the considered system models.

e The effect of non-linearity in the UV LEDs can be incorporated in the considered
cooperative relayed NLOS UVC systems. The effective receiver equalization tech-

niques can be studied to mitigate the distortion due to LED non-linearity.

e The hybrid combination of NLOS UVC with other OWC technologies such as FSO

and VLC can also be explored.
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Appendix A

Proofs for Chapter 3

A.1 Proof of Lemma 3.1

Elg(xi5e)] = /O Oog(x)fx;;;ﬁ (x)dx-

(A1)

On substituting fxug (x) from (3.22) into (A.1), and after mathematical simplifications,

we get
Elg(x!3.)] = Z2 + Ea,
where
E1=M /jo g(exp(\@osrx + usr) Q < V205 ;ZLST — Md)
[1 0 ( @m> Q(ﬂaw Tt~ u,.dﬂ e
Ord
and

— > 2 r + rd — Msr
:2:M/ g(exp(\/ﬁardy—kurd)Q(\fady Hrd — 1 )

Osr

M-1
ll -Q (\/iardy) Q < V30ray + fira = Nsr)] eV dy,

UST

(A.2)

(A4)

The expressions in (A.3) and (A.4) matches Gauss-Hermite quadrature integral form

111



A.1. PROOF OF LEMMA 3.1

[ f (5)6_52d§ which can be evaluated using the numerical integration technique [63,

Table 25.10] resulting in (3.24) and (3.25).
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Appendix B

Proofs for Chapter 4

B.1 Proof of Theorem 4.1

E[g(Xe2e)] = /OOO 9O Fxeae (X)dX- (B.1)

On substituting fy,,.(x) from (4.11) into (B.1) we get

E[.Q(XEQC)] - Xl + X27 (BQ)
where
N, o0 In(x) — 24npp, + In(4epp + 402
X = 7/ 9(X)Q< = ( ’RD)>
V2m 20h4,X Jo 2JhRD
N,—1
x |1-Q (ln(X) — 2fnpp + ln(4ERD + 403,121)))@ <ln(x) — 2phgp + lﬂ(465R + 40?,51?,) >
QUhRD QOhSR
—(In -2 + In(4egp + 402 2
X exp ( ( (x) Mh53802 ( SR e,SR)) )dX’ (B.3)
hsr
and
N, o0 In(x) — 2ung, + In(4esp + 402
= [T gt0e( ox 4 1o sn))
V21 204 ,,X Jo 20145
N,—1
e Q(ln(x) — gy + In(desk + 4O'SVSR)>Q<1H(X) = 2fthp, + In(4erp + 403’RD)>
2UhSR QOhRD
—(In(x) — 2un,,,, +In(depp + 402 2
X exp ( (00 ~ 24tun e (erp + 47 1)) )dx. (B.4)
hrD
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B.2. PROOF OF THEOREM 4.2

On performing change of variable £ = [In(x) — 2uag, + In (4653 + 4US’SR)]/2\/§ Ohgn
and & = [In(x) — 2uny, +1n (46313 + 40—3,RD)]/2\/§0-}LRD in (B.3) and (B.4), respectively,

and after simplification, we get (B.5) and (B.6) given as

X = \f (exp 2\/>0th6 + 2ppg, —In (4ESR + 403,53)))

2\/§0hSR§ + 2Uhgp — ln<4eSR + 4037SR> — 2phgp, + 1n<4eRD + 4JZ’RD) -
X @ - Q(\@f)
200, I
220150 + sy — I (desr + 402 ) = 2ingy + I (demp +402 5 )\ ]V
- Q( 2UhRD )
x exp(—€?)d¢. (B.5)

Xy = \/» <exp z\fahRDg + 2hp, —In (4ERD + 4US,RD)>>

Q(QfghRDg + 2, —In (4€RD + 4037313) — 2pthgp +1n (4€SR + 4‘72,51%) ) [
X

20hgp

X Q

(2\/§ahRD§ + 2y — n(4epp + 402 1y ) = 2pingg, + I (desn + 402 ) ) N1

20hg,

x exp(—&?)d¢. (B.6)

Solving (B.5) and (B.6) using Gauss-Hermite quadrature integration technique [63, Table

25.10], and substituting the resulting expressions into (B.2) produces (4.12).

B.2 Proof of Theorem 4.2

In high SNR regime, on substituting the value of €,, p € {SD, SR, RD} into (4.10) and

(4.14), and rearranging the terms, we get

out
ZUhSR QU}LRD

PeQe ~ [Q ( - IH(X) + 2/}JhSR - 111(45512_2) + ln(X0)> + Q ( - IH(X) + 2lu’hRD —In (461_%2D) =+ ln(X0)>

B Q(_ In(x) + 2uns, — In(40g7) + ln(xo))Q(— In(x) + 2unp, — In(4055) + ln(Xo)) N,

2JhSR 20hRD
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and

P ~ Q00+ 2y — In(4(57) i)y (B:8)

out ™
20hgp

In (B.7), the term involving product of two @(-) functions is negligibly small as compared

to other terms, and can safely be ignored for analytical tractability, resulting in

out

QO—hSR 20—th

(B.9)

On rearranging the terms in (B.8) and (B.9), and differentiating In(P¢%) and In(P52)

out out

with respect to In(x,), we get

pere [Q<—1n(x) + 2y — In(4lgh) + ln(xo)) N Q(— In(x) 4 2phpp — In(4053) + 1n(xo)> o

1 —(In(xo)—In(4€57x)+2png 5 )? 1 —(In(xo)=In(4EHx)+20h )
N, exp = / + exp 5
20hsR 80hen 2%hgp 8% rp

)]

Ol P2
Oln Xo - — ln(XO)—ln(4ﬁgéx)+2uhSR 1H(XO)_IU(4£;¢2DX)+2M}1RD
21 |:Q< QUhSR +Q QUhRD
(B.10)
and
. exp f(ln(xo)flngu;géx)wuhw)2
8lnP0ut . Thsp (B 11)
- In(xo)—In(4052 x)+2u ’ ’
8111 Xo 2\/%O-hSDQ( bo) (20'::DX)+ /hSD>

respectively. On substituting (B.10) and (B.11) into (4.13) and simplifying, we get the

RDO expression given in (4.15).

B.3 Proof of Theorem 4.3

The well known upper and lower bounds of @ function are given by [75]

exp(—zQ/Z) <Qz) <

(l—i-;)\/% Z\}% exp(—z2/2). (B.12)

Using these bounds into (4.15), and applying squeezing theorem [95] at high SNR,
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results in

exp >
Oh 8o
ARDO ~ lim 0 > E "SR UeSE
Xo—>00 —UnXo —(In xo
Ohsr €XP < 87 . ) + Ohpp €XP ( 807 1) )
o Ny _ 2
o eXP( 8(lr;xo) )
hrD hrD

_|_

. (B.13)
_ 2 _ 2
Ohgr €XP ( S(anxo) ) + Ohpp €XP ( S(clrr;XO) )

Using e @ =32, (_Z.gf)i in (B.13) and neglecting higher-order terms. After simplification,

we obtain the ARDO expression as given in (4.17).
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Appendix C

Proofs for Chapter 5

C.1 Proof of Theorem 5.1

Ev () = [ " W00 e (0.

On substituting (5.12) in (C.1) we get

E[W(xee)] = / T [(HXQ> o (—(1 +Xwﬂeﬂ>x>

XST‘ XST‘

(C.2)

exp (_ [ln((l“'iv-dﬂe,‘d)X/Yrd)_zl”lrd} ] )
B . 2
0 (1n((1 + Xraf2e,a)X/Xra) — QU’LM) + S
2om, 2V27 o, , X
—(1+ X402
X exp < ( +§5T ”)X)]dx'
Xsr

For mathematical tractability of (C.2), we use an approximation of Q(-) function devel-

oped by Borjesson and Sundberg and is given in [96, Eq. (16)]. On applying Borjesson

approximation in (C.2) and simplifying, results in

E[\I’(Xde)] =11 — 1y,

where

1 + 7STQ38T e —(1 + 7S’I‘Q€ST
A =<X > / ¥(x) exp < Shd )X>dx,
0

XST‘ XS’I"
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C.2. SOLUTION OF EQ. (5.17)

o0 1 —(1+%.,0 2 1+ ¥, Q
1'2 :/ \I,(X) eXp< ( +§sr esr)X){ O—h,«dX( Xsr es'r‘) - o 1}

0 2V 21 Oh.gX Xsr N \/(ln((lJerQeT,d)x/xM)2uhrd> i1

sr 20h,,
_ _ 2
— | In((1 4+ x,492 -2
< oxp ( [In((1 + X;q erdz)x/xrd) Fih,a) )dx- ©5)
80th
On performing change of variable y = 1n((1+¥rdg\e;§)x/ Xra)=2thg in (C.5), and after rear-
Oh d

ranging the terms we get

I, = exp (2V2 on,,y + 24, )
\F / 1 + XTdQ€ -d ( ! d)
~Xra(1 + XorQe.,) exp (2V2 0n,0y + 20,0 )
Xsr(l + X’I‘dQerd)
2 Xra(1l 4+ Xsre..) e 2v/2 +2
x { J"MX”(* Xsr j) <P (22 Th iy + 2iha) 1}exp(—y2)dy. (C.6)
Xsr(l + XT‘dQerd) V 2y2 +1

xexp(

The integral expression of (C.6) matches the Gauss-Hermite quadrature integral form,
which on utilizing the numerical integral technique stated in [63, Eq. (25.4.46)] yields
(5.15).

C.2 Solution of EQ. (5.17)

Equation (5.17) can be written as

T1 = 2poGi(ag) + 290G1(bo) — 4poqoGa2(ao, bo), (C.7)
where
1 + ST 657 - 1 +7S/I’Qeq/r .
Ga(y) —(+ L) / Q) exp( Lt ey )dx, (©8)

(GQ(V7 Q) (M / Q l/\f (Q\f) ) exp <_(1 +XSTQEW)X>OZX. (C.9)

Xsr
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Performing change of variable y = y? in (C.8) and (C.9), and utilizing [97, eq. (7) and

eq. (5)], we obtain

1 1 Xsrl?
G =——=- = C.10
1#)=3 2\/<2(1 + X Qe ) + Xort?) (C.10)
L1 XorV? 2(1 + X Qe ) + Xop 12
GQ(V, .Q) - - _ = _ XsrV _ tan_l K ( ( + XS’L 57') + XsrV ) _

4 27T (2(1 + Xerem) + XST'VQ) o XerQ
1 X o 02 2(1 + %, Qe X o 02

o — Xsr@ — 5 tan_l <Q ( ( + Xsa; sr2) + Xsr@ )) (C].l)
2m | (2(1 4 X e, ) + X 0%) v Xsr@

Finally, on substituting (C.10), and (C.11) into (C.7), the solution of Z; is obtained as

Ty = po + qo — Podo — Po Xsr % —qo Xerlh
o 21+ XorQe,,) + Xsrad) 21+ XorQe,,) + Xorb3)

2p0q0 Ysrag t -1 0 (2(1 + Yeresr) + ysra%)
+ 2002 ) T xoad) g X a2
™ Xsriley,.) T Xsr0 0 Xsr@o

~ 2 ~ ~ b2
+ 2]70(]0 _ XsrbO _ : tanfl @ (2(1 + mezesa) + Xsr 0) . (012)
T (2(1 =+ Xeresr) + Xs7b0) ao XsrbO

IS

C.3 Solution of EQ. (5.19)

Equation (5.19) can be written as
13 1 23
Ty = —G1(V2A) + 61 (2VA) - TCa(V24,V2A), (C.13)

where G1(+), and Ga(-,-) are defined in (C.8) and (C.9), respectively. Using (C.10) and
(C.11) in (C.13) results in the solution of Z; as

T, = g . L3 2AY$T’ o i 4AYS’I"
b 32 8 (2(1 + X«STQQST) + 2AYS’I‘) 16 (2(1 + Yerem») + 4AXST)
23 YST‘A —1 ( ((1 +YS7"Q€ ) +X‘T‘A)>
— t = 2 . C.14
" \/((1 F X ) A X A) Xo A (C.14)
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C.4. SOLUTION OF EQ. (5.21)

C.4 Solution of EQ. (5.21)
Equation (5.21) can be written as
I, = DGy (V1) + ;DcGz(\/ 2q1/3,v/2q1/3) — 2Dc G2 (a1, Va1 /3), (C.15)

where G1(+), and Ga(-,-) are defined in (C.8) and (C.9), respectively. Using (C.10) and
(C.11) in (C.15) results in the solution of Z; as

De 1 De  Dc Xsr1 2 Xsr1
2 6 2 2 (2(1 + YS’I’QesT) + Xsrq1 3r (3(1 + YSTQ€S7') + YSr(h)

(3(1 + XSTQQST') + Xsrql)) + & YSqu
Xsrd1 ™ (2(1 + Yerfisr) + YST‘ql)

(
S (\/x/i(2(1+xsrﬁe”>+xsrq1>> L De \/ Yoo
(y

Xsrd1 ™ (6(1 + YSTQSST‘) + YSTQ1)

(6(1 4 X4, Qe..,) +x3rq1))_ (C.16)

\/§Ys7- q1
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