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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.

ii
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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 (3000−106 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
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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, 8].

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. ϕTx and θTx

are the beam divergence and elevation angle of the Tx, respectively; and, ϕRx and θRx

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
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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 ϕTx. 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]

ℓS =
ksArϕ

Tx2ϕRxP (θS) sin(θS)
[
12 sin2(θRx) + ϕRx2 sin2(θTx)

]
96d sin(θTx) sin2(θRx)(1− cos(ϕTx/2)) exp

(
ked
[
sin(θTx) + sin(θRx)]/ sin(θS)

) ,
(1.1)

where Ar is the effective area of Rx, and θS = θTx + θRx. ke is the extinction

coefficient given as ke = ks + ka, with ka as the absorption coefficient and ks is the

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

P (ψ) =
kRay
s

ks
PRay(ψ) +

kMie
s

ks
PMie(ψ). (1.2)

The scattering coefficient is computed as ks = kRay
s + kMie

s , where kRay
s and kMie

s are

the Rayleigh and Mie scattering coefficients, respectively. PRay(ψ) and PMie(ψ) are
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the Rayleigh and Mie scattering phase functions, respectively, and are defined as

[10]

PRay(ψ) =
3[1 + 3γ + (1− γ)ψ2]

16π(1 + 2γ)
(1.3)

and,

PMie(ψ) =
(1− g2

4π

)[ 1

(1 + g2 − 2gψ)3/2
+ f

0.5(3ψ2 − 1)

(1 + g2)3/2

]
, (1.4)

where γ, 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 (h) under

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

fh(h) =
1

σhh
√
2π

exp

[
− (lnh− µh)

2

2σ2
h

]
, (1.5)

where µh and σ2
h are the mean and variance, respectively, of the associated Gaussian

random variable (RV) ln(h) ∼ N (µh, σ
2
h), and are computed as [12]

µh = µTx-CV + µCV-Rx, (1.6)

σ2
h = σ2

Tx-CV + σ2
CV-Rx. (1.7)

σ2
Tx-CV and σ2

CV-Rx 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]

σ2
Tx-CV =

1.23C2
n(2π/λ)

7/6d11/6 sin
(
θRx
)11/6

sin(θS)
11/6

, (1.8)
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and,

σ2
CV-Rx =

1.23C2
n(2π/λ)

7/6d11/6 sin
(
θTx
)11/6

sin(θS)
11/6

, (1.9)

where C2
n is the refractive index structure parameter, and λ is the wavelength.

µTx-CV = −0.5σ2
Tx-CV − ℓTTx-CV and µCV-Rx = −0.5σ2

CV-Rx − ℓTCV-Rx are the log-

irradiance mean for the LOS links from Tx-CV and CV-Rx, respectively [12]. Terms

ℓTTx-CV and ℓTCV-Rx are attributed to the turbulence path loss of Tx-CV and CV-Rx

links, respectively, and can be computed as [9]

ℓtTx-CV = a0

√
sin(θRx)11/6

sin(θS)
11/6

, ℓtCV-Rx = a0

√
sin(θTx)11/6

sin(θS)
11/6

, (1.10)

where a0 =
ln(10)

5

√
23.17C2

n(2π)
7/6d11/6

λ7/6 .

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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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 MI ×MQ RQAM over additive white

9
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Figure 1.3: 32-points RQAM constellations.

Gaussian (AWGN) channel is given as [32]

PRQAM
s (e|χ) = 2p0Q(a0

√
χ) + 2q0Q(b0

√
χ)− 4p0q0Q(a0

√
χ)Q(b0

√
χ), (1.11)

where a0 =
√

6/((M2
I − 1)(M2

Q − 1)β2
0), b0 = β0a0, p0 = 1 − 1/MI , q0 = 1 − 1/MQ,

and β0 = dQ/dI , in which dQ and dI 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 =
√
MI =

√
MQ [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

PXQAM-32
s (e|χ) = 1

8

[
26Q(

√
2Aχ) +Q(2

√
Aχ)− 23Q2(

√
2Aχ)

]
, (1.12)

where A = 48
31M−32

withM 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]

PHQAM
s (e|χ) = DQ(

√
q1χ) +

2

3
DCQ

2(
√
2q1χ/3 )− 2DCQ(

√
q1χ)Q(

√
q1χ/3 ),

(1.13)

where q1, D and DC are the constants which has different values for different HQAM
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Figure 1.5: HQAM constellations.

constellation sizes. For M -ary HQAM constellation

q1 =
N0

Es

(
∆1

2σ

)2

, D =
1

M

M−1∑
k=0

D(k), DC =
1

M

M−1∑
k=0

DC(k), (1.14)

where ∆1 is the half of the minimum distance between constellation points, σ is

the standard deviation of the AWGN. D(k) is the number of nearest neighborhoods

(NNs) of the constellation point k, and DC(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 q1 D DC

M = 4 1 5/2 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.

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) = Pr(t)x(t) + ν(t), (1.15)

where Pr(t) is the received optical power, x(t) is the scintillation characterized by the

stationary probability process, and ν(t) is the AWGN. As an example, for subcarrier

phase shift keying (PSK) modulation the received optical power is given as

Pr(t) = x(t)
Pmax

2
(1 +m cos(2πfct+ Φj)) + ν(t), (1.16)

where fc is frequency of RF subcarrier, Φj =
2(j−1)π

M
, j = 1, 2, ...M , and M = 2k, so

that the demodulator has zero threshold and this zero threshold is independent of

irradiance fluctuation caused by atmospheric turbulence [43]. Further, Pmax is the

received peak power, and m is the modulation index. Due to the slow scintillation

changes, the DC term x(t)Pmax

2
can be eliminated. The electrical current signal i(t)

at the output of the photodiode can be expressed as

i(t) = x(t)
Pmax(eDG)

2
m cos(2πfct+ Φj) + ν(t), (1.17)

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

Instantaneous SNR is calculated as

χ =
Received signal power

Noise power at the receiver
= χ◦|h|2, (1.18)

where χ◦ 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 (χth).

Pout(χth) = Pr[χ ≤ χth] =

∫ χth

0

fχ(χ)dχ

= Fχ(χth) (1.19)

where fχ(χ) is the PDF of χ. Fχ(χth) is the cumulative density function (CDF)

of χ evaluated at χth.

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

Ps(e) =

∫ ∞

0

Ps(e|χ)fχ(χ)dχ, (1.20)

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

given χ.

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,

RDO =
∂ lnPout/∂ lnχ◦

∂ lnP sd
out/∂ lnχ◦

, (1.21)

where P sd
out 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.

Ce = E[log2(1 + χ)]

=

∫ ∞

0

log2(1 + χ)fχ(χ)dχ bits/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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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

19



1.8. MOTIVATION AND OBJECTIVES

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:

� 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.

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

distance outdoor UV communication.

� 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.

� 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.
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� 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 Nr-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

Figure 2.1: Selection combiner with Nr receiver branches

Fig. 2.1 dipicts an NLOS UVC system with Nr 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. Nr 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 Nr 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 ith branch of the receiver

is given by,

yi = ηPNLOS
r his+ νi, i = 1, 2, . . . , Nr (2.1)

where s is the source symbol with average energy, E[|s|2], normalized to 1. PNLOS
r

represents the received optical power at the receiver via ith path under single scatter-

ing assumption in the absence of turbulence and wi is the signal-independent noise

modeled as zero mean AWGN [12, 25, 61] with variance σ2
ν . hi is the turbulence

induced fading channel coefficient of the ith 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 {hi}Nr
i=1 follows iden-

tical distribution, lnhi ∼ N (µh, σ
2
h). The channels experienced by different receiver

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

h = [h1, h2, . . . hNr ]
T is given by

Υh = σ2
h



1 υ . . . υNr−1

υ 1 . . . υNr−2

...
...

. . .
...

υNr−1 υNr−2 . . . 1


. (2.2)

The correlation coefficient between any two channel coefficients is given as

υ|j−k| = E
[(hj −mh)(hk −mh))

σ2
h

]
, j ̸= k (2.3)

with mh = exp
(
µh +

σ2
h

2

)
.

Let χi is the instantaneous electrical SNR of the ith receiver branch which is

given by

χi =
η2PNLOS2

r h2i
σ2
ν

. (2.4)
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The average received electrical SNR per symbol at any branch in the absence of

turbulence is given as,

χ◦ =
η2PNLOS2

r

σ2
ν

. (2.5)

Using the properties of LN distribution, it can be shown that the instantaneous

SNR (χi) also follows LN distribution, ln(χi) ∼ N (µχ, σ
2
χ). The mean and variance

of ln(χi) can be computed as,

µχ = 2µh + ln(χ◦), σ2
χ = 4σ2

h. (2.6)

Let χ = [χ1, χ2, . . . , χNr ]
T , then the joint pdf of χ is given as

fχ(χ) =
exp

[
−1

2
(lnχ− µχ)

TΥ−1
χ (lnχ− µχ)

]
(2π)Nr/2|Υχ|1/2χ1χ2 . . . χNr

. (2.7)

Here µχ = µχ[1, 1, . . . , 1]
T is a Nr × 1 vector and covariance matrix Υχ is given as

Υχ = σ2
χ



1 υ . . . υNr−1

υ 1 . . . υNr−2

...
...

. . .
...

υNr−1 υNr−2 . . . 1


. (2.8)

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

χsc = max(χ1, χ2, . . . , χNr). (2.9)
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In the following section, the CDF and PDF expressions for χsc are derived.

2.3 Outage 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

Pout(χth) = Pr
[
χsc < χth

]
= Fχsc(χth), (2.10)

where Fχsc(·) is the CDF of χsc. Invoking (2.9) into (2.10), we get

Pout(χth) =

χ
th∫

0

. . .

χ
th∫

0︸ ︷︷ ︸
Nr Integrals

fχ(χ)dχ1dχ2 . . . dχNr . (2.11)

Using fχ(χ) from (2.7) into (2.11) results in

Pout(χth) =

χ
th∫

0

. . .

χ
th∫

0

exp
[
−1

2
(lnχ− µχ)

TΥ−1
χ (lnχ− µχ)

]
(2π)Nr/2|Υχ|1/2χ1χ2 . . . χNr

dχ1dχ2 . . . dχNr .

(2.12)

Substituting y = ln(χ) into (2.12) results in

Pout(χth) =

ln(χth)∫
−∞

. . .

ln(χth)∫
−∞

fy(y)︷ ︸︸ ︷
exp

[
−1

2
(y − µχ)

TΥ−1
χ (y − µχ)

]
(2π)Nr/2|Υχ|1/2

dy1dy2 . . . dyNr ,

(2.13)

where fy(y) is the PDF of the multivariate Gaussian random variable, y = [y1, y2, . . . , yNr ]
T ,

with mean vector µχ and covariance matrix Υχ. The random variables {yi}Nr
i=1 can

be obtained from Nr +1 independent Gaussian random variables Z1, Z2, . . . , ZNr ;V
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using the following transformation [62]

yk = σχ[
√
1− υ′Zk +

√
υ′V ] + µχ, k = 1, 2, . . . , Nr (2.14)

where Zk, V ∼ N (0, 1). υ′ is obtained by approximating the covariance matrix given

in (2.8) as

Υχ ≈ Υ′
χ = σ2

χ



1 υ′ . . . υ′

υ′ 1 . . . υ′

...
...

. . .
...

υ′ υ′ . . . 1


, (2.15)

where υ′ is computed by minimizing the Frobenius norm of the vector [υ′ − υ, υ′ −

υ2, . . . , υ′ − υNr−1]T resulting in
∑Nr−1

i=1 (υi − υ′) = 0. On solving this equation, the

following expression is obtained

υ′ =
υ(1− υNr−1)

(Nr − 1)(1− υ)
for Nr > 1. (2.16)

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

Pout(χth
) =

∞∫
−∞

FZ1

(
lnχ

th
− µχ −

√
υ′σ2

χ v√
σ2
χ(1− υ′)

)

× . . .× FZNr−1

(
lnχ

th
− µχ −

√
υ′σ2

χ v√
σ2
χ(1− υ′)

)
fV (v)dv. (2.17)

Substituting the PDF and CDF expressions for standard normal distribution into

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

Pout(χth
) =

1√
π

∞∫
−∞

[
1−Q

(
lnχ

th
− µχ −

√
2υ′σ2

χ u√
σ2
χ(1− υ′)

)]Nr

e−u2

du. (2.18)
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Integral in (2.18) can be evaluated using Gauss Hermite quadrature integration

technique [63, Table 25.10] as

Pout(χth
) =

1√
π

n∑
j=1

wj

[
1−Q

(
lnχ

th
− µχ −

√
2υ′σ2

χ uj√
σ2
χ(1− υ′)

)]Nr

, (2.19)

where Q(x) = 1
2π

∫∞
x
e−t2/2dt. wj and uj are the weight factors and zeros of nth order

Hermite polynomial, respectively. Differentiating (2.19) w.r.t. χ
th
and replacing χ

th

with χ for notational simplicity, results in the following PDF expression of χsc

fχsc(χ) =
Nr

χπ
√

2σ2
χ(1− υ′)

n∑
j=1

wj

[
1−Q

(
lnχ− µχ −

√
2υ′σ2

χ uj√
σ2
χ(1− υ′)

)]Nr−1

× exp

[−(lnχ− µχ −
√

2υ′σ2
χ uj)

2

2σ2
χ(1− υ′)

]
. (2.20)

2.4 ASER Analysis

In this section, PDF based approach is used to derive the generic expression for

ASER. Let Ps(e|χ) represents the conditional probability of symbol error for AWGN

channel. Thus, for a fading channel, ASER can be computed by averaging Ps(e|χ)

over χ as

Ps(e) =

∞∫
0

Ps(e|χ)fχsc(χ)dχ, (2.21)

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

Ps(e) =
Nr

π

n∑
j=1

wj

∞∫
0

1

χ
√
2σ2

χ(1− υ′)
Ps(e|χ)

×

[
1−Q

(
lnχ− µχ −

√
2υ′σ2

χ uj√
σ2
χ(1− υ′)

)]Nr−1

exp

(−(lnχ− µχ −
√

2υ′σ2
χ uj)

2

2σ2
χ(1− υ′)

)
dχ.

(2.22)
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Substituting v =
lnχ−µ−

√
2υ′σ2uj√

2σ2(1−υ′)
in (2.22) and simplifying, results in

Ps(e) =
Nr

π

∞∫
−∞

n∑
j=1

wjPs

(
e|χ = exp

(√
2σ2

χ(1− υ′) v + µχ +
√

2υ′σ2
χuj
))

×
[
1−Q(

√
2 v)

]Nr−1

exp
(
−v2

)
dv. (2.23)

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

Ps(e) =
Nr

π

n∑
k=1

n∑
j=1

wkwjPs

(
e|χ = exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj
))

×
[
1−Q(

√
2 vk)

]Nr−1

. (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 MI ×MQ 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
s (e) =

1

π

n∑
k=1

n∑
j=1

wkwj

[
1−Q(

√
2 vk)

]Nr−1

×

{
2p0Q(a0

√
exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj)

+ 2q0Q(b0

√
exp

(√
2σ2

χ(1− υ′) vk + µχ +
√
2υ′σ2

χuj)

−
[
4p0q0Q(a0

√
exp

(√
2σ2

χ(1− υ′) vk + µχ +
√
2υ′σ2

χuj)

×Q(b0

√
exp

(√
2σ2

χ(1− υ′) vk + µχ +
√
2υ′σ2

χuj)

]}
(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

PHQAM
s (e) =

2

π

n∑
k=1

n∑
j=1

wkwj

[
1−Q(

√
2 vk)

]Nr−1

×

{
DQ

(√
q1 exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj
) )

+
2

3
DCQ

2

(√
2q1 exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj
)
/3

)
− 2DC

[
Q

(√
q1 exp

(√
2σ2

χ(1− υ′) vk + µχ +
√
2υ′σ2

χuj
) )

×Q

(√
q1 exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj
)
/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

PXQAM-32
s (e) =

1

4π

n∑
k=1

n∑
j=1

wkwj

[
1−Q(

√
2 vk)

]
×

{
26Q

(√
2A exp

(√
2σ2

χ(1− υ′) vk + µχ +
√
2υ′σ2

χuj

)
+Q

(
2

√
A exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj

)
− 23Q2

(√
2A exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj

)}
(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

Ce =
∫ ∞

0

log2(1 + χ)fχsc(χ)dχ. (2.28)

On substituting fχsc(χ) 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 =
Nr

π

n∑
k=1

n∑
j=1

wkwj

[
1−Q(

√
2 vk)

]Nr−1

log2

(
1 + exp

(√
2σ2

χ(1− υ′) vk + µχ +
√

2υ′σ2
χuj
))
. (2.29)

2.6 Numerical and Simulation Results

In this section, numerical analysis is conducted for the consideredNr-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 (υ = 0.2, υ = 0.8). The SNR threshold χth is considered to

be 4 dB [25]. It is observed that the theoretical results overlap with the simulation
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Figure 2.2: Outage probability for χ
th

= 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 χ
th

= 4 dB (contd.).

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

fact that, for υ = 0 the channels become independent and hence the system achieves
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Table 2.1: System and Channel Configuration

Parameter Symbol Value

Wavelength λ 260× 10−9m
Receiver aperture area Ar 1.77 cm2

Refractive index structure coefficient C2
n 1× 10−15m−2/3

Rayleigh scattering coefficient kRay
s 2.4× 10−4 m−1

Mie scattering coefficient kMie
s 2.5× 10−4 m−1

Absorption coefficient ka 9× 10−4 m−1

Channel model parameters γ, g, f 0.017, 0.72, 0.5 [10, 12]
Transmitter beam divergence ϕTx 8 mrd
Receiver FOV ϕRx 45◦

Transmitter elevation angle θTx 30◦

Receiver elevation angle θRx 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 Nr. However,

as the correlation increases, increasing Nr 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 υ = 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 υ. 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)
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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 υ = 0.8. Considering 10−4 as the target ASER, it is observed that RQAM-8× 4

results in SNR gain of approx. 5.1 dB as compared to RQAM-16 × 2. Further,

it is observed that XQAM-32 outperforms RQAM-8 × 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× 2, RQAM-16× 4, SQAM-

64 and HQAM-64 schemes is compared. It is observed that HQAM-64 performs

better than SQAM-64, RQAM-32× 2 and RQAM-16× 4 modulation formats. For

instance, to achieve ASER of 10−4 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 × 4 and

RQAM-32 × 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 υ = 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 υ = 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× 2, SQAM-16, RQAM-8× 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 10−4. 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 (χ◦) is plotted for

different values of υ and C2
n. 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
n. Furthermore, it is observed that increase in C2

n adversely affects the ergodic

capacity of the system. As an example, for υ = 0, with the increase in C2
n from

1 × 10−16m−2/3 to 1 × 10−14m−2/3, 4.5 dB more SNR is required to achieve Ce = 4

bits/sec/Hz. This is because, C2
n directly affects the log-amplitude variance of the

received optical signal. Also, increase in C2
n 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

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).

Nr ρ = 0.2 ρ = 0.8

2 2.4× 10−8 4.3× 10−8

3 4.3× 10−6 1.4× 10−5

4 1.1× 10−5 6.0× 10−5

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× 2 1.1× 10−8

RQAM-8× 4 1.0× 10−8

HQAM-32 9.7× 10−6

XQAM-32 2.3× 10−5
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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× 2 9.4× 10−9

RQAM-16× 4 9.2× 10−9

SQAM-64 1.4× 10−8

HQAM-64 3.2× 10−5

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

C2
n ρ = 0 ρ = 0.2 ρ = 0.8

1× 10−14 1.2× 10−5 1.7× 10−6 1.2× 10−7

1× 10−15 6.2× 10−5 1.7× 10−6 1.3× 10−7

1× 10−16 2.7× 10−4 0.7× 10−5 2.0× 10−7

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, andM relay nodes {Rm}Mm=1. The relays are assumed

to be placed in the middle such that the distance of SRm and RmD 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 Pt, which is equally divided amongst S and {Rm}Mm=1 nodes, such

that the transmit power available at each transmitting node is P = Pt/(M + 1).

With this system configuration, communication from S to D, via relayed path, takes

place inM +1 time slots. In the first time slot, S transmits the information bearing

signal to D and {Rm}Mm=1 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

totalM+1 copies of the signal from S and {Rm}Mm=1. 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|2] = 1. The signal received at the

photodetector output of Rm is given as,

yrm = ηPℓsrhsrms+ νrm , m = 1 . . .M, (3.1)

where η 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}Mm=1 experience the same path loss given as ℓsr, which is normalized

with the path loss of SD link. νr is the AWGN, νr ∼ N (0, σ2
νr) [12, 25, 46, 66, 68, 73].

hsr1 . . . hsrM are the independent and identically distributed (IID) fading channel

coefficients, ln(hsrm) ∼ N (µhsr , σ
2
hsr

).

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

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

ym = ηℓrdhrmdGyrm + νd, m = 1 . . .M, (3.2)

where hr1d . . . hrMd are the IID fading coefficients, ln(hrmd) ∼ N (µhrd
, σhrd

), and

νd ∼ N (0, σνd)
2.

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.

48



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

Fixed-gain relaying

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

is used, for which

G = P/
√
η2P 2ℓ2srE[h2srm ] + σ2

νr . (3.3)

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

relaying is computed as

χsrmd =
χsrmχrmd

χrmd + C
, (3.4)

where C = κℓ2srE[h2sr]χ◦ + 1, in which κ = 1/(M + 1)2. χsrm = κℓ2srh
2
srmχ◦ and

χrmd = κℓ2rdh
2
rmdχ◦ are the instantaneous SNRs of SRm and RmD links, respectively.

Using the properties of LN RV, it can be shown that both χsrm and χrmd follow LN

distribution ln(χsrm) ∼ N (µsr, σsr) and ln(χrmd) ∼ N (µrd, σrd), respectively, with

parameter values given by [74]

µi = 2µhi
+ ln

(
κℓ2iχ◦

)
+ lnχ◦, σi = 4σ2

hi
, 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 hsrm , and could be written as

G = P/
√
η2P 2ℓ2srh

2
srm + σ2

νr . (3.6)

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

gain relaying can be computed as

χsrmd =
χsrmχrmd

χsrm + χrmd + 1
, (3.7)
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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

χe2e = max
m=1...M

χsrmd. (3.8)

3.3 Outage Probability

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

as

Pout =
M∏

m=1

Fχsrmd
(χth) =

[
Fχsrmd

(χth)
]M
, (3.9)

where Fχsrmd
(χth) represents the CDF of χsrmd.

Fixed-gain relaying

Using (3.4), the CDF of χsrmd is given as

Fχsrmd
(χth) = Pr

[
χsrmχrmd

χrmd + C
< χth

]
. (3.10)

On rearranging, (3.10) can alternatively be written as

Fχsrmd
(χth) = 1− Pr

[
Z ≥ 1

χth

]
, (3.11)

where Z = Z1+Z2, in which Z1 = χ−1
srm , and Z2 = Cχ−1

srmχ
−1
rmd. Using the properties

of LN RV it can be shown that both Z1 and Z2 follow LN distributions, ln(Zi) ∼

N (µzi , σzi), 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 ln(Z) ∼ N (µz, σz). The values of µz and σz are computed from

µzi and σzi by following the steps given in [17]. Using the selected approximation, the
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CDF of χsrmd can be computed as Fχsrmd
(χth) = Q

(
ln(1/χth)−µz

σz

)
. On substituting

Fχsrmd
(χth) into (3.9), the outage probability of the considered fixed-gain AF relayed

system is obtained as

Pout =

[
Q

(
ln(1/χth)− µz

σz

)]M
. (3.12)

Variable-gain relaying

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

proximated by

χ̃srmd =
χsrmχrmd

χsrm + χrmd

, (3.13)

which is bounded as [34]

1

2
min(χsrm , χrmd)︸ ︷︷ ︸

χlb
srmd

≤ χ̃srmd ≤ min(χsrm , χrmd)︸ ︷︷ ︸
χub
srmd

. (3.14)

The CDF of χub
srmd is given by [74]

Fχub
srmd

(χth) = 1−
[
1− Fχsrm

(χth)
] [

1− Fχrmd
(χth)

]
. (3.15)

On substituting the CDFs of LN RVs χsrm and χrmd 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

P lb
out =

[
1−Q

(
ln(χth)− µsr

σsr

)
Q

(
ln(χth)− µrd

σrd

)]M
. (3.16)
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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

P sd
out = 1−Q

( lnχth − µsd

σsd

)
, (3.17)

with µsd = 2µhsd
+ln(χ◦), σsd = 4σ2

hsd
. On differentiating the logarithm of (3.16) and

(3.17) with respect to lnχ◦, and substituting the resulting expressions into (1.21),

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

obtained.

RDO =

σsdMQ
(

ln(χ◦)−ϑsd

σsd

)[
1

σsr
exp

(
−(ln(χ◦)−ϑsr)2

2σ2
sr

)
+ 1

σrd
exp

(
−(ln(χ◦)−ϑrd)

2

2σ2
rd

)]
exp

(
−(ln(χ◦)−ϑsd)2

2σ2
sd

)[
Q
(

ln(χ◦)−ϑsr

σsr

)
+Q

(
ln(χ◦)−ϑrd

σrd

)] ,

(3.18)

where where ϑsd = lnχth − 2µhsd
, and ϑi = lnχth − 2 ln(ℓi/(M + 1)) − 2µhi

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
χ◦→∞

RDO. (3.19)

Using the well known bounds of Q function [75] and evaluating the resulting expres-

sion for χ◦ → ∞, the following approximate expression of ARDO of the considered

system for variable-gain relaying is obtained.

ARDO ≈M

(
σ2
sd

σ2
sr

+
σ2
sd

σ2
rd

− σ2
sd

σsrσrd

)
. (3.20)
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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

Ps(e) =

∫ ∞

0

Ps(e|χ)fχub
e2e
(χ)dχ. (3.21)

Here fχub
e2e
(χ) 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

fχub
e2e
(χ) =M

[
fχsr(χ)Q

(
lnχ− µrd

σrd

)
+ fχrd

(χ)Q

(
lnχ− µsr

σsr

)]

×

[
1−Q

(
lnχ− µsr

σsr

)
Q

(
lnχ− µrd

σrd

)]M−1

. (3.22)

Next, a lemma to compute averaging of a function over fχub
e2e
(χ) is defined.

Lemma 3.1. Let g(χub
e2e) is a function of the RV χub

e2e whose PDF is given in (3.22),

then

E[g(χub
e2e)] = Ξ1 + Ξ2, (3.23)

where,

Ξ1 =
M√
π

N∑
i=1

wi g
(√

2 σsrxi + µsr

)
Q

(√
2 σsrxi + µsr − µrd

σrd

)

×

[
1−Q

(√
2 xi

)
Q

(√
2 σsrxi + µsr − µrd

σrd

)]M−1

, (3.24)
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and,

Ξ2 =
M√
π

N∑
i=1

wi g
(√

2 σrdxi + µrd

)
Q

(√
2 σrdxi + µrd − µsr

σsr

)

×

[
1−Q

(√
2 xi

)
Q

(√
2 σrdxi + µrd − µsr

σsr

)]M−1

. (3.25)

Here wi and xi, respectively, are the weight factors and zeros of the N th 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 MI ×MQ 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

PRQAM
s (e) =

M√
π

N∑
i=1

wi Q

(√
2 σsrxi + µsr − µrd

σrd

)[
2p0Q

(
a0

√√
2 σsrxi + µsr

)
+ 2q0Q

(
b0

√√
2 σsrxi + µsr

)
− 4p0q0Q

(
a0

√√
2 σsrxi + µsr

)
Q
(
b0

√√
2 σsrxi + µsr

)]

×

[
1−Q

(√
2 xi

)
Q

(√
2 σsrxi + µsr − µrd

σrd

)]M−1

+
M√
π

N∑
i=1

wi Q

(√
2 σrdxi + µrd − µsr

σsr

)

×

[
2p0Q

(
a0

√√
2 σrdxi + µrd

)
+ 2q0Q

(
b0

√√
2 σrdxi + µrd

)
− 4p0q0Q

(
a0

√√
2 σrdxi + µrd

)

×Q
(
b0

√√
2 σrdxi + µrd

)][
1−Q

(√
2 xi

)
Q

(√
2 σrdxi + µrd − µsr

σsr

)]M−1

. (3.26)

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

PHQAM
s (e) =

M√
π

N∑
i=1

wi Q

(√
2 σsrxi + µsr − µrd

σrd

)[
DQ

(√
q1
√
2 σsrxi + µsr

)
+

2

3
DCQ

2
(√

2q1
√
2 σsrxi + µsr/3

)
− 2DCQ

(√
q1
√
2 σsrxi + µsr

)
Q
(√

q1
√
2 σsrxi + µsr/3

)]

×

[
1−Q

(√
2 xi

)
Q

(√
2 σsrxi + µsr − µrd

σrd

)]M−1

+
M√
π

N∑
i=1

wi Q

(√
2 σrdxi + µrd − µsr

σsr

)

×

[
DQ

(√
q1
√
2 σrdxi + µrd

)
+

2

3
DCQ

2
(√

2q1
√
2 σrdxi + µrd/3

)
− 2DCQ

(√
q1
√
2 σrdxi + µrd

)

×Q
(√

q1
√
2 σrdxi + µrd/3

)][
1−Q

(√
2 xi

)
Q

(√
2 σrdxi + µrd − µsr

σsr

)]M−1

. (3.27)

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

PXQAM-32
s (e) =

M√
π

N∑
i=1

wi Q

(√
2 σsrxi + µsr − µrd

σrd

)[
26Q

(√
2A

√
2 σsrxi + µsr

)
+Q

(
2

√
A
√
2 σsrxi + µsr

)
− 23Q2

(√
2A

√
2 σsrxi + µsr

)][
1−Q

(√
2 xi

)
×Q

(√
2 σsrxi + µsr − µrd

σrd

)]M−1

+
M√
π

N∑
i=1

wiQ

(√
2 σrdxi + µrd − µsr

σsr

)

×

[
26Q

(√
2A

√
2 σrdxi + µrd

)
+Q

(
2

√
A
√
2 σrdxi + µrd

)
− 23Q2

(√
2A

√
2 σrdxi + µrd

)]

×

[
1−Q

(√
2 xi

)
Q

(√
2 σrdxi + µrd − µsr

σsr

)]M−1

. (3.28)

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 λ = 260 nm,

receiver aperture area Ar = 1.77 cm2, refractive index structure coefficient C2
n =

5× 10−15 m−2/3, Rayleigh scattering coefficient kRay
s = 2.4× 10−4 m−1, Mie scatter-

ing coefficient kMie
s = 2.5× 10−4 m−1 and absorption coefficient ka = 9× 10−4 m−1.

The values for the channel model parameters t, f and g 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 θsd = 30◦; and Tx and Rx elevation angle of relay node as θr = 70◦. Further,

the beam divergence of S and R nodes are considered to be ϕTx = 8 mrad; and the

FOV of the R and D nodes are configured as ϕRx = 45◦. The total link distance

between S and D nodes are considered as 1 Km. The Rm node is assumed to be

placed in the middle of S and D nodes, resulting in the distance between S and R

nodes; and Rm and D nodes as 500 m [12, 66, 68, 73]. In Fig. 3.2, the theoretical
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Figure 3.3: Comparison of outage probability for AF and detect-and-forward (DF).

and simulation results of the outage probability versus χ◦ are plotted for different

number of relays and χth = 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 (χ◦ = 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 10−8, 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 10−4
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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 (θr)

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 θr = 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. χ◦ curves for 32-points RQAM, HQAM

and XQAM schemes for a target ASER of 10−6. It can be seen that XQAM-32

outperforms RQAM-16× 2 and RQAM-8× 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 × 2, RQAM-16 ×

4, SQAM-64 and HQAM-64 schemes are presented. It can be seen that for the

target ASER of 10−6, HQAM-64 performs better than SQAM-64, RQAM-32×2 and

RQAM-16×4 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× 4 and RQAM-32× 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 10−6, 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× 2, SQAM-16, RQAM-8× 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
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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 (S), a destination (D) and Nr parallel relays Rk, k = 1 . . . Nr as shown in

Fig. 4.1. All the nodes are assumed to operate in half-duplex mode. The channel

coefficients corresponding to SRk and RkD 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 hSRk
links,

ln(hSRk
) ∼ N (µhSRk

, σ2
hSRk

), (4.1)

with µhSRk
= µhSR

and σ2
hSRk

= σ2
hSR

, k = 1 . . . Nr; and identical distribution of

hRkD links,

ln(hRkD) ∼ N (µhRkD
, σ2

hRkD
) (4.2)

with µhRkD
= µhRD

and σ2
hRkD

= σ2
hRD

, k = 1 . . . Nr. Further, with similar

system configurations the path loss of SRk and RkD links are given as ℓSRk
=

ℓSR and ℓRkD = ℓRD , 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 (hm) and

its estimate (ĥm) are related as hm = ĥm + em, where em ∼ N (0, σ2
e,m) is the CEE

with σ2
e,m =

vhm
1+ρℓ2mχ◦vhm

, m ∈ {SRk, RkD} [24, 34, 35, 74]. vhm = [exp
(
σ2
hm

)
−

1] exp
(
2µhm + σ2

hm

)
is the variance of hm, ρ > 0 represents quality of the channel

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

The instantaneous electrical SNR of the SRkD link at Rx is given as

χ
(k)
DF = min(χSRk

, χRkD), (4.3)

where χm = ℓ2mι2eoι
2
oeχ◦ĥ2

m

4(1+ℓ2mσ2
e,mχ◦)

, m ∈ {SRk, RkD} represents the instantaneous SNR of

the mth link in which ieo is the optical to electrical conversion efficiency of the PD.

For moderate to high SNRs, σ2
e,m is very small as compared to vhm , and hence,

the distribution of hm and ĥm 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 χm also follows LN distribution as

ln(χm) ∼ N
(
2µhm − ln

(
4ϵm + 4σ2

e,m

)
, 2σhm

)
, (4.4)

where ϵm = ℓ−2
m χ−1

◦ . 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 SRkD 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

χe2e = max
k=1...Nr

χ
(k)
DF . (4.5)

In the next section, the e2e SNR (χe2e) is used to compute outage probability of the

considered system.
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4.3 Outage Probability

The outage probability of SRkD link is computed as

P SRkD
out = Pr[χ

(k)
DF ≤ χth] = F

χ
(k)
DF

(χth), (4.6)

where F
χ
(k)
DF

(χth) is recognized as the CDF of χ
(k)
DF . Substituting (4.3) into (4.6) and

rearranging results in

F
χ
(k)
DF

= 1− Pr[min(χSRk
, χRkD) ≥ χth]. (4.7)

For independent RVs χSRk
and χRkD, (4.7) can alternatively be represented as [12]

F
χ
(k)
DF

= 1− [1− FχSRk
(χth)][1− FχSRk

(χth)], (4.8)

where FχSRk
(·) and FχRkD

(·) represent CDFs of RVs χSRk
and χRkD, respectively.

For independent RVs χ
(1)
DF , χ

(2)
DF , . . . χ

(Nr)
DF , the outage probability of the e2e system

can be computed from (4.5) and (4.8) as [80]

P e2e
out =

Nr∏
k=1

(
1−

[
1− FχSRk

(χth)
][
1− FχRkD

(χth)
])
. (4.9)

On substituting the CDFs of identically distributed LN RVs {χSRk
}Nr
k=1 and {χRkD}

Nr
k=1

into (4.9), the following closed expression of the outage probability for the considered

system is obtained. 1

P e2e
out =

[
1−Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)

×Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)]Nr

. (4.10)

1Using (4.1) and (4.2), σe,SR = σe,SRk
, ϵSR = ϵSRk

, σe,RD = σe,RkD, and ϵRD = ϵRkD for
k = 1 . . . Nr.
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Note that, for notational simplicity, the symbol χth is replaced with χ in (4.10).

Further, observing P e2e
out as the CDF of χe2e, (4.10) is differentiated with respect to

χ to obtain the PDF for χe2e as

fχe2e(χ) =

Nr

[
fχSR

(χ)Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)

+ fχRD
(χ)Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)]

×

[
1−Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)
Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)]Nr−1

,

(4.11)

where fχj
(χ) = 1√

2π 2σhj

exp

[
−
(
ln(χ)−2µhj

+ln(4ϵj+4σ2
e,j)
)2

8σ2
hj

]
, j ∈ {SR,RD}. The fχe2e(χ)

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

χe2e using the PDF derived in (4.11).

Theorem 4.1. Let g(·) be an arbitrary function of RV χe2e, whose PDF is given in

(4.11). The ensemble average of g(χe2e) can be computed as

E[g(χe2e)] =

∫ ∞

0

g(χ)fχe2e(χ)dχ =
Nr√
π

N∑
n=1

wng

(
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))

×Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)[
1−Q

(√
2ξn
))
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)]Nr−1

+
Nr√
π

N∑
n=1

wng

(
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)
×

[
1−Q

(√
2ξn
)
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)]Nr−1

, (4.12)

where κjn = 2
√
2σhj

ξn + 2µhj
, ∆j = 1/2σhj

, Υj = µhj
/σhj

with j ∈ {SR,RD}, and

ϑ =
(
ϵSR + σ2

e,SR

)
/
(
ϵRD + σ2

e,RD

)
. wn and ξn are the weights and zeros of N th 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,

RDO =
∂ lnP e2e

out /∂ lnχ◦

∂ lnP SD
out /∂ lnχ◦

, (4.13)

where

P SD
out = 1−Q

( ln(χ)− 2µhSD
+ ln

(
4ϵSD + 4σ2

e,SD

)
2σhSD

)
(4.14)

is the outage probability of the SD link.

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

RDO =
2σhSD

NrQ
(

ln(χ◦)−ln(ζSD)+2µhSD

2σhSD

)
exp

(
−
(
ln(χ◦)−ln(ζSD)+2µhSD

)2
8σ2

hSD

) [ 1
2σhSR

exp

(
−
(
ln(χ◦)−ln(ζSR)+2µhSR

)2
8σ2

hSR

)
Q
(

ln(χ◦)−ln(ζSR)+2µhSR

2σhSR

)
+Q

(
ln(χ◦)−ln(ζRD)+2µhRD

2σhRD

)

+

1
2σhRD

exp

(
−
(
ln(χ◦)−ln(ζRD)+2µhRD

)2
8σ2

hRD

)
Q
(

ln(χ◦)−ln(ζSR)+2µhSR

2σhSR

)
+Q

(
ln(χ◦)−ln(ζRD)+2µhRD

2σhRD

)], (4.15)

where ζp = 4ℓ−2
p χ−1, p ∈ {SD, SR,RD} with χ 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
χ◦→∞

RDO. (4.16)

Theorem 4.3. The ARDO of considered system is given as

ARDO ≈ Nrσ
2
hSD

[(
σ−1
hSR

− σ−1
hRD

)2
+ σ−1

hSR
σ−1
hRD

]
. (4.17)

Proof. See Appendix B.3. ■

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

dSR = dRD = dSD/2, the ARDO expression converges to Nr2
11/6. ■

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 SRk, RkD and SD links. It can be inferred that

for a fixed σ2
hSD

, relative diversity order of the system is directly proportional to Nr,

however, the presence of additional term
(
σ−1
hSR

− σ−1
hRD

)2
+ σ−1

hSR
σ−1
hRD

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 SRk, RkD 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]

Ps(e) =

∫ ∞

0

Ps(e|χ)fχe2e(χ)dχ, (4.18)

where Ps(e|χ) is the conditional SER for the AWGN channel, and fχe2e(χ) 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-MI ×MQ 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

PRQAM
s (e) =

Nr√
π

N∑
n=1

wn

[
2p0Q

(
a0

√
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))

+ 2q0Q

(
b0

√
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))
− 4p0q0Q

(
a0

√
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))

×Q

(
b0

√
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))]
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)

×

[
1−Q

(√
2ξn
)
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)]Nr−1

+
Nr√
π

N∑
n=1

wn

[
2p0Q

(
a0

√
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))

+ 2q0Q

(
b0

√
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))
4p0q0Q

(
a0

√
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))

×Q

(
b0

√
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))]
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)

×

[
1−Q

(√
2ξn
)
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)]Nr−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

PXQAM-32
s (e) =

Nr

8
√
π

N∑
n=1

wn

[
26Q

(√
2A exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))

+Q

(
2

√
A exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))
− 23Q2

(√
2A exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))]

×Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)[
1−Q

(√
2ξn
)
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)]Nr−1

+
Nr√
8π

N∑
n=1

wn

[
26Q

(√
2A exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))

+Q

(
2

√
A exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))
− 23Q2

(√
2A exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))]

×Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)[
1−Q

(√
2ξn
)
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)]Nr−1

.

(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.

PHQAM
s (e) =

Nr√
π

N∑
n=1

wn

[
DQ

(√
q1 exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))
+

2

3
DC

×Q2

(√
2q1
3

exp
(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))
− 2DCQ

(√
q1 exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))

×Q

(√
q1
3
exp

(
κSRn − ln

(
4ϵSR + 4σ2

e,SR

)))]
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)

×

[
1−Q

(√
2ξn
)
Q
(
∆RDκ

SR
n −ΥRD −∆RD ln(ϑ)

)]Nr−1

+
Nr√
π

N∑
n=1

wn

×

[
DQ

(√
q1 exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))
+

2

3
DC

×Q2

(√
2q1
3

exp
(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))
− 2DCQ

(√
q1 exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))

×Q

(√
q1
3
exp

(
κRD
n − ln

(
4ϵRD + 4σ2

e,RD

)))]
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)

×

[
1−Q

(√
2ξn
)
Q
(
∆SRκ

RD
n −ΥSR +∆SR ln(ϑ)

)]Nr−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 λ = 260 nm, kRay
s = 2.4× 10−4 m−1, kMie

s = 2.5× 10−4

m−1, ka = 9× 10−4 m−1, C2
n = 5× 10−15 m−2/3, ιeo = ιoe = 1, and Rx aperture area

Ar = 1.77 cm2. Distance between S andD nodes is dSD = 1000 m [12, 73] and relays

are assumed to be placed in the middle of S and D, dSRk
= dRkD = 500 m. Further,

elevation angles are configured as θTx
SRk

= θRx
RkD

= 30◦, and θRx
SRk

= θTx
RkD

= 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, ρ values and turbulence strengths. Fig. 4.2(a)
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elevation angles, Rx FOVs, and turbulence strength (C2

n).
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n) (contd.).
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compares the analytical and simulation results of the outage probability versus χ◦ for

Nr = 2, considering both the perfect CSI (ρ→ ∞) and imperfect CSI (ρ = 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 10−4,

with Nr = 2, an SNR gain of around 19.5 dB is achieved over benchmark case for

both the perfect CSI (ρ→ ∞) and imperfect CSI (ρ = 0.1, 0.9) cases.

Fig. 4.2(b) illustrates the outage probability versus relay elevation angle (θRx
SRk

=

θTx
RkD

= θr) for ρ = (0.1,∞) and Nr = (1, 2, 3, 4). It can be seen that irrespective of

the value of Nr and ρ, 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 (ϕRx
SRk

= ϕRx
RkD

= ϕ′) are presented for different

values of Nr and ρ. 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 χ◦.

Fig. 4.2(d) presents theoretical results of outage probability versus Nr for dif-

ferent values of C2
n, 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 C2
n = 1 × 10−5, and

a target outage probability of 10−5, the required number of relays increases by 1.5

times and 1.8 times for ρ = 0.9 and ρ = 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
n. This is
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because, the turbulence scintillation index is directly proportional to the C2
n, as a

result, higher value of C2
n 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 Nr = 1, 2, 3, 4 and 5, respectively. The observed asymptotic

values coincides with the RDO curves for higher χ◦, thereby confirming accuracy

of the derived ARDO expression in (4.17). Fig 4.3(b) shows the RDO and ARDO

curves for Nr = 2 and different θr. As an important observation, it can be seen that,

for a constant Nr, 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 βr = 30◦, 50◦, and 70◦, respectively.

Fig. 4.4 presents both numerical and simulation results of ASER versus χ◦ for

different modulation schemes, Nr, and ρ. 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 Nr = (1, 2) and ρ = 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 10−5, the SNR gains of around 13 dB, 13.14

dB, 13.28 dB, and 13.3 dB are obtained with Nr = 1 for RQAM-16 × 2, RQAM-

8 × 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 Nr = 2, considerable SNR

gains of approximately 3.3 dB, 3.3 dB, 3.1 dB, and 3.2 dB are obtained for RQAM-

16 × 2, RQAM-8 × 4, XQAM-32, and HQAM-32, respectively, as compared with

Nr = 1.

In Fig. 4.4(b), the ASER performance of SQAM-64 and HQAM-64 constellations

are presented for Nr = (1, 2) and ρ = (0.1,∞). It is observed that HQAM-64 shows

better performance as compared to SQAM-64 schemes due to its higher value of q,

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 10−5, for ρ = 0.1, HQAM-64 provides a significant gain of 0.4 dB as

compared to SQAM-64. Further, using two relays (Nr = 2) provides an additional

gain of approx. 3.3 dB when compared with single relay (Nr = 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 Nr = 2. It can be seen that XQAM-32 outperforms RQAM-8× 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 Nr = 2, for ASER of 10−5, 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 10−4, 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 (Nr = 2, χth = 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 Málaga, 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:

� 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.

� 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.

� 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.

� 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.

� 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
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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 (Td) can reach 1µs [89]. If the symbol transmission rate Rs ≥ 1
Td
, 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 (hj) and its estimate (ĥj) are related as hj = ĥj + ej in which

ej ∼ N (0,Ωej) [90–93] is the CEE of the jth link, where j ∈ {sr, rd}. CEE variance

can be computed as Ωej =
Ωhj

1+ρχjΩhj
, where ρ is the correlation coefficient between

hj and ĥj, χj is the average received SNR of the jth link, and Ωhj
is the variance of

hj. The variance of ĥ can be computed as Ωĥj
= Ωhj

− Ωej .

The e2e SNR of a dual-hop DF relaying system is given by [12, 76]

χe2e = min(χsr, χrd), (5.1)

where χj = χjĥ
2
j/(1 + χjΩej) 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 χsr will have exponential distribution with PDF,

and CDF given by [14]

fχsr(χ) =
1 + χsrΩesr

χsr

exp
(
− (1 + χsrΩesr)χ

χsr

)
, (5.2)

and
Fχsr(χ) = 1− exp

(
− (1 + χsrΩesr)χ

χsr

)
, (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,

σ2
χrd

≤ 1.2 [12]. For weak turbulence, the channel coefficient hrd is modelled us-

ing LN distribution, ln(hrd) ∼ N (µhrd
, σ2

hrd
). Parameters µhrd

and σhrd
, respec-

tively, are the mean and standard deviation of the corresponding Gaussian ran-

dom variable, ln(hrd) [14]. Using transformation of random variable, it can be
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shown that χrd = [χrd/(1 + χrdΩerd)]h
2
rd also follows LN distribution, ln(χrd) ∼

N
(
2µhrd

+ ln(χrd/(1 + χrdΩerd)), 4σh2
rd

)
[64]. The PDF and CDF of χrd is given as

[12, 73],

fχrd
(χ) =

exp

(
−
[
ln((1+χrdΩerd

)χ/χrd)−2µhrd

]2
8σ2

hrd

)
2
√
2π σhrd

χ
, (5.4)

Fχrd
(χ) = 1−Q

(
ln((1 + χrdΩerd)χ/χrd)− 2µhrd

2σhrd

)
. (5.5)

5.3 Outage Probability

Outage probability is computed by evaluating the CDF of e2e SNR at χth.

Pout = Fχe2e(χth) = Pr[χe2e ≤ χth], (5.6)

where Fχe2e(·) represents the CDF of χe2e. From (5.1) and (5.6) we get,

Pout = Pr[min(χsr, χrd) ≤ χth] = 1−
[
1− Fχsr(χth)

][
1− Fχrd

(χth)
]
. (5.7)

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

computed as

Pout = 1− exp
(
− (1 + χsrΩesr)χth

χsr

)
Q

(
ln((1 + χrdΩerd)χth/χrd)− 2µhrd

2σhrd

)
. (5.8)

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]

DO =
∂ lnPout

∂ lnχ◦
. (5.9)

where χ◦ = χsr = χrd. 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

(5.10), in which κsr =
1+ρsr
ρsr

, and κrd =
1+ρrd
ρrd

.

DO =

exp
(
−χthκsr

χ◦

)[
− 1

2
√
2πσhrd

exp

(
− (ln(χthκrd/χ◦)−2µhrd

)2

8σ
h2
rd

)
− χthκsr

χ◦
Q
(
ln(χthκrd/χ◦)−2µhrd

2σhrd

)]
1− exp

(
− χthκsr

χ◦

)
Q
(
ln(χthκrd/χ◦)−2µhrd

2σhrd

) .

(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,

Ps(e) = E[Ps(e|χe2e)] =

∫ ∞

0
Ps(e|χ)fχe2e(χ)dχ, (5.11)

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

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

fe2e(χ) =
(1 + χsrΩesr

χsr

)
exp

(
−(1 + χsrΩesr)χ

χsr

)
Q

(
ln((1 + χrdΩerd)χ/χrd)− 2µhrd

2σhrd

)

+

exp

(
−
[
ln((1+χrdΩerd

)χ/χrd)−2µhrd

]2
8σ2

hrd

)
2
√
2π σhrd

χ
exp

(
−(1 + χsrΩesr)χ

χsr

)
. (5.12)

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 Ψ(·) is an arbitrary function of RV χe2e, then

E[Ψ(χe2e)] = I1 − I2, (5.13)

where,
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I1 =
(1 + χsrΩesr

χsr

)∫ ∞

0
Ψ(χ) exp

(
−(1 + χsrΩesr)χ

χsr

)
dχ, (5.14)

and

I2 =
1√
π

N∑
i=1

wiΨ
( χrd
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(
2
√
2 σhrd
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))
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(
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)
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(
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2
√
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}
,

(5.15)

where {yi}Ni=1 and {wi}Ni=1, respectively, are zeros and weights of a N th 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

PRQAM
s (e) = p0 + q0 − p0q0 − p0

√
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2
0
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2
0)
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(5.16)
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Obtaining (5.16) involves solving the following integral

I1 =
(1 + χsrΩesr

χsr

)∫ ∞

0

[
2p0Q(a0

√
χ) + 2q0Q(b0

√
χ)− 4p0q0Q(a0

√
χ)Q(b0

√
χ)

]
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(
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χsr

)
dχ. (5.17)

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
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. (5.18)

Obtaining (5.18) involves solving the following integral

I1 =
(1 + χsrΩesr

χsr

)∫ ∞

0

[
13

4
Q(
√
2Aχ) +

1

8
Q(2

√
Aχ)− 23

8
Q2(

√
2Aχ)

]
× exp

(
−(1 + χsrΩesr)χ
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)
dχ. (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

95



5.6. NUMERICAL AND SIMULATION RESULTS

expression of HQAM scheme for hybrid RF/NLOS UVC system is evaluated as
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Obtaining (5.20) involves solving the following integral

I1 =
(1 + χsrΩesr

χsr

)∫ ∞

0

[
DCQ(

√
q1χ) +

2

3
DCQ

2(
√
2q1χ/3)− 2DCQ(

√
q1χ)Q(

√
q1χ/3)

]
× exp

(
−(1 + χsrΩesr)χ

χsr

)
dχ. (5.21)

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 λ = 260 nm, C2
n = 5 × 10−15m−2/3, θTx

rd = θRx
rd = 50◦, Lrd = 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 ρ = ρsr = ρrd. Without loss of generality and

for simplicity, it is considered that χth = 3 dB, and χsr = χrd = χ◦ [71]. The performance

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

Fig. 5.2a show the analytical and simulation plots of the outage probability versus the

average SNR for ρ = (0.01, 0.1, 1, 10,∞). 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 10−4, additional SNRs of around 20 dB, 19.6

dB, 17 dB, and 9.6 dB are required for ρ = 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 ρ signifies poor channel estimate, leading to a higher value of CEE variance

(Ωej ). An increase in Ωej (with decreasing ρ) 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 ρsr.

Fig. 5.3 depicts the effect of elevation angles (θ′ = θTx
RD = θRx

RD) on the system perfor-

mance for χth = 3 dB, χ◦ = 40 dB, and different values of ρ. It can be seen that irrespective

of the amount of CEE present, the system performs invariably better for θ′ ≤ 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

ρ values. It is inferred that, regardless of the value of ρ, 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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(a) Comparison of analytical and simulation results for different values of ρ = ρsr = ρrd.
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Figure 5.2: Outage probability versus average SNR (χ◦) for χth = 3 dB.
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Figure 5.3: Analytical results of outage probability versus θ′ for χth = 3 dB.
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Figure 5.4: Diversity order versus χ◦ for χth = 3 dB, and ρ = (0.01, 0.1, 1, 10).
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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 (ρ = 0), and imperfect CSI (ρ = ∞) cases,

thus validating the derived analytical expression of ASER. In Fig. 5.5(a), the ASER

results for 16-points constellation size and ρ = (0.1,∞) 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 10−4 with ρ = 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× 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 10−4, HQAM-32

outperforms RQAM-16 × 2, RQAM-8 × 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 ρ = ∞. It is observed that SQAM-64

provides a significant SNR gain of 7.65 dB, 3.19 dB, when compared to RQAM-16 × 4,

and RQAM-32 × 2 for an ASER of 10−4. 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 ρ = 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 × 2 to achieve an

ASER of 10−3. The better performance of HQAM is attributed to the optimum Euclidean
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(b) 32-points constellation, ρ = ∞

Figure 5.5: ASER versus χ◦ 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 χ◦ 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 10−4

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.

Chapter System Model Fading Model Channel
Imperfec-
tions

Performance
Metrics

Chapter 2 Receiver Diver-
sity with Corre-
lated Branches

Lognormal
Distribution

Not
considered

Outage Probability
ASER
Ergodic Capacity

Chapter 3 Multiple parallel
relays

Lognormal
Distribution

Not
considered

Outage Probability
Diversity order
ASER

Chapter 4 Best relay
selection

Lognormal
Distribution

Considered Outage Probability
Diversity order
ASER

Chapter 5 Hybrid
RF/NLOS-
UVC

Rayleigh Distri-
bution for RF
link, Lognormal
Distribution for
UV link

Considered Outage Probability
Diversity order
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

� 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.

� 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.

� 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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� Impact of co-channel interference along with outdated channels estimation can be

focused for the considered system models.

� 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.

� 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

E[g(χub
e2e)] =

∫ ∞

0

g(χ)fχub
e2e

(χ)dχ. (A.1)

On substituting fχub
e2e

(χ) from (3.22) into (A.1), and after mathematical simplifications,

we get

E[g(χub
e2e)] = Ξ2 + Ξ2, (A.2)

where

Ξ1 = M

∫ ∞

−∞
g(exp

(√
2σsrx+ µsr

)
Q

(√
2σsrx+ µsr − µrd

σrd

)
[
1−Q

(√
2σsrx

)
Q

(√
2σsrx+ µsr − µrd

σrd

)]M−1

e−x2

dx, (A.3)

and

Ξ2 = M

∫ ∞

−∞
g(exp

(√
2σrdy + µrd

)
Q

(√
2σrdy + µrd − µsr

σsr

)
[
1−Q

(√
2σrdy

)
Q

(√
2σrdy + µrd − µsr

σsr

)]M−1

e−y2

dy, (A.4)

The expressions in (A.3) and (A.4) matches Gauss-Hermite quadrature integral form
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∫∞
−∞ f(ξ)e−ξ2dξ which can be evaluated using the numerical integration technique [63,

Table 25.10] resulting in (3.24) and (3.25).
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Proofs for Chapter 4

B.1 Proof of Theorem 4.1

E[g(χe2e)] =

∫ ∞

0

g(χ)fχe2e
(χ)dχ. (B.1)

On substituting fχe2e(χ) from (4.11) into (B.1) we get

E[g(χe2e)] = X1 + X2, (B.2)

where

X1 =
Nr√

2π 2σhSR
χ

∫ ∞

0

g(χ)Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)

×

[
1−Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)
Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)]Nr−1

× exp

(−
(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

))2
8σ2

hSR

)
dχ, (B.3)

and

X2 =
Nr√

2π 2σhRD
χ

∫ ∞

0

g(χ)Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)

×

[
1−Q

(
ln(χ)− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)
Q

(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)]Nr−1

× exp

(−
(
ln(χ)− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

))2
8σ2

hRD

)
dχ. (B.4)
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On performing change of variable ξ =
[
ln(χ) − 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)]
/2
√
2σhSR

and ξ =
[
ln(χ)− 2µhRD

+ln
(
4ϵRD + 4σ2

e,RD

)]
/2
√
2σhRD

in (B.3) and (B.4), respectively,

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

X1 =
Nr√
π

∫ ∞

0
g

(
exp

(
2
√
2σhSR

ξ + 2µhSR
− ln

(
4ϵSR + 4σ2

e,SR

)))

×Q

(2
√
2σhSR

ξ + 2µhSR
− ln

(
4ϵSR + 4σ2

e,SR

)
− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)[
1−Q

(√
2ξ
)

×Q

(2
√
2σhSR

ξ + 2µhSR
− ln

(
4ϵSR + 4σ2

e,SR

)
− 2µhRD

+ ln
(
4ϵRD + 4σ2

e,RD

)
2σhRD

)]Nr−1

× exp
(
−ξ2

)
dξ. (B.5)

X2 =
Nr√
π

∫ ∞

0
g

(
exp

(
2
√
2σhRD

ξ + 2µhRD
− ln

(
4ϵRD + 4σ2

e,RD

)))

×Q

(2
√
2σhRD

ξ + 2µhRD
− ln

(
4ϵRD + 4σ2

e,RD

)
− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)[
1−Q

(√
2ξ
)

×Q

(2
√
2σhRD

ξ + 2µhRD
− ln

(
4ϵRD + 4σ2

e,RD

)
− 2µhSR

+ ln
(
4ϵSR + 4σ2

e,SR

)
2σhSR

)]Nr−1

× exp
(
−ξ2

)
dξ. (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 ϵp, p ∈ {SD, SR,RD} into (4.10) and

(4.14), and rearranging the terms, we get

P e2e
out ≈

[
Q

(− ln(χ) + 2µhSR
− ln

(
4ℓ−2

SR

)
+ ln(χ◦)

2σhSR

)
+Q

(− ln(χ) + 2µhRD
− ln

(
4ℓ−2

RD

)
+ ln(χ◦)

2σhRD

)

−Q

(− ln(χ) + 2µhSR
− ln

(
4ℓ−2

SR

)
+ ln(χ◦)

2σhSR

)
Q

(− ln(χ) + 2µhRD
− ln

(
4ℓ−2

RD

)
+ ln(χ◦)

2σhRD

)]Nr

,

(B.7)
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and

PSD
out ≈ Q

(− ln(χ) + 2µhSD
− ln

(
4ℓ−2

SD

)
+ ln(χ◦)

2σhSD

)
. (B.8)

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

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

P e2e
out ≈

[
Q

(− ln(χ) + 2µhSR
− ln

(
4ℓ−2

SR

)
+ ln(χ◦)

2σhSR

)
+Q

(− ln(χ) + 2µhRD
− ln

(
4ℓ−2

RD

)
+ ln(χ◦)

2σhRD

)]Nr

.

(B.9)

On rearranging the terms in (B.8) and (B.9), and differentiating ln
(
P e2e
out

)
and ln

(
PSD
out

)
with respect to ln(χ◦), we get

∂ lnP e2e
out

∂lnχ◦
≈

Nr

[
1

2σhSR
exp

(
−(ln(χ◦)−ln(4ℓ−2

SRχ)+2µhSR
)2

8σ2
hSD

)
+ 1

2σhRD
exp

(
−(ln(χ◦)−ln(4ℓ−2

RDχ)+2µhRD
)2

8σ2
hRD

)]
√
2π

[
Q

(
ln(χ◦)−ln(4ℓ−2

SRχ)+2µhSR
2σhSR

)
+Q

(
ln(χ◦)−ln(4ℓ−2

RDχ)+2µhRD
2σhRD

)] ,

(B.10)

and

∂ lnPSD
out

∂lnχ◦
=

exp

(
−(ln(χ◦)−ln(4ℓ−2

SDχ)+2µhSD
)2

8σ2
hSD

)
2
√
2πσhSD

Q
(

ln(χ◦)−ln(4ℓ−2
SDχ)+2µhSD

2σhSD

) , (B.11)

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 Q function are given by [75]

z

(1 + z2)
√
2π

exp
(
−z2/2

)
< Q(z) <

1

z
√
2π

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

ARDO ≈ lim
χ◦→∞

σ2
hSD

Nr

σhSR
exp

(
−(lnχ◦)2

8σ2
hSR

)
σhSR

exp
(
−(lnχ◦)2

8σ2
hSR

)
+ σhRD

exp
(
−(lnχ◦)2

8σ2
hRD

)

+

σ2
hSD

Nr

σhRD
exp

(
−(lnχ◦)2

8σ2
hRD

)
σhSR

exp
(
−(lnχ◦)2

8σ2
hSR

)
+ σhRD

exp
(
−(lnχ◦)2

8σ2
hRD

) . (B.13)

Using e−x =
∑∞

i=0
(−x)i

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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Proofs for Chapter 5

C.1 Proof of Theorem 5.1

E[Ψ(χe2e)] =

∫ ∞

0

Ψ(χ)fχe2e(χ)dχ. (C.1)

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

E[Ψ(χe2e)] =

∫ ∞

0

Ψ(χ)

[(
1 + χsrΩesr

χsr

)
exp

(
−(1 + χsrΩesr )χ

χsr

)

×Q

(
ln((1 + χrdΩerd)χ/χrd)− 2µhrd

2σhrd

)
+

exp

(
−
[
ln((1+χrdΩerd

)χ/χrd)−2µhrd

]2
8σ2

hrd

)
2
√
2π σhrd

χ

× exp

(
−(1 + χsrΩesr )χ

χsr

)]
dχ. (C.2)

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[Ψ(χe2e)] = I1 − I2, (C.3)

where

I1 =
(
1 + χsrΩesr

χsr

)∫ ∞

0
Ψ(χ) exp

(
−(1 + χsrΩesr)χ

χsr

)
dχ, (C.4)
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and

I2 =
∫ ∞

0
Ψ(χ)

1

2
√
2π σhrd

χ
exp

(−(1 + χsrΩesr)χ

χsr

){ 2 σhrd
χ
(
1 + χsrΩesr

)
χsr

√(
ln((1+χrdΩerd

)χ/χrd)−2µhrd
2σhrd

)2

+ 1

− 1

}

× exp

(−
[
ln((1 + χrdΩerd)χ/χrd)− 2µhrd

]2
8σ2

hrd

)
dχ. (C.5)

On performing change of variable y =
ln((1+χrdΩerd

)χ/χrd)−2µhrd

2
√
2 σhrd

in (C.5), and after rear-

ranging the terms we get

I2 =
1√
π

∫ ∞

−∞
Ψ
( χrd

1 + χrdΩerd

exp
(
2
√
2 σhrd

y + 2µhrd

))
× exp

(−χrd(1 + χsrΩesr ) exp
(
2
√
2 σhrd

y + 2µhrd

)
χsr(1 + χrdΩerd)

)
×

{
2 σhrd

χrd(1 + χsrΩesr ) exp
(
2
√
2 σhrd

y + 2µhrd

)
χsr(1 + χrdΩerd)

√
2y2 + 1

− 1

}
exp

(
− y2

)
dy. (C.6)

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

I1 = 2p0G1(a0) + 2q0G1(b0)− 4p0q0G2(a0, b0), (C.7)

where

G1(ν) =
(1 + χsrΩesr

χsr

)∫ ∞

0

Q(ν
√
χ) exp

(
−(1 + χsrΩesr )χ

χsr

)
dχ, (C.8)

G2(ν, ϱ) =
(1 + χsrΩesr

χsr

)∫ ∞

0

Q(ν
√
χ)Q(ϱ

√
χ) exp

(
−(1 + χsrΩesr )χ

χsr

)
dχ. (C.9)
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Performing change of variable χ = y2 in (C.8) and (C.9), and utilizing [97, eq. (7) and

eq. (5)], we obtain

G1(ν) =
1

2
− 1

2

√
χsrν

2

(2(1 + χsrΩesr ) + χsrν
2)
, (C.10)

G2(ν, ϱ) =
1

4
− 1

2π

√
χsrν

2

(2(1 + χsrΩesr ) + χsrν
2)

tan−1

(
ν

ϱ

√
(2(1 + χsrΩesr ) + χsrν

2)

χsrν
2

)
−

− 1

2π

√
χsrϱ

2

(2(1 + χsrΩesr ) + χsrϱ
2)

tan−1

(
ϱ

ν

√
(2(1 + χsrΩesr ) + χsrϱ

2)

χsrϱ
2

)
. (C.11)

Finally, on substituting (C.10), and (C.11) into (C.7), the solution of I1 is obtained as

I1 = p0 + q0 − p0q0 − p0

√
χsra

2
0

(2(1 + χsrΩesr ) + χsra
2
0)

− q0

√
χsrb

2
0

(2(1 + χsrΩesr ) + χsrb
2
0)

+
2p0q0
π

√
χsra

2
0

(2(1 + χsrΩesr ) + χsra
2
0)

tan−1

(
a0
b0

√
(2(1 + χsrΩesr ) + χsra

2
0)

χsra
2
0

)

+
2p0q0
π

√
χsrb

2
0

(2(1 + χsrΩesr ) + χsrb
2
0)

tan−1

(
b0
a0

√
(2(1 + χsrΩesr ) + χsrb

2
0)

χsrb
2
0

)
. (C.12)

C.3 Solution of EQ. (5.19)

Equation (5.19) can be written as

I1 =
13

4
G1(

√
2A) +

1

8
G1(2

√
A)− 23

8
G2(

√
2A,

√
2A), (C.13)

where G1(·), and G2(·, ·) are defined in (C.8) and (C.9), respectively. Using (C.10) and

(C.11) in (C.13) results in the solution of I1 as

I1 =
47

32
− 13

8

√
2Aχsr

(2(1 + χsrΩesr ) + 2Aχsr)
− 1

16

√
4Aχsr

(2(1 + χsrΩesr ) + 4Aχsr)

+
23

8π

√
χsrA

((1 + χsrΩesr ) + χsrA)
tan−1

(√
((1 + χsrΩesr ) + χsrA)

χsrA

)
. (C.14)
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C.4 Solution of EQ. (5.21)

Equation (5.21) can be written as

I1 = DCG1(
√
q1) +

2

3
DCG2(

√
2q1/3,

√
2q1/3)− 2DCG2(

√
q1,
√
q1/3), (C.15)

where G1(·), and G2(·, ·) are defined in (C.8) and (C.9), respectively. Using (C.10) and

(C.11) in (C.15) results in the solution of I1 as

I1 =
DC

2
+

1

6
− DC

2
− DC

2

√
χsrq1

(2(1 + χsrΩesr ) + χsrq1
− 2

3π

√
χsrq1

(3(1 + χsrΩesr ) + χsrq1)

× tan−1

(√
(3(1 + χsrΩesr ) + χsrq1)

χsrq1

)
+

DC

π

√
χsrq1

(2(1 + χsrΩesr ) + χsrq1)

× tan−1

(√√
3(2(1 + χsrΩesr ) + χsrq1)

χsrq1

)
+

DC

π

√
χsrq1

(6(1 + χsrΩesr ) + χsrq1)

× tan−1

(√
(6(1 + χsrΩesr ) + χsrq1)√

3χsrq1

)
. (C.16)
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2nd ed. Società Editrice Esculapio, 2017.

130



REFERENCES

[96] V. N. Q. Bao, L. P. Tuyen, and H. H. Tue, “A survey on approximations of one-

dimensional Gaussian Q-function,” REV J. Electron. Commun., vol. 5, no. 1-2, pp.

1–14, Jan.–Jun. 2015.

[97] N. C. Beaulieu, “A useful integral for wireless communication theory and its appli-

cation to rectangular signaling constellation error rates,” IEEE Trans. Commun.,

vol. 54, no. 5, pp. 802–805, May 2006.

131





List of publications

Journal Papers:

1. K. K. Garg, P. Shaik, V. Bhatia, and O. Krejcar, “On the performance of a

relay assisted hybrid RF-NLOS UVC system with imperfect channel estimation,”

IEEE/OSA J. Opt. Commun. Netw., vol. 14, no. 4, pp. 177-189, Apr. 2022.

2. K. K. Garg, P. Shaik, P. K. Singya, and V. Bhatia, “Performance of multiple relay

DF NLOS UVC system with CSI imperfections,” IEEE Open J. Commun. Soc.,

vol. 2, pp. 602-616, Mar. 2021.

3. V. Bhatia, S. Jain, K. K. Garg, and R. Mitra, “Performance analysis of RKHS

based detectors for nonlinear NLOS ultraviolet communications,” IEEE Trans. Veh.

Technol., vol. 70, no. 4, pp. 3625-3639, Apr. 2021.

4. K. K. Garg, P. Shaik, and V. Bhatia, “Performance analysis of cooperative re-

laying technique for non-line-of-sight UV communication system in the presence of

turbulence,” Opt. Eng., vol. 59, no. 5, pp. 1-16, Apr. 2020.

5. P. Shaik, K. K. Garg, and V. Bhatia, “On impact of imperfect channel state

information on dual-hop nonline-of-sight ultraviolet communication over turbulent

channel,” Opt. Eng., vol. 59, no. 1, pp. 1-14, Jan. 2020.

6. K. K. Garg, P. K. Singya, and V. Bhatia, “Performance analysis of NLOS ultravi-

olet communications with correlated branches over turbulent channels,” IEEE/OSA

J. Opt. Commun. Netw., vol. 11, no. 11, pp. 525-535, Nov. 2019.

Conference Papers:

1. P. Shaik, P. K. Singya, K. K. Garg, and V. Bhatia, “Outage probability analysis of

SWIPT device-to-device MIMO relay systems with outdated CSI,” in IEEE Wireless

Commun. Netw. Conf. (WCNC), Mar. 2021, pp. 1-6.



REFERENCES

2. P. Shaik, P. K. Singya, N. Kumar, K. K. Garg, and V. Bhatia, “On impact of

imperfect CSI over SWIPT device-to-device (D2D) MIMO relay systems,” in Int.

Conf. on Sig. Process. Commun. (SPCOM), Jul. 2020, pp. 1-5.

3. K. K. Garg and V. Bhatia, “Performance analysis of cooperative NLOS UVC

system with receiver diversity,” in National Conf. Commun. (NCC), Feb. 2020,

pp. 1-6.

4. K. K. Garg, P. K. Singya, and V. Bhatia, “ASER analysis of general order rect-

angular QAM for dual-hop NLOS UV communication system,” in National Conf.

Commun. (NCC), Feb. 2019, pp. 1-6.

5. K. K. Garg, P. K. Singya, and V. Bhatia, “Performance analysis of AF relayed

NLOS UV communication over turbulent channel,” in IEEE Int. Conf. Adv. Netw.

Telecommun. Sys. (ANTS), Dec. 2018, pp. 1-5.

134




