Performance Analysis of Hybrid Optical Wireless and Radio Frequency

Communication Systems

by

Tamer Rakia
B.Sc., Military Technical College, 2002
M.Sc., Military Technical College, 2011

A Dissertation Submitted in Partial Fulfillment of the

Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Electrical and Computer Engineering

(© Tamer Rakia, 2016

University of Victoria

All rights reserved. This dissertation may not be reproduced in whole or in part, by

photocopying or other means, without the permission of the author.



Performance Analysis of Hybrid Optical Wireless and Radio Frequency

Communication Systems
by
Tamer Rakia

B.Sc., Military Technical College, 2002
M.Sc., Military Technical College, 2011

Supervisory Committee

11

Dr. Hong-Chuan Yang, Co-Supervisor

(Department of Electrical and Computer Engineering)

Dr. Fayez Gebali, Co-Supervisor

(Department of Electrical and Computer Engineering)

Dr. Wu-Sheng Lu, Departmental Member

(Department of Electrical and Computer Engineering)

Dr. Yang Shi, Outside Member

(Department of Mechanical Engineering)



111

Supervisory Committee

Dr. Hong-Chuan Yang, Co-Supervisor

(Department of Electrical and Computer Engineering)

Dr. Fayez Gebali, Co-Supervisor

(Department of Electrical and Computer Engineering)

Dr. Wu-Sheng Lu, Departmental Member

(Department of Electrical and Computer Engineering)

Dr. Yang Shi, Outside Member

(Department of Mechanical Engineering)

ABSTRACT

In this thesis, we analyze the performance of heterogeneous wireless communication
systems that are composed of Optical Wireless Communication (OWC) and Radio
Frequency (RF) systems. OWC systems further include long range outdoor Free
Space Optical (FSO) systems and short range indoor Visible Light Communication
(VLC) systems.

Hybrid FSO/RF systems have emerged as a promising solution for high data
rate wireless transmissions. Various transmission schemes including switch-over and
soft-switching had been presented for hybrid FSO/RF systems. To overcome the
drawbacks of existing schemes, we present a new transmission strategy for hybrid
FSO/RF systems exploring an adaptive combining technology. This new strategy
shows an improved outage performance. Typically, when the transmitter and the
receiver are provided with channel state information, the transmission schemes can
be adaptively designed allowing the channel to be used more efficiently. We present

two new joint adaptive transmission schemes for hybrid FSO/RF systems. The first



v

one is joint adaptive modulation and adaptive combining scheme which improves the
spectral efficiency of hybrid FSO/RF systems. The other one is joint power adapta-
tion and adaptive combining scheme which improves the throughput and the outage
performance of hybrid FSO/RF systems. We accurately evaluate the performance
of both schemes. FSO technology can be used effectively in multiuser scenarios to
support Point-to-Multi-Point (P2MP) networks. In P2MP networks, FSO links are
used for data transmission from a central location to multiple users. In this thesis, we
present a new P2MP network based on hybrid FSO/RF transmission system. A com-
mon backup RF link is used by the central station for data transmission to any user
in case of the failure of its corresponding FSO link. Based on a Markov Chain for-
mulation, we study the performance of the resulting system. P2MP Hybrid FSO/RF
network achieves considerable performance improvement over the P2MP FSO-only
network.

In VLC, Light Emitting Diode (LED) is used for the purpose of simultaneous
illumination and data communication at high data rate. However, the light origi-
nating from a LED source is naturally confined to a small area and is susceptible to
blockages. Hybrid VLC/RF systems have been emerged as a promising solution to
provide enhanced communication coverage. We introduce a new dual-hop VLC/RF
system with energy harvesting relay to extend the coverage of indoor wireless system
based on VLC. The second-hop RF transmission uses the harvested energy over the
first-hop VLC transmission. In this thesis, we propose two different approaches for
energy harvesting at the relay terminal. In the first approach, the relay harvests
light energy from different artificial light sources and sunlight entering the room. In
this approach, we propose a novel statistical model for the harvested electrical power
and analyze the probability of data packet loss. In the second approach, the relay
harvests energy from the VLC link by extracting the direct current component of the
received optical signal. In this approach, we investigate the optimal design of the hy-
brid VLC/RF system in terms of data rate maximization. In both cases, we present
extensive numerical examples to define important design guide lines for VLC/RF

systems.
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Chapter 1

Introduction

1.1 Background

Optical Wireless Communication (OWC) refers to data transmission in unguided
propagation media through the use of an optical carrier. OWC are categorized into
three main types, which are Free-Space Optical (FSO) communications, Visible Light
Communications (VLC), and Ultra-Violet (UV) Communications. FSO communica-
tions and UV Communications use the Infra-Red (IR) band (750 nm - 1600 nm) and
the UV band (200 nm - 280 nm), respectively, to allow for outdoor long and short
ranges data transmission [1,2]. On the other hand, VLC - also known as Li-Fi for
Light-Fidelity - uses the visible light band (380 nm - 780 nm) to allow for indoor

short range data transmission [3].

1.2 Literature Review and Motivation

1.2.1 Free-Space Optical Communications

FSO technology has gained an increasing interest in implementing point-to-point data
transmission links, owing to its high data rate, high transmission security, large unreg-
ulated spectrum, compared to Radio Frequency (RF) technology, and fast and cheap
deployment, compared to fiber optics [4]. Point-to-point FSO links had found their
way in many terrestrial and satellite applications. FSO links can be used to connect
one Local Area Network (LAN) to another LAN and connect them to Backbone net-
works, typically implemented with optical fibers as shown in Fig. 1.1 [5], where the

black arrows are FSO links. FSO links can be used also as a robust outdoor backhaul



Connection
to the Fibre-

LAN LAN Backbone

Figure 1.1: LAN-to-LAN FSO connectivity (¢) 2005 IEEE

solution for small radio cells, such as WiFi, LTE and 5G as shown in Fig. 1.2 [6],

where the red arrows are FSO links. Other terrestrial applications of FSO include

Building-to-Building
Communication

Fixed Line
Redundancy

Figure 1.2: Point-to-point backhaul FSO link (¢) 2016 IEEE

last-mile applications to connect end users to a broadband network backbone [7], re-
covery links for a network which is partially disconnected due to natural disasters [8]
and wireless video surveillance and monitoring [9]. Satellite applications of FSO in-
clude inter-satellite communications [10] and data transmission between the satellite
and the ground stations [11]. We focus on terrestrial applications in this thesis.

An FSO transmission system consists of an optical transmitter and an optical
receiver which uses the atmosphere as the transmission media for the optical signal
(specifically, a laser beam) as shown in Fig. 1.3. FSO systems are categorized ac-
cording to the type of detection into Intensity Modulation/Direct Detection (IM/DD)



FSO systems [12] and Coherent Modulation/Heterodyne Detection (CM/HD) FSO
systems [13].

(e Laser Beam
Optical Optical

Transmitter Receiver

Figure 1.3: FSO system block diagram

The optical signal transmitting through the atmosphere is greatly affected by
fading due to atmospheric turbulences and pointing errors [14-18] as shown in Fig. 1.4
[19]. Turbulence-induced fading, known as scintillation, causes irradiance fluctuations
in the received optical signal as a result of variations in the atmospheric refractive
index [20]. Dynamic wind loads and weak earthquakes can cause vibrations of the
transmitted optical beam, which also causes random irradiance fluctuations in the
received optical signal. Moreover, the optical power is attenuated as the distance
between the transmitter and the receiver increases due to a constant atmospheric
loss [17].

[ Pointing Error ]

Figure 1.4: Atmospheric turbulence and pointing error in FSO system (¢) 2014 IEEE



Hybrid FSO/RF Implementation

Integrating the FSO link with a Milli-Meter wavelength (MMW) RF link, to form
what is known as hybrid FSO/RF system, improves the performance of FSO links.
This is owed to the fact that FSO and RF links are affected quite differently by
atmospheric and weather effects. FSO links suffer from extremely high attenuation
in the presence of fog but are less affected by rain. In contrast, fog has practically no
effect on MMW RF links but rain significantly increases link attenuation. Similarly,
while atmospheric turbulence is the main cause of small-scale fading in FSO links [20],
RF links are impaired by fading due to multipath propagation [21]. Besides the high
data rates comparable to FSO links, MMW RF links offer other similar advantages
to FSO links of deployment flexibility, license free operation, and inherent security
due to high link attenuation.

This complementary nature of FSO and MMW RF links has led to various ap-
proaches in implementing hybrid FSO/RF data transmission systems. Two main
approaches had been presented in implementing hybrid FSO/RF systems. One ap-
proach is the switch-over hybrid FSO/RF scheme, which applies hardware switching
between FSO and MMW RF links [22]. However, this approach will lead to frequent
hardware switching between the FSO and RF links [23]. Another approach is to use
both FSO and RF links for data transmission all the time. One way in this approach,
is to transmit identical data simultaneously on both links and apply diversity combin-
ing techniques to received signals from both links [24,25]. In this way, the system’s
data rate is limited to the lower rate of RF link. Another way, is to divide the coded
data stream between the two links, which may have a significant improvement on
total system capacity [26]. In general, this soft-switching approach requires FSO and
RF links to be active continuously, even when FSO link has very good quality and can
support the required bit-error rate by itself. In this scenario, RF transmission power
is wasted and system generates unnecessary RF interference to the environment.

These drawbacks of previously presented hybrid FSO/RF systems had motivated
us to develop a new scheme for hybrid FSO/RF transmission. This scheme is called
hybrid FSO/RF transmission with adaptive combining [27]. In this scheme, FSO link
is used alone for data transmission as long as its quality is acceptable and the RF
link is put on standby mode. When FSO link’s quality becomes unacceptable, the
system activates the RF link and applies Maximal Ratio Combining (MRC) scheme
on signals received from both FSO and RF links. When the quality of the FSO link



alone becomes acceptable again, the RF link is put on standby mode again to save
power and spectrum utilization. Thus, the proposed adaptive combining scheme for
hybrid FSO/RF systems: 1) improves communication system’s reliability, without
suffering from switch-over schemes problems, 2) prevents generation of unnecessary
RF interference to the environment, 3) conserves RF power, and 4) benefits from FSO

higher data rate most of the time.

Adaptive Transmission

Since both FSO and MMW RF channels typically experience slow-fading [17, 28],
the transmitter and the receiver of the hybrid FSO/RF system can adapt to the
Channel State Information (CSI), allowing the channel to be used more efficiently
over time varying channel conditions. Previously, hybrid FSO/RF systems with link
adaptation were introduced in [29] and [30]. In [29], transmitted data frame is divided
between the FSO and RF links, where both links are simultaneously active. In this
case different symbol rates and modulation schemes are used adaptively in a jointly
manner according to each link condition. Although, this link adaptation scheme
provides good throughput, transmitting different data on both links does not allow
the RF link to support the FSO link when its quality is poor. Moreover, using
different symbol rates and modulation schemes for both links add extra hardware
complexity to both transmitter and receiver terminals. In [30], switch-over hybrid
FSO/RF system with adaptive modulation transmission scheme is introduced, where
different sets of modulation schemes are used over FSO and RF links. In this scheme,
the data rate of the FSO link is gradually reduced, and only switches to RF link in
the worst scenario. When the hybrid system uses the RF link alone, transmission
rate is also varied according to the RF channel states. Once more, using different
modulation schemes sets with both links adds extra hardware complexity to both
transmitter and receiver.

Motivated by the previous work in this field and aiming to solve some of draw-
backs of the previous presented systems, we present a new joint adaptive modulation
and adaptive combining scheme for hybrid FSO/RF system [31]. In this adaptive
transmission scheme, the data rate on the FSO link is adjusted in discrete manner
according to the FSO link’s instantaneous received Signal-to-Noise Ratio (SNR), aim-
ing to achieve the maximum spectral efficiency. If the FSO link’s quality is too poor

to be able to support the minimum SNR required to satisfy the target Bit-Error-Rate



(BER), the system activates the RF link along with the FSO link. When the RF link
is activated, simultaneous transmission of the same modulated data takes place on
both links, where the received signals from both links are combined using an MRC
scheme. In this case, the data rate of the system is determined in discrete manner
according to the instantaneous combined SNRs of both links to maintain the target
BER value, while aiming to maximize the system spectral efficiency. When the qual-
ity of the FSO link alone becomes acceptable again, the RF link is put on standby
mode. Thus, the proposed joint adaptation strategy: 1) provides a low complexity
hybrid FSO/RF system with discrete-rate adaptation using the same digital modu-
lation scheme on both links, 2) does not suffer from problems of hardware-switching
between the two links [23] that exist in the switch-over scheme [30], and 3) conserves
RF power and prevents generation of unnecessary RF interference to the environment

by activating the RF link only when is necessary.

Power Adaptation

Power adaptation offers a simple but effective solution to improve link reliability and
data throughput, while conserving transmission power [32]. To further improve our
hybrid FSO/RF system with adaptive combining, we present a joint power adapta-
tion and adaptive combining scheme for hybrid FSO/RF systems [33,34]. Previous
work on hybrid FSO/RF systems with power adaptation includes [35] and [36]. Par-
ticular, [35] considers a hybrid FSO/RF system, in which the system switches to the
reliable RF link if the FSO link is obscured to maintain communication, and apply
water-filling power adaptation scheme only on the FSO link. In [36], power adap-
tation has been applied on both FSO and RF links of the hybrid FSO/RF system,
assuming that both links are active all the time but transmitting with different rates.
The proposed joint adaptive scheme is similar to the adaptive combining scheme [27].
However, when the RF link is activated, the transmit power over the RF link is
adapted according to a modified Truncated Channel Inversion (TCI) power adapta-
tion policy, such that the MRC combination of the RF and FSO links maintains a
constant received SNR. The proposed joint adaptive combining and power adapta-
tion scheme: 1) improves communication system’s reliability by maintaining constant
received SNR, while enhancing its outage performance, 2) benefits from FSO higher
data rate most of the time, 3) prevents generation of unnecessary RF interference to

the environment, 4) conserves RF power, and 5) increases the system outage capacity.



Point-to-Multi-Point Transmission

The interesting and unique features of the FSO systems had motivated a wide range
of interest. But most of the current literature is limited to point-to-point data trans-
missions with FSO technology. On the other hand, FSO can be used effectively
in multiuser scenarios [37,38] to support Point-to-Multi-Point (P2MP) topologies.
P2MP topology is a common network architecture for outdoor wireless networks to
connect multiple locations to one single central location. In these P2MP networks,
FSO links are used for data transmission from a central location to multiple users as
in Wireless Internet Service Provider (WISP) networks or the WiMAX networks [39].
In a WISP network, subscribers are connected at the edge of the network using a
client device typically mounted on the roof of their houses. The central base station
is mounted on a high building where it has line of sight with the client devices.
Motivated by the scarcity in the literature in this field, we present P2MP hybrid
FSO/RF network as a new approach in multiuser scenarios. The proposed P2MP
hybrid FSO/RF data transmission network consists of a number of remote nodes along
with a central node. Each remote node in the network is connected to the central
node via a separate primary FSO link. A common backup RF link is shared among
all the remote nodes. Using a common RF channel will have the major advantages
of: 1) sharing the scarce RF spectrum, 2) preventing the generation of unnecessary

RF interference to the environment, and 3) conserving the RF transmission power.

1.2.2 Visible Light Communications

VLC had attracted a lot of attention as an extension for the wireless optical technol-
ogy in indoor applications [40-43]. In VLC system, the optical signal from a Light
Emitting Diode (LED) is used for the purpose of simultaneous illumination and data
communication at high data rates [44]. However, the light originating from a LED
source is naturally confined to a small area and is susceptible to blockages. Thus,
data link may be unreliable when the receiving terminal goes far from the LED. As
a solution for this problem, hybrid VLC/RF systems emerged in order to provide
enhanced communication coverage [45,46]. In [45], a number of VLC and RF Access
Points (AP) are used to improve the coverage and the overall rate performance of the
hybrid VLC/RF system. However, each single user may detect the optical intensity
from multiple VLC APs which leads to inter-user interferences. These interferences

may severely degrade the system performance [47,48]. In [46], VLC is integrated with



an RF-based wireless networks to improve the achievable data rates of mobile users.

To extend the coverage of indoor wireless system based on VLC, we introduce
a new approach in hybrid VLC/RF systems, which is a dual-hop VLC/RF system
as shown in Fig. 1.5. In this approach, a second-hop RF channel is used to extend
the coverage of the VLC system. This proposed hybrid VLC/RF system provides
coverage within the entire space of the room with only one VLC system and one
relay equipped with an RF system, instead of using many VLC and RF systems as
introduced in [45]. The proposed system can be used in high data rate Internet access

in indoor environment.

LED Source Room
Optical Transmitter

i Mobile User

RF Receiver

VLC Channel

Relay |
Optical Receiver /

RF Transmitter

RF Channel

Figure 1.5: Dual-hop VLC/RF system

Recently, harvesting energy from light sources has been introduced in [49], where
a solar-panel is used as a passive photo-detector for both information detection and
energy harvesting. In order to reduce power consumption, the relay in our proposed
dual-hop VLC/RF system is capable of harvesting optical energy and converts it into
electrical energy [50,51]. The relay uses the harvested energy to retransmit the data
received over the first-hop VLC link to a mobile terminal over the second-hop RF
link.



1.3 Thesis Organization

This thesis consists of eight chapters. A summary of each remaining chapter and its
contributions are presented as follows:

Chapter 2 presents and analyzes a new transmission scheme for the hybrid FSO/RF
communication system based on adaptive combining. Specifically, only FSO link is
active as long as the instantaneous SNR at the FSO receiver is above a certain thresh-
old level. When it falls below this threshold level, the RF link is activated along with
the FSO link and the signals from the two links are combined at the receiver using a
dual-branch MRC scheme. Novel analytical expression for the Cumulative Distribu-
tion Function (CDF) of the received SNR for the proposed hybrid system is obtained.
This CDF expression is used to study the system outage performance. This chapter
has been included in a published journal article [J1].

In Chapter 3, we present and analyze a new transmission scheme for hybrid
FSO/RF communication system based on joint adaptive modulation and adaptive
combining. Specifically, the data rate on the FSO link is adjusted in discrete manner
according to the FSO link’s instantaneous received SNR. If the FSO link’s quality is
too poor to maintain the target BER, the system activates the RF link along with
the FSO link. When the RF link is activated, simultaneous transmission of the same
modulated data takes place on both links, where the received signals from both links
are combined using MRC scheme. In this case, the data rate of the system is ad-
justed according to the instantaneous combined SNRs. Novel analytical expression
for the CDF of the received SNR for the proposed adaptive hybrid system is ob-
tained. This CDF expression is used to study the spectral and outage performances
of the proposed adaptive hybrid FSO/RF system. This chapter has been included in
a published conference article [C1].

In chapter 4, we present power adaptation strategies based on TCI for hybrid
FSO/RF system employing adaptive combining. Specifically, we adaptively set the
RF link transmission power when FSO link quality is unacceptable to ensure constant
combined SNR at receiver. Two adaptation strategies are proposed. One strategy
depends on the received RF SNR, while the other one depends on the combined SNR,
of both links. Analytical expressions for the outage probability of the hybrid system
with and without power adaptation are obtained. This chapter has been included in
a published journal article [J2] and published conference article [C2].

In chapter 5, we present and analyze a P2MP network that uses a number of FSO
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links for data transmission from the central node to the different remote nodes of
the network. A common backup RF link can be used by the central node for data
transmission to any remote node in case of the failure of any one of the FSO links.
Each remote node is assigned a transmit buffer at the central node. Considering the
transmission link from the central node to a tagged remote node, we study various
performance metrics. Specifically, we study the throughput from central node to
the tagged node, the average transmit buffer size, the symbol queuing delay in the
transmit buffer, the efficiency of the queuing system, the symbol loss probability, and
the RF link utilization. We compare the performance of the proposed P2MP hybrid
FSO/RF network with that of a P2MP FSO-only network. This chapter has been
included in a submitted journal article [SJ1].

In chapter 6, we introduce a dual-hop VLC/RF transmission system to extend the
coverage of indoor VLC systems. The relay between the two hops is able to harvest
light energy from different artificial light sources and sunlight entering the room.
The relay receives data packet over a VLC channel and uses the harvested energy to
retransmit it to a mobile terminal over an RF channel. We propose a novel statistical
model for the harvested electrical power and analyze the probability of data packet
loss. This chapter has been included in a submitted conference article [SC1].

In chapter 7, we consider the same dual-hop heterogeneous VLC/RF communica-
tion system with energy harvesting relay that was introduced in chapter 6. However,
we propose in this chapter a different technique for energy harvesting at the relay
terminal. The relay is able to extract the Direct Current (DC) component of the
received optical signal over the VLC link and uses it to retransmit the data to a mo-
bile terminal over the second-hop RF link. We investigate the optimal design of the
hybrid system in terms of data rate maximization. This chapter has been included
in a revised journal article [AJ1].

Finally, we summarize the thesis in Chapter 8 and suggest some further research

topics related to this thesis.

1.4 Research Methodology

There are in general two approaches to evaluate the performance of hybrid OWC/RF
systems with different proposed transmission schemes under the effects of fading and
path losses in OWC and RF links. One approach is to conduct experiments, which are

typically costly and time consuming. On the other hand, analytical system perfor-
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mance evaluation can be good alternative to experiments, and the obtained numerical
results can be used efficiently at the beginning stage of system design. In this thesis,
we will focus on efficient analytical performance evaluation of the proposed hybrid
OWC/RF systems, which will provide important engineering insights into hybrid
OWC/RF systems design.

1.5 Thesis Contributions

1.5.1 Contributions in FSO Communications Field

e Contributions of chapter 2:
— Novel transmission scheme for hybrid FSO/RF communications system
based on adaptive combining scheme is proposed.

— Novel analytical expression for the cumulative distribution function of the

received SNR for the proposed hybrid system is obtained.
— The outage performance of the proposed hybrid FSO/RF system with

adaptive combing is studied .
— The proposed hybrid FSO/RF system with adaptive combing had shown
superior outage performance, compared to other FSO systems.
e Contributions of chapter 3:
— Novel transmission scheme for hybrid FSO/RF communication system
based on joint adaptive modulation and adaptive combining is proposed.

— Novel analytical expression for the CDF of the received SNR for the pro-
posed joint adaptive hybrid system is obtained.

— Spectral and outage performances of the proposed system are studied.

— The proposed joint adaptive hybrid FSO/RF system had shown superior
spectral and outage performances, compared to other hybrid FSO/RF sys-

tems.
e Contributions of chapter 4:

— Novel transmission scheme for hybrid FSO/RF communication system

based on joint power adaptation and adaptive combining is proposed.
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— Practical power adaptation strategies are proposed.

— The corresponding analytical expressions for the outage probability of the

proposed joint adaptive hybrid system are obtained.

— The proposed joint adaptive hybrid FSO/RF system had shown superior
outage performances, compared to other hybrid FSO/RF systems.

e Contributions of chapter 5:

— Novel P2MP hybrid FSO/RF network is proposed.
— Cross layer Markov chain model of the proposed network is developed.

— The main parameters affecting the performance of the proposed P2MP
hybrid FSO/RF network are identified.

— Several performance metrics are studied.

1.5.2 Contributions in VLC Field
e Contributions of chapter 6:
— Novel hybrid VLC/RF transmission system setup with a light energy har-

vesting relay is presented.

— Novel statistical model for the electrical power harvested from indoor light

energy is presented.

— Packet loss probability under hard delay constraint for overall system is

analyzed.
— Optimal design of energy harvesting and packet transmission duration for
the second hop is done.

e Contributions of chapter 7:

— Novel dual-hop VLC/RF transmission system setup with a relay harvesting
the bias component from the received optical signal over the first hop VLC

transmission is proposed.

— Two novel strategies for optimal bias design of the proposed system are

introduced.

— The corresponding end-to-end average data rate of the system is analyzed

in every case of the two strategies.
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Chapter 2

Practical FSO/RF Hybrid System
with Adaptive Combining

In this chapter, we present a new scheme for hybrid FSO/RF transmission systems.
We name this scheme hybrid FSO/RF transmission system with adaptive combining.
In this scheme, FSO link is used alone as long as its quality is acceptable. When FSO
link’s quality becomes unacceptable, the system activates the RF link, and applies
MRC scheme on signals received from both FSO and RF links. When the quality
of the FSO link alone becomes acceptable again, the RF' link is deactivated to save
power and spectrum utilization. We drive the CDF of the receiver SNR, which is
then used to study the outage performance of the proposed hybrid adaptive scheme.

The remainder of the chapter is organized as follows. In section 2.1, we intro-
duce the model of the hybrid FSO/RF transmission system with adaptive combining
scheme. In section 2.2, we deduce the CDF of the receiver SNR and study the out-
age performance of the proposed adaptive combining scheme. Finally, section 2.3
presents some numerical examples to investigate the performance of the proposed

scheme, followed by the chapter summary in section 2.4.

2.1 Hybrid FSO/RF System with Adaptive Com-
bining Modeling

We consider a hybrid FSO/RF system as shown in Fig. 2.1, where only the FSO link
is active as long as its instantaneous SNR at the optical receiver, denoted by vrso, is

above a certain threshold, defined by v7. When vrgo falls below the predetermined
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threshold ~7, the receiver sends a 1-bit feedback signal to activate the RF link along
with the FSO link for simultaneous transmission of the same data. In this case, the
data received from both links are combined using an MRC scheme. The receiver
SNR, denoted by 7., will equal to ypso when vpso > 7. On the other hand, when
Yrso < Y1, Ve will equal to the sum of ypso and yrp, where vgp is the receiver
instantaneous SNR of the RF' link. Thus, this proposed hybrid system with adaptive

combining has two modes of operation which are:
e SO only mode, as long as ypso > V7.
e Combined FSO/RF mode, as long as yrgso < vr.

At the transmitter, the data is modulated using a Phase Shift Keying (PSK)

digital modulation scheme, where the PSK modulated signal can be expressed as:
x(t) = Z g(t — kT)cos(2m fst + ¢x) (2.1)
k

where T denotes the symbol period, f; is the frequency of the PSK subcarrier which
must satisfy fs = ¢/T with ¢ > 1, g(¢) is the shaping pulse, and ¢, € [0, ..., (M — 1)%]
is the phase of the kth transmitted symbol with M is the modulation order, which
depends upon the bit transmission rate R, according to Ry, = log,(M)/T. This PSK
modulated signal is available for transmission through both FSO and RF links.

Transmitter rn FSO Receiver
£50 Channel H £SO |
Transmission Detection | ¥rso

Ye

Data In

MRC Scheme
Data Processing
v
Data Out

RF
Channel T
RF 2; | RF YR Z\
Transmission Detection >

IF ¥rso < ¥1

T 1-bit Feedback

Figure 2.1: Hybrid FSO/RF system with adaptive combining
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2.1.1 Modeling the FSO Link

We adopt for the FSO link Sub-carrier Intensity Modulation/Direct Detection (SIM/DD)
system [52]. In such system, a DC bias is added to the PSK modulated signal to sat-
isfy non-negativity input constraint of IM/DD systems, before it is used to modulate
the intensity of the optical signal, specifically, a laser beam. Hence, the intensity of

the transmitted optical signal can be written as [24]:
I(t) = Pesoll + (), (22)

where Ppgo is the transmitted optical power and p is the modulation index (0 < pu <
1) that ensured that the laser avoids over-modulation induced clipping,.

At the FSO receiver, direct detection of the optical signal takes place, and then
further demodulation of the sub-carrier follows to retrieve the data. After filtering
the DC bias, the received discrete-time equivalent electrical signal can be modeled
as [24]:

resolk] = pnPrsohrsoGrsoy/ Est[k] + npsolk) (2.3)

where 7 is the optical-to-electrical efficiency, (k] = cos¢p+ j singy, B, = E,/2 is
the average symbol energy with E, is the energy of the shaping pulse and npgo[k]
is the shot-noise which is modeled as additive white Gaussian noise (AWGN) with
variance org,. hrso is the turbulence induced fading gain over the FSO link, with
E[hrso] normalized to unity, where E[.] is the expectation operator. Gpgo is the
optical power attenuation, given by Beers-Lambert law as Grso = arsoz [26], with
apso being the weather-dependent attenuation coefficient (in dB/Km) and z is the
link range from the transmitter to the receiver. The attenuation G rgo is considered
as a fixed scaling factor, and no randomness exists in its behavior [17].

Assuming perfect alignment between FSO transmitter and receiver apertures', and
considering Gamma-Gamma turbulence-induced fading, hrso will have the following
Probability Density Function (PDF) [20]:

atfB
frpso(hrso) = %hﬁél}(a—ﬁ@ afhrso)  hrso > 0. (2.4)

IPerfect alignment between FSO transmitter and receiver apertures can be achieved by using
Pointing, Acquisition and Tracking (PAT) systems. However, these PAT systems add extra hardware
complexity to FSO systems.
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where a and [ are parameters related to the atmospheric turbulences and K, (.) is
the vth order modified Bessel function of the second kind defined as [53, Eq. (8.407)].
Typically, a and 8 are the effective number of small-scale and large-scale eddies of
the turbulent environment, respectively. According to the values of o and (3, the
atmospheric turbulence can be modeled from weak to strong turbulence regimes be-
cause these parameters are directly related to the atmospheric turbulence conditions.
Expressions for calculating the parameters o and (§ for different propagation con-
ditions can be found in [54]. Assuming spherical wave propagation, expressions for

calculating o and § in (2.4) are given by [54]:

-1
0.49y?
a = |exp X —— | —1 (2.5)
(1+0.18d? 4+ 0.56x5 )5

9 12, 5 -1
8= |exp 0.51x*(1 4+ 0.69x 5 )1265 9 (2.6)
(1+0.9d2 4+ 0.62d?x 5 )s

where x? = 0.5C2k"/0[L'/S is the Rytov variance and d = (kD?/4L)'/? with k =
27 /Apso is the optical wave number. Here, C? D, and Apgo are respectively the
refractive index structure parameter, the diameter of the optical receiver aperture
and the optical wavelength.

The instantaneous received electrical SNR of the FSO link is related to hpgo as
Yrso = Yrsohiso [24], where Yrso is the average electrical SNR which is defined
as Yrso = E*n?PieoGrhso/0%so [24]. Using power transformation of random

variables, it is easy to show that the PDF of yrgo is given by:

vV Y O‘Qﬂ at 1
fryrso(YFso) = (aﬁF/(oglF“?Z; ’VFSOTK1 a— (2 \/%’Vmo?) ,Yrso = 0.

(2.7)

By using [55, Eqgs. (14)] to express K,_s(.) in terms of Meijer G-function G}" (z

defined as [53, Eq. (9.301)], and [53, Eq. (9.31.5)], (2.7) can be expressed as:

n B) . (2.8)

By using [56, Eq. (07.34.21.0084.01)], and some simple algebraic manipulations, the

[N

Frrso(VEsO) ZWS—O_IGQ’O a—B’YFSO
YFSO QF(&)F(ﬁ) 0,2 /—:YFSO
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CDF of vrso can be expressed as:

20002 1 (aB)?
Frrsol0rs0) = () 1 (16%507

2.1.2 Modeling the RF Link

The electrical PSK-modulated signal, is up-converted to MMW RF (typically, 60
GHz) carrier frequency, to be transmitted over the RF link. The received discrete-

time signal, after demodulation process, can be modeled as [24]:

TRF[]{Z] = \/ GRFPRF}LRF\/EQZ[/{Z] —+ nRF[k’], (210)

where G gp is the average power gain of the RF link, Pgp is the RF transmit power,
and hgp is the fading gain over the RF channel, with F[h%,] normalized to unity.
ngrlk] is the zero-mean circularly symmetric AWGN component with variance o%.

The average power gain Ggp is defined as [24]:

4rz

GrrldB] = Gt + Gg — 20log,, (/\—) — Qogy? — Ogin?, (2.11)
RF

where Gr and G denote the transmit and receive antenna gains, respectively and

Arr is the wavelength of the RF subsystem. gy and a,qq, are the attenuations

caused by oxygen absorption?

and rain, respectively. The noise variance in the RF
channel is given by 0%, = W NoNg [24], where W is the RF bandwidth, Ny is the
noise power spectral density and N is the noise figure of the RF receiver.

The instantaneous received SNR of the RF link vgr is given by yrr = Yrrh%p,
where Jgr is the average SNR of the RF link defined as Yrr = E,PrrGrr/o%p [24].

The fading gain hgp is modeled by Nakagami-m distribution, which represents
a wide variety of realistic Line-of-Sight (LOS), and Non-LOS (NLOS) fading chan-
nels encountered in practice [58]. Accordingly, the received SNR, ygr will have the

following PDF [59]:

m m m—1
o ) YRF —m
vaF(’YRF) A €xXp ( 7RF) ,Yrr > 0. (2'12)
m YRF

20xygen absorption at 60 GHz attenuates the signal at all times, regardless of the weather [57].
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By using [53, Eq. (3.351.1)], and some simple algebraic manipulations, the CDF

of vgr can be expressed as:

1 mry
E e (VRF) = WV (m, 'VRI;F) ,YrRF 2 0, (2.13)

where (-, -) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].

2.2 Outage Analysis of Hybrid FSO/RF System
with Adaptive Combining

When the instantaneous output SNR 7. falls below a given threshold ~,,;, the com-
munication system goes in a state called outage, in which the received SNR can’t
support the target BER of the system. The probability that the SNR ~. falls below
the outage threshold ~v,,; can be simply calculated by evaluating the CDF of v, at

Yout &S Pout = F’yc (’7out)~
Based on the modes of operation of the proposed hybrid FSO/RF system, the

CDF of ~,, is given by:

F, () = Pylyrso > vr, Yrso < x| + Pi[vrso < vr,Yrso + Yrr < ]
Fi(x) if © <~p (2.14)

F’YFSO (:L’) - F"/FSO (’7T) + F2(x) if x> 9p,

where Fj(z) is defined as:

Fi(@) = [ Fursoons ()0 2.15)
0
and Fy(x) is defined as:
T
Fa(o) = [ Furso (850) P& = 01550, 2,16
0
with F,,.,(.), and F,,.(.) are given by (2.9), and (2.13) respectively.

Noting that the FSO and RF links are statistically independent, f., co+vppr(y) in



19

(2.15) can be evaluated as:

Yy
f'YFSO+'7RF (y) = /f'VFSO (’VFSONC”/RF(y - ’YFSO)deFSO' (2'17)
0

After substituting (2.8) and (2.12) into (2.17) and applying the binomial expansion
defined in [53, Eq. (1.111)], and the series expansion of the exponential defined
in [53, Eq. (1.211.1)], along with [56, Eq. (07.34.21.0084.01)], fysso+vynr(y) can be

evaluated as:

2a+5*26%(%)mym71 > (%)n s m—1
f’yFso-i-’YRF(y): WF(O&)F(g) (m {Z yn‘ Z( i )

n=0 ’ i=0

<(-ett (B0 )

169rso

(2.18)

where Ky =1 —n—i and Ky = & ofL BBy
Substituting with (2.18) in (2.15), using the series expansion of the exponential,
and applying [55, Eq. (26)], Fi(z) can be expressed as:

o (s (el gy (G
B0 = ) (m){; 7l ;( i )< V2 219,

2
2 (aB)’x K
% P26 (16%’50 LK) g

where K3=1-n—i,1—k—n—mand K, =2,eL 8 8L _p_p—m —n—i.
Substituting with (2.8) and (2.13) in (2.16), Fz(x) can be expressed in the integral

form as:

T

m(z—Yrso) -1
7<m7 5 )’}/F SO (yﬁ’}/psol/2
Fy(x ——/ TRE G (—_ N )d . 2.20
2( ) 2P( )F(B)F( ) 0,2 /—S a, B YFSO ( )

By using the series representation of (-, -), defined in [53, Egs. (8.352.1)], and then

applying the binomial expansion rule, along with the series expansion of the expo-
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nential, the term ~ (m, %) in (2.20) can be represented by:

2, (mEse ) T ()

y (m’ m(x j 'VFSO)) = (m—1)! |} . e;ng Z YRF YRF
VRF —~ n! prd k!

Z() (reso]

J=

(2.21)

By plugging (2.21) in (2.20) and applying [56, Eq. (07.34.21.0084.01)], F5(z) can be

evaluated as:

FQ(x> :%F’YFSO

2a+5—26%(m — 1)' = (meT/:yRF)n
(vr) — { 7T (a)T(B)T(m) ; n!

m—1 k‘ k 7 2
ml’/’YRF /f> <—’YT> 41 ((Oéﬁ) YT K) }
x V(2 g (T s L
kZ:; Z (] x b5\ 169rs0 B

=0

(2.22)

where K5:1—n—jand K6:§,T,§,T,—7’L—j.

Finally, the CDF of ~, is obtained after substituting (2.19) and (2.22) into (2.14).

2.3 Numerical Results

In this section, we present several numerical examples to illustrate our analysis. We
assume fading severity over RF link of m=5. In Figs. 2.2 and 2.3, we consider clear
weather condition, which is the hybrid FSO/RF system’s operational condition most
of the time. We used typical values of a and § for strong atmospheric turbulence
(v = 2.064, and = 1.342 [60]), which has the dominant effect on hybrid system’s
performance in this case. In Figs. 2.4 and 2.5, we consider adverse weather conditions,
mainly fog and rain, which may last shortly. In Fig. 2.4, we assume moderate rain
weather condition with weather-dependent attenuation coefficient apgo = 5.8 dB/km,
RF rain attenuation coefficient .4, = 5.6 dB/km, and C? = 5 x 107° [24]. In
Fig. 2.5, we assume light fog weather condition with weather-dependent attenuation
coefficient apgo = 20 dB/km, RF rain attenuation coefficient a4, = 0 dB/km, and
C? = 5 x 107" [17]. The values of FSO and RF sub-systems parameters, used to
obtain results in Figs. 2.4 and 2.5 are given in Table 2.1. Assume using binary PSK
digital modulation, v = 10.5 dB to satisfy target BER of 1075,

It can be seen from Fig. 2.2 that the hybrid FSO/RF system gives much better
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Table 2.1: Parameters of FSO and RF subsystems

H Parameter H Symbol H Value H
H FSO Subsystem H
Wavelength AFSO 1550 nm
Shot Noise Variance O'%SO 2 x 1071
Responsivity n 0.5 A/W
Photodetector Diameter D 20 cm
| RF Subsystem |
Carrier Frequency frr 60 GHz
Bandwidth w 250 MHz
Transmit Antenna Gain Gr 43 dBi
Receive Antenna Gain Gpr 43 dBi
Noise Power Spectral Density Ny -114 dBm/MHz
Receiver Noise Figure Np 5 dB
Oxygen Attenuation Qogy 15.1 dB/Km

outage performance than using FSO-only or RF-only systems in clear weather con-
ditions. Also, as expected, it can be observed that the performance of the hybrid
system is improved with the increase of 4gr. The numerical results shown in Fig.
2.2 are obtained using n=30 and k=30 in (2.19) and n=30 in (2.22). As can be
observed from Fig. 2.2, evaluating the outage probability using the truncated values
of (2.19) and (2.22) gives accurate results that coincide with the values of the outage
probability obtained by evaluating the integrals in (2.15) and (2.16) using numerical
methods.

It can be seen from Fig. 2.3 that, when 7, is less than v, the outage performance
of the hybrid FSO/RF system is improved, because the system activates RF link
before the FSO link goes in outage. In this case, and as expected, outage probability
decreases as yrp increases. On the other hand, when ~,,; is greater than -7, the
outage performance of the hybrid system does not decrease, as the RF link quality

improves because the system goes in outage before it activates the RF link.
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Figure 2.2: Outage probability of a hybrid FSO/RF system as a function of the outage
threshold with yrso = 10 dB.
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Figure 2.3: Outage probability of a hybrid FSO/RF system as a function of the
average SNR of the RF link with yrgo = 10 dB compared to the RF-only system.
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Figure 2.4: Outage probability of a hybrid FSO/RF system as a function of transmit
power in moderate rain conditions, with 7,,;=10 dB, and link range 2=4000 m.
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Figure 2.5: Outage probability of a hybrid FSO/RF system as a function of transmit
power in light fog conditions, with 7,,,=10 dB, and link range z=2000 m.

It can be seen from Fig. 2.4 that, FSO link’s quality degrades due to weak at-
mospheric turbulence in rain conditions. As observed, considering the “five nines”
reliability criterion which implies an outage performance of 1076, there is an improve-

ment by using the hybrid system of about 4 dB in transmit power over the FSO-only
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system.

It can be seen from Fig. 2.5 that, FSO link’s quality degrades much in fog condi-
tions. Thus, activating the MMW RF link, which is not affected by fog conditions,
greatly improves the outage performance of the hybrid system with an improvement
of about 5 dB in transmit power over the FSO-only system considering the “five

nines” reliability criterion.

2.4 Summery

In this chapter, we analyzed the performance of a hybrid FSO/RF transmission
scheme based on adaptive combining. We offered a closed-form of the exact CDF
of the received SNR for the proposed hybrid system, which is used to study its out-
age performance. Numerical results show that hybrid FSO/RF system with adap-
tive combining transmission scheme has superior outage performance compared to
FSO-only and RF-only systems in all weather conditions and atmospheric turbulence

regimes.
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Chapter 3

Joint Adaptive Modulation and
Combining for Hybrid FSO/RF

Systems

In this chapter, we present and analyze a new transmission scheme for hybrid FSO/RF
communication system based on joint adaptive modulation and adaptive combining.
Specifically, the data rate on the FSO link is adjusted in discrete manner according
to the FSO link’s instantaneous received SNR. If the FSO link’s quality is too poor to
maintain the target BER, the system activates the RF link along with the FSO link.
When the RF link is activated, simultaneous transmission of the same modulated data
takes place on both links, where the received signals from both links are combined
using MRC scheme. In this case, the data rate of the system is adjusted according to
the instantaneous combined SNRs. We study the spectral and outage performances
of the proposed joint adaptive hybrid FSO/RF system.

The remainder of the chapter is organized as follows. In section 3.1, we introduce
the system and channel modeling. Subsequently, the performance metrics of the
proposed adaptive hybrid system are introduced in section 3.2. Section 3.3 briefly
introduces the performance metrics of switch-over hybrid system. Finally, Section 3.4
presents some numerical examples to express the performance of the proposed joint

adaptive hybrid system followed by the chapter summary in section 3.5.
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3.1 System and Channel Modeling

We consider hybrid FSO/RF system, which is composed of coherent /heterodyne FSO
and RF communication subsystems. Coded digital baseband signal, created by signal
source, is converted to analog electrical signal through electrical modulator, which
can adaptively use one of N different M- square quadrature amplitude modulation
(QAM) schemes. M-QAM is widely used in high-rate data transmissions over FSO
links [61], and RF links [62], because of its high spectral efficiency, and ease of signal
modulation/demodulation process. A particular constellation size M is chosen to
achieve the highest possible spectral efficiency, while maintaining the instantaneous
BER below the target value of BERgy. Let vpy, vrs, ..., Yoy be the N different thresh-
olds corresponding to constellation sizes of M = 4,16, ..., 22" respectively such that
yr1 < Yrg < ... < yry. Note that ypy,; = 00. To meet a BER requirement of BER,
the thresholds are set using [32]:

Y, = (227" — 1)[-% In(5 BERg)], n>1, (3.1)

where the instantaneous BER of coherent M-QAM of size 22", can be well approxi-
mated by [32]:

~1.5
BER,(yr,) = 0.2exp (an) , 2">4, 0< 7, <30dB. (3.2)

3.1.1 Modeling the FSO Link

At the FSO transmitter terminal, QAM electrical signal is mixed with an optical car-
rier, produced by an optical frequency Local Oscillator (LO) to produce the optical
signal. At the FSO receiver terminal, the received optical signal under goes hetero-
dyne detection process. The instantaneous SNR per symbol of the FSO receiver is
given by [63,64]:

Yrso = Yrsohrso, (3.3)

where Yrpso and hpgo are respectively, the average SNR and the fading gain over
the FSO link, with E[hpgo] is normalized to unity, where E[.] is the expectation
operator. Assume using phase-locked loop (PLL) to compensate for phase noise in
the received optical signal and using large enough LO power, such that thermal and

background noises can be neglected [63]. In this case, the average SNR Fpso is
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given by Yrso = 2Eagn* PLoPrsoGrso/okso 163,64], where Eq4, 1, Pro , Prso,
Grso, and 0%, are the average QAM symbol energy, photodetector responsivity, LO
power, average transmitted optical power, optical power attenuation, and variance of
shot noise which is modeled as AWGN, respectively. The shot noise variance o,
is given by c%¢, = 2qnPro/T [63], where ¢ is the electronic charge and 1/7 is the
transmission rate in bits/second. The optical power attenuation Gpgo is given by
Beers-Lambert law as Grso = apsoz [26], with arso being the weather-dependent
attenuation coefficient (in dB/Km) and z is the link range from the transmitter to
the receiver. The attenuation Grgo is considered as a fixed scaling factor, and no
randomness exists in its behavior [17]. The fading gain is defined as hpso = hoh,,
where h, is Gamma-Gamma atmospheric turbulence-induced fading gain factor [54]
and h, is Gaussian pointing errors-induced fading gain factor [17].

Following the same procedure used in [65], it is easy to show that the PDF of

Yrso 1s given by:

Evrs0" a0 [ Eabyrso | e
—> oY 30 5 T RS 4
f’yFso('VFSO) F(Q)F(ﬁ) 1,3 (52 I 1)”_YFSO ‘52, a, 8|7 (3 )

where ¢ is the ratio between the equivalent beam radius w,, and the pointing error (jit-
ter) standard deviation o, given by § = weq/20,. Here, w2, = w?y/merf(v) /2v exp(—1?),
where erf(.) is the error function and w, is the beam radius calculated at distance
z from the transmitter aperture and v = /7D /2v/2w, with D is the photodetector
diameter. w, is given by w, = 6z, where 6, is the transmit divergence at 1/e2. T'(.) in
(3.4) is the standard Gamma function with o and § are the scintillation parameters
that are related to the refractive index structure parameter C? [54]. G[.] is the Meijer
G-function as defined in [53, Eq. (9.301)]. By using [56, Eq. (07.34.21.0084.01)] and

some simple algebraic manipulations, the CDF of vrso can be expressed as:

52 a1 52045’71?50 ‘1, 241 (3.5)

F &27a7ﬁ70 :

oo 1550 SR 2 €+ 1)reso

3.1.2 Modeling the RF Link

At the RF transmitter, QAM electrical signal’s frequency is up-converted using 60
GHz RF carrier, produced by RF LO. The instantaneous received SNR from the RF
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branch, denoted by vgp, can be given by [24]:

VrE = RPN, (3.6)

where hgp is the fading gain over the RF channel, with E[h%,] normalized to unity,
and ypp is the average SNR of the RF channel, given by Ygrr = EuyyPrrGrr/ ok [24],
with Euug, Prr, 0%p, and Grr are respectively, average QAM symbol energy, trans-
mitted RF power, noise variance, assuming zero-mean circularly symmetric AWGN,

and average power gain of the RF channel, which is given by [24]:

A7z

GrrldB] = Gt + Gg — 20log,, (—) — Qogy? — Qpains (3.7)
ARF

where G and G denote the transmit and receive antenna gains, respectively, Agp
is the wavelength of the RF subsystem, g, and a;q, are the attenuations caused
by oxygen absorption and rain, respectively and z is the link distance. The noise
variance in the RF channel is given by [24], 0%z = W NoNg, where W is the RF
bandwidth, Ny is the noise power spectral density and N is the noise figure of the
RF receiver.

The fading gain hrp follows Nakagami-m distribution, which represents a wide
variety of realistic LOS and non LOS fading channels encountered in practice [58].

The PDF and CDF of ygp are respectively given by [59]:

_(m N\ e (e
fVRF (/VRF) - ("YRF) F(m) p ( :)/RF ) ) (38)
Fypr(YRE) = ﬁv (m ”;1’?) . (3.9)

where 7y(+, ) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].

3.2 Performance Analysis of the Proposed Joint

Adaptive Scheme

To achieve the maximum spectral efficiency, the FSO link uses the modulation scheme
22N_QAM as long as ypgo is greater than or equal to vyry. If ypso decreases be-

yond 77y, the receiver checks another threshold v, in a descending order until one
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threshold satisfies ypso > 7vr,,- In this case, the receiver sends a feedback signal to
the transmitter indicating the modulation scheme 22"-QAM should be used without
activating RF subsystem. If the thresholds checking process reaches v, and vpgo is
less than ~7,, the receiver sends a feedback signal to activate the RF link along with
the FSO link for simultaneous transmission of the same data. Therefore, the feedback
required is [log,(N + 1)] bits for the first stage. At the receiver terminal, the data
transmitted along both links will be combined using MRC combiner. In this case, the
receiver SNR, denoted by 7., will equal to the sum of yrgo and ygr. Note that . is
equal to ypso as long as ypso > vr;. To this end, the receiver checks whether ~. is
greater than or equal to yr,. If so, the receiver sends a feedback signal for the trans-
mitter to use the modulation scheme 22V-QAM on both FSO link and RF link. If not,
the receiver checks another threshold v, in a descending order until one threshold
satisfies 7. > v7,,. In this case, the receiver sends a feedback signal to the transmitter
to select the modulation scheme 22"-QAM. If the receiver thresholds checking process
reaches yr; and 7. < v, the receiver sends a signal to suspend data transmission
over both FSO and RF links!. In this second stage, if necessary, the feedback load
is again [log, (/N + 1)| bits. The average feedback of the proposed adaptive hybrid
system is [logy(N + 1)] (1 + Pi[vrso < yry]) bits. Fig. 3.1 summerizes the joint
adaptive modulation and combining operation of the the hybrid FSO/RF system.

Before we study the performance of this joint adaptive scheme, we need to deduce
the CDF of v.. Based on the modes of operation of this joint adaptive scheme, the
CDF of 7., is given by:

F. () = Piyrso > vr1,vrso < x| + Pilvrso < V1, Vrso + Yrr < 7

Fi(x), if o < gy (3.10)
F’YFso(x) - F'YFSO(P)/TI) + F2($)a if x > VT,

where Fj(z) is defined as:

Fi(x) = / FI— (3.11)

"When data transmission is suspended, pilot signal is assumed to be continuously transmitted
over the FSO link to check its status as it is the main channel of the system that provides high data
rate transmission.
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Figure 3.1: Flow chart of the operation of the joint adaptive hybrid FSO/RF scheme.

and Fy(x) is defined as:

YT1
Fy(r) = / frrso(Vrs0) Frypr (T — vrso)dVrso- (3.12)
0

Noting that the FSO and RF links are statistically independent, f.,co+vppr(y) in

(3.11) can be evaluated as:

f"/FSO""'YRF (y> = / f'YFSO (P)/FSO)f’YRF (y - ’YFSO)d’YFSO- (3' 13)
0

After substituting (3.4) and (3.8) into (3.13) and applying the binomial expansion, and
the series expansion of the exponential function, along with [56, Eq. (07.34.21.0084.01)],
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frrso+vre(y) can be evaluated as:

e ()" [ E R (m -1
f’YFSOJr"/RF(y) = F(a)F(ﬁ)F(m) { Z T Z ( i )(_1)

n=0 =0 (3.14)
<G|

f20fﬁy |1—n—i,§2+1:| }
(& + DArso Cormi] f

Substituting with (3.14) in (3.11), using the series expansion of the exponential
function, and applying [56, Eq. (07.34.21.0084.01)], Fi(z) can be expressed as:

_CE)" (&SGR e (m- i Grr)"
Fl(x)‘r(@r(g)r(@{% nl ;( i )(_1) ; k!

(G2 §afx |1—n—i,1—k—n—m,§2+1
3,5 (52_{_1),7}750 £2.a,8,—k—n—m,—n—i :

(3.15)

Substituting with (3.4) and (3.9) in (3.12), F3(x) can be expressed in the integral

form as:

T m(T—Yrs50) \ ¢2 -1
y(m, == ) yrs0 2
FQ(JZ) — / YRF Gfi:g |: 5 O‘ﬁ YESO

[(a)T(B)L(m) (€2 +1) 9rso |f§;;:| dyrso. (3.16)

By using the series representation of y(a, x) in (3.16) defined in [53, Egs. (8.352.1)],

and then applying the binomial expansion rule along with the series expansion of the

m(z—yrso)

o ) can be represented by:

exponential function, the term ~ (m,

m(z — Yrso) —ma O (PHESC) ] (S
V(m,—) :(m—l)!{l—evRF Z TRE JRE

YRF “— n! — k!
- = (3.17)
k ) )
> ( ) xkj(—’YFso)]}-
=0

By plugging (3.17) in (3.16) and applying [56, Eq. (07.34.21.0084.01)], F5(z) can be
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evaluated as:

() :%Fmo (vr1) — {62?;”((”; _(Ti))' i mm/m )" ”’Zl
(ma/Ame ) O (B (=N aa [ Eabym M;il (3.18)
ety () () e een] b

Finally, the CDF of ~, is obtained after substituting (3.15) and (3.18) into (3.10).

3.2.1 Average Spectral Efficiency

The average spectral efficiency of the proposed adaptive hybrid FSO/RF system,
defined as the average number of bits transmitted over each symbol period [32], is

given by:
Adapt Z 2n Ye ’YTn+1 F’Yc (’yTn)] ° (3 ]'9)

3.2.2 Outage Probability

When vrso < vy, and 7, also falls below vz, the communication system goes into
outage state, in which the received SNR can’t support the target BER of the system
and data transmission is suspended over both links. The outage probability of the
adaptive hybrid FSO/RF system can be simply calculated by evaluating the CDF of
Ye at yrq as:

Piﬁtapt E,.(vr1) = Fi(yr)- (3.20)

3.2.3 Average Bit-Error Rate

The average BER of the proposed adaptive hybrid FSO/RF system, defined as the
ratio of the average number of erroneously received bits over the total average number

of transmitted bits [32], is given by:

N
1 —
n=1
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where BER,, is the average error rate of using constellation of size 22", given by:
BER, = G; + G, (3.22)

with G corresponds to the FSO-only mode and is defined as:

YT n+1

G = / BER,(vr50) frrso (YFso)dVrso, (3.23)

YTn

and G5 represents the combind FSO/RF mode and is defined as:

VTn+17T1
Gy = / / BER,(Ve) frrso(YF50) frne (Ve — YPso)dypsodre. (3.24)
YTn 0

G and G4 can be evaluated using numerical methods with BER,,(-), fy.4 (), and
fyne(+) are given respectivelly by (3.2), (3.4), and (3.8).

3.3 Performance Analysis of Switch-Over Scheme

with Adaptive Modulation

For comparison purposes, we introduce here the performance metrics of switch-over
hybrid FSO/RF system [30]. To have fair comparison, we assume using the same

adaptive modulation scheme that was used with our proposed system.

3.3.1 Average Spectral Efficiency

The average spectral efficiency of the switch-over hybrid FSO/RF system in this case
is given by:

Swztch Z 2n{ J PyTnJrl) F»YFSO (’YTn>] + F»ypso ('7T1)

X [F’YRF (7Tn+1> - F'YRF (P)/Tn)} }

(3.25)
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3.3.2 Outage Probability

When vrso < vy, and ygp also falls below v, the communication system goes into

outage. In this case, the outage probability of the hybrid system can be evaluated as:

Pfﬁimh = F’YFSO (PVTI)F'YRF (VTI)' (3'26)

3.4 Numerical Results

In this section we present several numerical examples to illustrate the math formula-
tion and to study the proposed system’s performance. We will consider three different
227_QAM modulation schemes with n = 1,2, and 3, where the corresponding thresh-
olds 7r,,, assuming BERg = 107% can be calculated using (3.1). The relevant param-
eters of the FSO and RF subsystems considered for the numerical results are given
in Table 3.1. The strongest atmospheric turbulence commonly occurs when weather
is clear and becomes weaker as the weather condition gets worse by means of either
fog or rain. We consider in our numerical examples the scenario of clear weather con-
dition and strong atmospheric turbulence (C? = 2 x 107'?), with weather-dependent
attenuation coefficient apgo= 0.44 dB/km and RF rain attenuation a.q;;, = 0 dB/km,
along with pointing error effects [17]. We assume RF channel fading severity of m =
5 in all Figures.

In Fig. 3.2, we plot the average spectral efficiency of the proposed adaptive hybrid
FSO/RF system as a function of the transmitted power of the FSO link Prgo. It
can be seen from Fig. 3.2, that average spectral efficiency increases as the FSO link’s
quality improves by increasing Prso. Also, we can observe that with sufficient high
Prso, the average spectral efficiency of the adaptive hybrid system is the same as that
of FSO-only system and switch-over hybrid system which in this case relies on FSO
link. This is because the FSO link’s quality is good to support the target BER alone
without the need of activating the RF link. On the other hand, as the FSO link’s
quality degrades due to strong atmospheric turbulence in clear weather conditions, the
RF link is activated along with the FSO link which leads to a significant improvement
in the average spectral efficiency of the adaptive hybrid system over both switch-over
hybrid FSO/RF and FSO-only systems, as can be seen from Fig. 3.2. The numerical
results shown in Fig. 3.2 for the average spectral efficiency of the proposed adaptive

hybrid FSO/RF system are obtained using n=30 and k=30 in (3.15) and n=30 in
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Table 3.1: Parameters of FSO and RF subsystems

H Parameter H Symbol H Value H
H FSO Subsystem H
Wavelength AFSO 1550 nm
Transmission Rate 1/T 1 Gbit/s
Responsivity n 0.75 A/W
Photodetector Diameter D 20 cm
Transmit divergence at 1/e? 0o 2.5 mrad
Jitter standard deviation O 30 cm
Link distance z 1000 m
H RF Subsystem H
Carrier Frequency frF 60 GHz
Bandwidth w 250 MHz
Transmit Power Prr -10 dBm
Transmit Antenna Gain Gr 44 dBi
Recieve Antenna Gain Ggr 44 dBi
Noise Power Spectral Density Ny -114 dBm/MHz
Receiver Noise Figure Np 5 dB
Oxgyen Attenuation Qory 15.1 dB/Km

(3.18), which are then plugged in (3.10) to be used in evaluating (3.19). As can
be observed, evaluating the average spectral efficiency using the truncated values
of (3.15) and (3.18) gives accurate results that coincide with the values that are
obtained by evaluating the integrals in (3.11) and (3.12) using numerical methods
before plugged in (3.10) to evaluate (3.19).

In Fig. 3.3, we plot the outage probability of the proposed adaptive hybrid system
as a function of Prgp. It can be seen that the proposed adaptive hybrid system gives
an outage performance much better than that of switch-over hybrid system or FSO-
only system with the same adaptive modulation scheme. In Fig. 3.4, we plot the
average BER of the proposed adaptive hybrid system as a function of Prgso. It can
be shown that, the proposed adaptive hybrid system can achieve an average BER
which is less than the target instantaneous BER (107% in our numerical examples).

As expected, the average BER is improved as the optical link’s quality increases.
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Figure 3.2: Average spectral efficiency of the proposed hybrid FSO/RF system as a
function of the transmitted power of the FSO link.

107

10

Outage Probability

-4

10

T

—— FSO-only
= = = Switch—over Hybrid FSO/RF
—— Adaptive Hybrid FSO/RF : closed form

O Adaptive Hybrid FSO/RF : numerical integration ‘

-50 —45 -40 -35 -30

Optical Transmitted Power (dBm)

Figure 3.3: Outage probability of the proposed hybrid FSO/RF system as a function
of the transmitted power of the FSO link.
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Figure 3.4: Average BER of the proposed hybrid FSO/RF system as a function of
the transmitted power of the FSO link.

It is worth to mention that similar superior performance of the proposed adaptive
hybrid FSO/RF system over both FSO-only and switch-over hybrid FSO/RF systems
is expected in other weather conditions, mainly in fog and rain. In rain conditions,
FSO link is not affected and thus the communication system can relay on it without
needing to activate the RF link. On the other hand, FSO link is affected by fog
which will degrade its performance, thus activating the RF link which is not affected
by fog, along with the FSO link, will support the FSO link and maintain a reliable

communication channel.

3.5 Summery

In this chapter, we presented a new hybrid FSO/RF system based on joint adaptive
modulation and adaptive combining scheme. We offered a novel closed-form of the
exact CDF of the received SNR for the proposed adaptive hybrid FSO/RF system.
The performance metrics of the proposed adaptive hybrid system, mainly average
spectral efficiency, outage probability, and average BER are studied. Numerical re-
sults showed that the proposed adaptive hybrid FSO/RF system has superior spectral
efficiency and outage performance compared to that of switch-over hybrid FSO/RF
and FSO-only systems, while maintaining good average BER.
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Chapter 4

Power Adaptation Based on

Truncated Channel Inversion for
Hybrid FSO/RF Transmission
with Adaptive Combining

In this chapter, we consider power adaptation strategies based on truncated channel
inversion for hybrid FSO/RF system employing adaptive combining. Specifically, we
adaptively set the RF link transmission power when FSO link quality is unacceptable
to ensure constant combined SNR at receiver. Two adaptation strategies are pro-
posed. One strategy depends on the received RF SNR, while the other one depends
on the combined SNR of both links. We study the outage probability of the hybrid
FSO/RF system with and without power adaptation.

The remainder of the chapter is organized as follows. In section 4.1, we introduce
the system and channel models. In section 4.2, we introduce the power allocation
strategies, and the outage analysis of the proposed system namely, the outage proba-
bility and the outage capacity. Finally, section 4.3 presents some numerical examples
to investigate the performance of the hybrid system with and without power adapta-
tion. Further power adaptation for FSO link is introduced in section 4.4, followed by

the conclusion in section 4.5.
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4.1 System and Channel Modeling

We consider a hybrid FSO/RF system, where the FSO link is active all the time with
constant transmitted power. To maintain a target data rate, the received SNR should
not be less than a predetermined target value denoted by yr. When the instantaneous
SNR at the receiver of the FSO link denoted by vyrso, falls below the threshold ~7,
FSO link alone can’t support the high data rate transmission. In this case, the receiver
sends a feedback signal on the FSO link to activate the RF link along with the FSO
link to help maintain the link reliability. When the RF link is activated, simultaneous
transmission of the same data on both links takes place. At the receiver, the data
received over both links will be combined using an MRC combiner. It is important
to clarify that in case of using both FSO and RF links, the data rate of FSO link
may be reduced to be the same as that of the RF link to facilitate diversity reception.
The receiver SNR, denoted by 7., will be equal to vyrso when ypso > vr. When
Yrso < Y, Ve will be equal to the sum of ypgo and vygr where ygp is the receiver
SNR of the RF link. In this case, the transmitted power over the RF link is adapted
to maintain the constant received SNR 77, i.e., to keep vrso + Yrr = yr. We will

discuss the power adaptation policy in the following section.

4.1.1 Modeling the FSO Link

We assume that the FSO link experiences Gamma-Gamma fading due to atmospheric
turbulence, and atmospheric loss along with pointing error impairments, for which
the PDF of the received irradiance I is given by [65, Eq. (11)] (or equivalently
using [53, Eq. (9.31.5)]):

62 ]71

I 2
I = G0 |- i R S} 41
f]( ) F((X)F(/B) 1,3 AOGFSO ‘ £, o, B - ( )

where ¢ is the ratio between the equivalent beam radius at the FSO receiver aper-
ture and the pointing error (jitter) standard deviation at the FSO receiver, Ay is a
constant term that defines the pointing error loss [17], I'(.) is the standard Gamma
function, and « and [ are the effective number of small-scale and large-scale eddies
of the turbulent environment, respectively. Different values of a and 3 corresponds
to different turbulence regimes. Expressions for calculating the parameters o and (8
for different propagation conditions can be found in [54]. In Eq. (4.1), G[.] is the
Meijer G-function as defined in [53, Eq. (9.301)], and Gggo is the optical power at-
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tenuation, given by Beers-Lambert law as Grgso = apsoz [26], with apso being the
weather-dependent attenuation coefficient (in dB/Km) and z is the link range from
the transmitter to the receiver. The attenuation Grgo is considered as a fixed scaling
factor, and no randomness exists in its behavior [17].

Considering sub-carrier modulated FSO communication system, in which an elec-
trical sub-carrier signal is pre-modulated! with the information bits before being used
to modulate the optical signal for transmission, there are two techniques for FSO sig-
nal detection at the receiver side, which are Intensity Modulation/Direct Detection
(IM/DD) [12] and Coherent Modulation/Heterodyne Detection (CM/HD) [13]. A
unified expression for the PDF of yrg0, considering the two types of FSO detection,

is given in a general form as [66]:

2 —1
f'YFSO (7FSO) = % Zl‘s:g

1
Eaf  ((yrso \7 | e
(€2 +1) \Arso |5§a+é ,  rso >0, (4.2)

where 7 is the parameter defining the type of FSO detection technique (i.e., r=1
represents CM/HD technique and r=2 represents IM/DD technique) and Jrs0,? is
the average SNR of FSO link.

By using [56, Eq. (07.34.21.0084.01)] and some simple algebraic manipulations,
the CDF of vrgo can be expressed as:

2, .a+pB—2 B
I §r Gl {M \}é{é} . Yrso >0, (4.3)
VYFSO,

7Fso(7FSO) = (27T)T71F(04)F(5) r+1,3r+1

=R

g eeey

2 T 241 2 2 2401
where B = (%) , Ky = éTJ’, ey Eri has r terms, and Ky = 57, oy +: ,

atr=l 00 B has 3r terms.

r ’p)

4.1.2 Modeling the RF Link

At the RF transmitter, the digitally modulated electrical signal, which is the same
as the one in FSO subsystem, is up-converted using 60 GHz RF carrier. The up-

converted RF signal is transmitted and received using L branches RF transmis-

'For example, by using M-QAM digital modulation scheme, which is widely used in high-rate
data transmissions over FSO links [61], and RF links [62], because of its high spectral efficiency and
ease of signal modulation/demodulation process.

2For CM/HD, Yrso, = n.E[I]/Ny [66], with 7, is the effective photoelectric conversion ratio, Ny
symbolizes the AWGN sample, and E[I] is the expectation of I, which by using [55, Eq. (24)] is
given by E[I] = £2A¢Grso/(£? +1). For IM/DD, rso, = (n.E[I])?/Ny [66].
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sion/reception scheme. The received SNR from each RF branch, denoted by i,
follows independent and identical distribution (i.i.d) Nakagami-m fading distribution
with PDF given by [67]:

m )m YrE™ ! exp (—WWRF

Fring C1F) = ('_YRF I'(m) YRF

) ) YRF Z 07 (44>

where Agp is the average SNR of the ith channel with 1 < ¢ < L, and m is a
parameter indicating fading severity. Ygr and m are assumed to be common on all
the L diversity branches. The overall received SNR of the RF link yzr will be that
after the MRC combination of all the L RF channels, such that vgr = Zle Vipps the
PDF of which is given by: [67]

mL mL—1

m YRF —MYRF

=|— —_ > 0. 4.5
Furlone) = () 2 e (T2 gez0 (49)
By using [53, Eq. (3.351.1)], and some simple algebraic manipulations, the CDF

of vgr can be expressed as:

1 my
Fye(VRP) = WW (mL; 77?) , Yrr =0, (4.6)

where 7y(+, ) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].

4.2 Power Allocation Strategies and Outage Anal-
ysis

We assume constant FSO transmitting power all the time. When yrso < 71, the RF
link is activated along with the FSO link and the RF link transmitted power Pgrp is
adapted to maintain the required constant received SNR 7. We introduce here two
different policies for RF link power adaptation. Both of them are based on the TCI
principle [32].
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4.2.1 TCI For RF Link Based on ~zp

Power Adaptation Policy

In this power adaptation policy, the transmitter uses the CSI (specifically, yrso and
~vrr) to maintain the target received SNR 7. Since the power adaptation is performed
after activating the RF link, the RF link SNR is adaptively changed to fill the gap
between vrso and yr such that vgr + yrso=7r . The RF power is adapted as long
as the received RF SNR is above a certain threshold denoted by vy,. Otherwise, data
transmission is suspended. We will refer to this policy as vygp-based TCI which is
mathematically given by:
YT —YFso

Prr(vrr,yrso) _ ) P50 i ymre 2 %0, (47

Prr 0, it Yrre < v0,,

where 7, satisfies the average power constraint of RF link transmitter given by:

YT o0

P ;
// i VRF 7FSO)JCWRF (Y&F) fyrso (YPs0)dYrrdYrso = 1, (4.8)

0 o

where Pgp is the average transmitted power over the RF link.
By substituting (4.2) and (4.5) in (4.8), and using [53, Eq. (3.381.9)] and [56, Eq.
(07.34.21.0084.01)], the constraint in (4.8) can be expressed as:

mao 3r,1 Byr 1,K 3r,1 Byr 0,K
Alr(mL - 1 I) {Gr+1,3r+1 |:— Kz,(l)‘| - GT+173T+1 {— K2711:| } = 17
YRF YFSO, YFESO,
(4.9)

where A, = 2r°t2myp/(2m) ARl ()T(B)T(mL), and I'(-,-) is the upper in-
complete Gamma function defined in [53, Eq. (8.350.2)]. As with most TCI schemes,
the value for 7, that satisfies (4.9) can be found using numerical methods, such as
bisection method and Newton method [68].

Outage Probability For vzp-based TCI

According to this policy, the hybrid system goes into outage state if the RF link
received SNR ygrp goes below «,. The probability of outage in this case can be
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calculated as:

Pouw = Pi[vrso < vr|Pr[vrr < 70,).

(4.10)
= F’YFSO <’VT)F’YRF (701>’

where ), (.) and F

YRF

(.) are given by (4.3) and (4.6), respectively.

4.2.2 TCI For RF Link Based on vgr + vrso
Power Adaptation Policy

This RF link power adaptation policy is similar to the first one. However, the RF
power is adapted as long as the overall SNR after MRC combination of the RF
link and the FSO link (i.e., ygr + 7rso) is above a certain threshold denoted by
Yo,,- Otherwise, data transmission is suspended. We will refer to this policy as

Yrr + Yrso-based TCI which is given by:

Y= :
PRF(’YJJ;F;’VFSO) _ S AERE £ 3Es0 2 Yors (4.11)
RF 0, if Yrr +YFso < Yo
where 7,, satisfies the average power constraint over the RF link given by:
T o p ( )
RF\YRF, VFSO
/ / pRF f’YRF <,YRF)f’YFSO (7F50)d'7RFd'YFSO =L (4'12)

0 v;;—vFso

By substituting (4.2) and (4.5) in (4.12), and using the binomial expansion defined
in [53, Eq. (1.111)] and the series expansion of the exponential defined in [53, Eq.
(1.211.1)], along with [53, Eq. (3.351.2)] and [56, Eq. (07.34.21.0084.01)], the con-

straint in (4.12) can be expressed as:

—mg o0 _ n mL— _ i 7 . . k

Ase TR Z (myr/rF) Z (m'YOU'/'VRF) (Z) ( 'VT) {
— TL' — Z! — k Yo; s
n=0 i=0 k=0 (413)
B B

3r,1 YT 1-n—k,K 3r,1 Y —n—k,K

Gr+1,3r+1 |:— |K2,—n—k1:| B Gr+1,3r+1 |:— Kz,—n—llc—1:| } = 17

YFSO, YFSO.,

where Ay = E2r°T8=2m(mL — 2)lyp/(27) T (a)T(B)T(mL)Ygp. Similar to vo,, the

value for ~p,, that satisfies (4.13) can be found using numerical methods. When
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using (4.13) to search for the value of 7g,,, it is sufficient to use n = 40 to obtain
stable values with accuracy to the fourth digit. This can be observed from Table
4.1 and Table 4.2, where we consider yr=10 dB, typical values of o and [ for weak
atmospheric turbulence regime (a=2.902, and =2.51) [60], Yrs0,=0 dB, £ = 1,

Nakagami parameter m=2, and L=1 to obtain the values of 7,, for different values

of Yrp.

Table 4.1: Values of vy,, considering CM/HD (r=1) with different values of n

Yrr (dB) n=30 n=35 n=40 n=45

0 6.2125 6.2142 6.2142 6.2142
1 5.5250 5.5250 5.5251 5.5251
8 4.3291 4.3291 4.3291 4.3291
12 1.9091 1.9091 1.9091 1.9091

Table 4.2: Values of ~,,, considering IM/DD (r=2) with different values of n

Yrr (dB) n=30 mn=35 mn=40 n=45

0 7.2243 7.2264 7.2265 7.2265
4 4.9315 4.9315 4.9315 4.9315
10 3.5144 3.5144 3.5144 3.5144
12 1.2882 1.2882 1.2882 1.2882

Outage Probability for vzr + vrso-based TCI

According to this policy, the hybrid system goes into outage state if MRC combination
of the FSO and RF links failed to support a received SNR of ygrr +vrso > 7o,,- The
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probability of outage in this case can be calculated as:

Pout = Pi[Yrso < 1, Yrso + Yrr < Yo,,)-

Yo7 MAR[YT Y0 —VRF]

= / / forso (VFs0) frrr (YRE)dYFSOdYRE

Yorr =T ~r

= / f'YFSO (P)/FSO)f'YRF (Yrr)dvrsodyrr (4.14)

Y0r;  Yor; —YRF

+ / / Frrso (VPs0) fyre (YRE)dYEsSOdYRE-

Yor;—T 0
If v > 70,,, which is the case most of the time, then (4.14) will be given by:

M1 Yorr—YRF

Pouw = Frrso (VESO) fynr (YRE)AYESOAVRE-

0 0
Yorr

(4.15)

f’YRF (PYRF)F'YFSO (7011 - PYRF)d’VRF-
0

By substituting (4.3) and (4.5) in (4.15), making change of variable, and using the
series expansion of the exponential, along with [56, Eq. (07.34.21.0084.01)], (4.15)

can be evaluated as:

-m0,, mL n
e () (5
G3r,2 B%H ‘ n,1,K1
r+2,3r4+2 5/ 790 K2,0,—n—mL :
° T

Fout = o () ()

n=0

(4.16)

4.2.3 Outage Capacity

Practically speaking, outage capacity applies to slowly-varying channels [32], which is
the case with FSO and MMW RF channels with bit-duration much smaller than the
channels coherence time [17,28]. The outage capacity is defined as the maximum data

rate that can be maintained in all non-outage channel states times the probability
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of non-outage. The outage capacity associated with a given outage probability P,

normalized to the communication channel bandwidth B can be expressed as [69]:

O(Pout>
B

= [1 — Pou) logy (1 + Kyr), (4.17)

where K is a constant term such that K = 1 for heterodyne detection giving an
exact result and K = e/(27) for IM/DD giving a lower-bound result. The outage
probability P,,; in (4.17) is given by either (4.10) or (4.16) according to the power
adaptation policy used on the RF link.

4.3 Hybrid FSO/RF System with Adaptive Com-
bining Only

In this section, we analyze the outage probability of the hybrid FSO/RF system
without power adaptation. We assume that the outage threshold denoted by 7y
is smaller than the switching threshold 7. Otherwise, the hybrid system will enter
outage before activating RF link. When the FSO link SNR ~vrgo falls below v, and
the instantaneous receiver SNR 7. = vrso +7vrr falls below the outage threshold 7,:,
the communication link can not support a target BER and goes into outage state.
In this case, the outage probability of the hybrid FSO/RF system without power

adaptation can be calculated as:

Pout = Pi[vrso < 1, Yrso + Yrr < Yout)-

Yout

= / f'VFSO"F'YRF (y)dy
0

(4.18)

Noting that the FSO and RF links are statistically independent, f.,co+var(y) in

(4.18) can be evaluated as:

)
Forsotrrr(y) = / frrso(YFs0) fyrr (Y — YEs0)dVEso, (4.19)
0



A7

where f,..,(.) and f,,.(.) are given by (4.2) and (4.5), respectively. Finally,

Yout Y

Pou = //f'yFso(’YFso)vaF(y—’YFso)d’YFsod% (4.20)
0 0

which can be numerically evaluated.

4.4 Numerical results

In this section we present several numerical examples to investigate the performance
of the two proposed power adaptation strategies. Note that in all numerical results,
we assume using optical wavelength Apgo = 1550 nm [70]. Also, note that for the

numerical results shown in Figs. 4.2, 4.4, and 4.5 we assume no RF diversity, i.e.,
L=1.

= ELF S0

TRF —Yon- EFsO

Figure 4.1: Integration regions of Egs. (4.8) and (4.12).

In Fig. 4.2, we plot the outage probability of the hybrid system with and without
power adaptation as a function of the average RF link SNR Arr. We assume weak
atmospheric turbulence (a=2.902, and f=2.51) affecting the FSO link with pointing
error effect of £ = 1, and RF link fading severity of m = 2. It can be seen from Fig.
4.2 that considering either CM/HD technique (Fig. 4.2a) or IM/DD technique (Fig.
4.2b), using the ygr—based TCI adaptation policy gives better outage performance
than using the ygr + vrso—based TCI adaptation policy. This is because that under
the same conditions of the FSO and RF links, 7o, is less than 7,,. To explain this,

let f(Yrr,YFso) = W.IZRF<7RF>JCVFSO(7FSO)' We need the integration of
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f(vrr,vrso) over the red shaded area in Fig. 4.1 to be equal to 1, according to
(4.8), and also we need the integration of f(vrr,vrso) over the black shaded area
in Fig. 4.1 to be equal to 1, according to (4.12). If we assume that 7, is greater
than or equal to 7o,,, then the integration of f(vgrr,yrso) over the red shaded area
will be greater than 1 which is impossible according to the constraint in (4.8). Thus,
Yo, is less than 7p,,. The analytical results for the outage probability of the hybrid
system with vgrr +vrso—based TCI adaptation policy shown in Fig. 4.2 are obtained
using n=30 in (4.16). As can be observed, evaluating the outage probability with the
truncated values of n=30 gives accurate results as compared with the values obtained
by evaluating the integral in (4.15) using numerical methods. It can also be seen from
Fig. 4.2, that applying power adaptation (either ygp-based TCI or ygr + vrso-based
TCI) policy greatly improves the outage performance of the hybrid system over the
case without using power adaptation. Note that we had used numerical integration
to evaluate the outage probability for the hybrid system without power adaptation,
given in (4.20), with outage threshold v,,,=9.5 dB. Note also that the value 7,,;=9.5
dB is less than ;=10 dB so that the hybrid system switches to the MRC combination
of the FSO and RF links before the FSO link alone goes in outage.

In Fig. 4.3, we examine the effect of the RF link diversity on the outage per-
formance of the hybrid FSO/RF system with both power adaptation policies (Fig.
4.3a and Fig. 4.3b). It can be seen from Fig. 4.3, that as the number of the RF
branches increases, the outage performance of the hybrid system greatly improves.
Intuitively, the same observation shown in Fig. 4.3 is also applicable when using
CM/HD technique.

In Fig. 4.4, we examine the outage performance of the proposed hybrid FSO/RF
system in the presence of strong atmospheric turbulence («=2.064, and f=1.342) af-
fecting the FSO link with less sever pointing error effect of £ = 4, and RF link fading
severity of m = 2. It can be seen from Fig. 4.4, that the hybrid FSO/RF system em-
ploying either of the two proposed power adaptation polices achieves superior outage
performance compared to the performance of the system without power adaptation
in this case also.

In Fig. 4.5, we plot the outage capacity of the hybrid system with power adap-
tation as a function of the average RF link SNR ~4zr. We assume weak atmospheric
turbulence (=2.902, and $=2.51) affecting the FSO link with pointing error effect
of £ = 1, and RF link fading severity of m = 2. It can be seen from Fig. 4.5 that
considering either CM/HD technique (Fig. 4.5a) or IM/DD technique (Fig. 4.5b),
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using ygr—based TCI adaptation policy leads to higher outage capacity than us-
ing Yrr + 7rso—based TCI adaptation policy. This is because using yrr—based
TCI adaptation policy achieves smaller outage probability than yrr + vrso—based
TCI adaptation policy. However, when Jrr becomes high, the outage capacity ob-
tained when using vgr + Yrso—based TCI adaptation policy becomes the same as
that obtained when using vyrr—based TCI adaptation policy. This is because both
Yrr + Yrso—based TCI adaptation policy and ygrr—based TCI adaptation policy

achieve almost the same outage probability with high values of Azp.
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Figure 4.2: Outage probability of hybrid FSO/RF system with and without power
adaptation as a function of the average SNR of the RF link with v7=10 dB, Nakagami
parameter m=2, weak atmospheric turbulence («=2.902, and 5=2.51), Yrs0,=0 dB,

and £ = 1.
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Figure 4.5: Outage capacity of hybrid FSO/RF system with power adaptation as a
function of the average SNR of the RF link with v7=10 dB, Nakagami parameter
m=2, weak atmospheric turbulence («=2.902, and f=2.51), Jrso,=0 dB, and £ = 1.
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4.5 Power Adaptation on FSO Link

To conserve more power, the transmit power over the FSO link can be adapted

according to the following modified TCI policy:

Prso(vrso) _ | 5psg0 rso 2

(4.21)
Prsomas 1, if Yrso < 7.

According to this power adaptation policy, FSO power denoted by Ppso gradually
increases when the FSO link is in good quality (i.e., Yrso > ~yr) to reach it maximum
value of Prsomqe, When the FSO link quality is bad (i.e., yrso < 7r). In other words,
we use constant FSO power of Prsome: When Yrso < ~p. Thus, this additional
power adaptation for FSO link can further improve the power efficiency of the hybrid

FSO/RF system, while maintaining the same outage performance of the system.

4.6 Summery

In this chapter, we introduced low complexity power adaptation strategy to hybrid
FSO/RF systems with adaptive combining. Two power adaptation policies based
on a modified TCI were implemented on the RF link of the hybrid system. We
analyzed the outage performance of the proposed adaptive system and closed forms
for the outage probabilities were derived. Numerical results showed that the hybrid
system with power adaptation had superior outage performance compared to outage
performance of the same system without power adaptation, while conserving RF
power. Also, numerical results showed that ygp-based TCI adaptation policy achieves

better outage performance than ygr + vrso-based TCI adaptation policy.
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Chapter 5

Cross Layer Analysis of
Point-to-Multi-Point Hybrid
FSO/RF Network

In this chapter, we consider a P2MP hybrid FSO/RF data transmission network,
which consists of a number of remote nodes along with a central node. Each remote
node in the network is connected to the central node via a primary FSO link. A
common backup RF link is shared among all the remote nodes, where we adopt
the simple switch-over hybrid FSO/RF approach. Using a common RF channel will
have the major advantages of: 1) sharing the scarce RF spectrum, 2) preventing the
generation of unnecessary RF interference to the environment, and 3) conserving the
RF power. We study the performance of a single remote node (tagged node) rather
than studying the overall system performance. Studying the tagged node allow us
to investigate several performance criteria such as throughput from central node to
the tagged node, the average transmit buffer size, the symbol queuing delay in the
transmit buffer, the efficiency of the queuing system, the symbol loss probability, and
the RF link utilization.

The remainder of the chapter is organized as follows. In section 5.1, we introduce
the P2MP Hybrid FSO/RF network model and central node - remote node channel
model. In section 5.2, we introduce the steady state system performance model. We
study different performance metrics for the tagged node in section 5.3. Finally, section
5.4 presents some numerical examples to investigate the performance of the proposed

P2MP network, followed by the chapter summary in section 5.5.
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5.1.1 P2MP Hybrid FSO/RF Network Modeling
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Figure 5.1: General block diagram of a P2MP Hybrid FSO/RF network.
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The general block diagram of a P2MP hybrid FSO/RF network is shown in Fig.

5.1. This network consists of a central node and N remote nodes. The central node is

equipped with N optical transmitters and one RF transmitter. Each remote node in

the network is equipped with one optical receiver and one RF receiver. Each remote

node of the network is connected to the central node through a separate primary
FSO link. The central node is assumed to be aware of the quality of the N FSO links
through N feedback channels. The RF transmitter of the central node is assigned a

certain RF channel, which is used as a backup channel for data transmission to any

remote node in case of the failure of its corresponding FSO link.

Through out the chapter, we will adopt the following assumptions:

1. When more than one FSO link fail, the central node will use the RF link to

communicate with one of the corresponding remote nodes on an equal priority

basis.

2. Non-saturated traffic condition is assumed. Specifically, the central node may

or may not have data symbols for transmission to all N remote nodes over each

time step.
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3. All FSO links follow the same statistical fading distribution.
4. The data is transmitted over the FSO and RF links at the same rate.

5. No error control policy is implemented between the remote note and the central

node.

6. The central node receives perfectly the states of the N FSO channels and the

back-up RF channel based on feedback from the remote nodes.

The hybrid FSO/RF system used for data transmission from the central node to
any remote node is composed of coherent/heterodyne FSO and RF data transmis-
sion subsystems. In this hybrid system, coded digital baseband signal, created by
the signal source, is converted to an analog electrical signal through M-QAM elec-
trical modulator. M-QAM is widely used in high-rate data transmissions over FSO
links [61], and RF links [62], because of its high spectral efficiency, and low signal
modulation/demodulation complexity. The QAM signal will be transmitted using
either the FSO link or the RF link. At the FSO transmitter, QAM electrical signal is
mixed with an optical carrier, produced by an optical frequency LO to produce the
optical signal. At the FSO receiver, the received optical signal undergoes heterodyne
detection process. At the RF transmitter, the frequency of the QAM electrical signal
is up-converted using 60 GHz RF carrier, produced by an RF LO.

For the data transmission from the central node to any remote node, we adopt a
switch-over hybrid FSO/RF transmission scheme. In this transmission scheme, only
the FSO link is used for data transmission as long as the instantaneous SNR at the
optical receiver of the remote node, denoted by vrso, is above a certain threshold,
defined by yr. When vrgo falls below the predetermined threshold ~7, the remote
node sends a 1-bit feedback signal to inform the central node to use the RF link! for
data transmission. To meet a minimum BER requirement of BER, the threshold ~r
is set as [32]:

r = (M —1) {—g In(5 BERO)] M >4 (5.1)

!Note that the remote node is not aware whether or not the RF link is being used by the central
node to transmit data to another remote node.



o8

5.1.2 Central node - Remote node Channel Modeling
Modeling the FSO Link

The instantaneous SNR per symbol of the FSO receiver is given by [63,64]:

Yrso = Yrsohrso, (5.2)

where Yrso and hpgo are respectively, the average SNR and the fading gain over
the FSO link, with E[hpgo] is normalized to unity, where FE[.] is the expectation
operator. Assume using PLL to compensate for phase noise in the received optical
signal and using large enough LO power, such that thermal and background noises

can be neglected, then average SNR Jrgo can be given by [63,64]:

2E vy Pro PrsoGrso

YFso = (5.3)

0Fs0
where Eug, 1, Pro , Prso, Grso, and o%g, are respectively, the average QAM
symbol energy, photodetector responsivity, LO power, average transmitted optical
power, attenuation factor, and variance of shot noise which is modeled as AWGN.
The attenuation factor Grgo (in dB) is determined by the Beers-Lambert law as
Grso = apsoz [26], where apgo denotes the weather attenuation coefficient (in
dB/Km) and z is the link distance. The fading gain over the FSO link is defined
as hpso = hqoh, [65], where h, is Gamma-Gamma atmospheric turbulence-induced
fading gain factor [54] and h, is Gaussian pointing errors-induced fading gain factor
[17].

Following the same procedure used in [65], it is easy to show that the PDF of

YFSO is given by:

Evrs0” " a0 [ EabByrso €241
=22 GV | =3 , 5.4
fvpso(”YFSO) F(oz)F(ﬁ) 1,3 (52 4 1)’_YFSO ‘& , o, B ( )

where £ is the ratio between the equivalent beam radius and the pointing error (jitter)
standard deviation o, given by & = wey /20, [17]. Here, w?, = w2y/merf(v)/2v exp(—v?),
where erf(.) is the error function and w, is the optical beam radius at distance z from
the transmitter aperture and v = /7D /2v/2w, with D is the photodetector diameter.
w, is given by w, = Oyz, where 6 is the transmit divergence at 1/e?. T'(.) and G|/

in (5.4) are respectively, the standard Gamma function and the Meijer G-function
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as defined in [53, Eq. (9.301)] with a and § are the scintillation parameters. The
parameters o and f3 are related to the refractive index structure parameter C> where
the atmospheric turbulence can be modeled from weak to strong turbulence regimes.
Assuming spherical optical wave propagation, expressions for calculating o and 3 in
(5.4) are given by [54]:

41
0.49y2
a = |exp X | —1 (5.5)
(1+ 0.18¢2 + 0.56x 2 )

1-1

0.51x2(1 + 0.69y% )6

/B: €exp X ( i X5)1265 -1 ) (56>
(1+ 0.9 + 0.62d?>x 5 )6

where x? = 0.5C2k7/6211/6 is the Rytov variance, d = (kD?/42)"/?, and k = 27/Apso

is the optical wave number with Apgo is the optical wavelength.

By using [56, Eq. (07.34.21.0084.01)] and some simple algebraic manipulations,
the CDF of vrso can be expressed as:

F

. 52 3,1 520457FSO 1, €241
2es00750) =T3P [+ Drso | 6)

527067570 :

Modeling the RF Link

The instantaneous SNR per symbol of the RF receiver is given by ypr = Yrrhir [24],
where hgp is the fading gain over the RF channel, with E[h%,] normalized to unity,

and Jgp is the average SNR of the RF channel. The average SNR g is given by [24]:

EangRFGRF

2
ORF

YRF = : (5.8)

where Prp, 0%, and Grr are respectively, transmitted RF power, noise variance,
assuming zero-mean circularly symmetric AWGN, and average power gain of the RF

channel. The average power gain Ggp is given by [24]:

4
GrrldB] = Gt + Gg — 20log,, (/\ﬂ) — Qogy? — Qpains (5.9)
RF

where G and G denote the transmit and receive antenna gains, respectively, Agp

is the wavelength of the RF channel, and a,,,, and o4, are the attenuations caused
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2 and rain, respectively. The variance of the noise in the RF

by oxygen absorption
channel is given by o%, = WNoNr [24], where W is the RF bandwidth, Ny is the
noise power spectral density and N is the noise figure of the RF receiver.

The fading gain hrpr over the RF channel follows Nakagami-m distribution, which
represents a wide variety of realistic LOS [59], and non LOS fading channels encoun-
tered in practice [58]. Using power transformation of random variables, it is easy to

show that the PDF of vz is given by [59]:

_(m " re™ o [ ZTARE
fWRF(’YRF)—<§RF> T(m) e p( . ) (5.10)

By using [53, Eq. (3.351.1)], and some simple algebraic manipulations, the CDF of

Yrr can be expressed as:

1 MYRF
Fpw(VRE) = WV <m7 e > : (5.11)

where ~y(+,-) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].

5.2 Steady State System Performance Modeling

Since all the remote nodes are identical, we can study the system performance by
focusing on one remote node, which we called the tagged node. We will use the term

“other nodes” to refer to the N — 1 remaining remote nodes.

5.2.1 Probability of Data Transmission Link Availability for
a Tagged Node

We derive the probability that there is a link available for data transmission from the
central node to a tagged node. We define a to be the probability that a certain FSO
link is in poor quality and can’t be used for data transmission from the central node

to the corresponding remote node, which is given by:

a = Pi[vrso < vr] = Fypso (1), (5.12)

where F.

YFSO

(.) is given by (5.7).

20Oxygen absorption at 60 GHz attenuates the signal at all times, regardless of the weather [57].
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As we are using the same type of digital modulation on both FSO and RF links,
we will use the same threshold 7 to measure the quality of the RF link from the
central node to the tagged node. We define b to be the probability that the RF link
is in poor quality and can’t be used for data transmission by the central node, which
is given by:

b= Pi[yrr < 1] = Fypp (7)), (5.13)
(.) is given by (5.11).
Considering the FSO link from the central node to a tagged remote node, we

define P, to be the probability that n FSO links out of the remaining N — 1 FSO

links are in poor condition and the central node needs to use the back-up RF link for

where F.

TRF

data transmission to the corresponding n remote nodes at a given time step. In this

case, P, is given by the binomial distribution as:

N -1
Pn: ( )an<1_a/)Nn1’ n:O’1’2,,,,’N—1. (514)
n

Given that the FSO link to the tagged node is in poor quality and the RF link is
in good quality, we define Prpr to be the probability that the central node uses the

RF link to transmit data to the tagged node. Based on assumption (1), Prp is given
by:

Prr =P,[No other nodes need RF]
+ P,[tagged node and one other node need RF]/2
+ P,[tagged node and two other nodes need RF]/3
+ ...

d
+ P,[All other nodes need RF|/N (5.15)

1 1 1
=P+ -P+-P,+ ..+ —Pyn_
0+2 1+3 2 + +NN1

No1
:;TH—lP"'

Substituting with (5.14) in (5.15) and after some algebraic manipulations with the

help of the binomial theorem [71, Eq. (1.2.1.1)] , Prr can be given in a more simplified
form as:
P —i[1—(1— ™ (5.16)
RF — uN a . .
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Note that, substituting with N =1 in (5.16) leads to Prr = 1 which corresponds to
the case of point to point data transmission link from the central node to the tagged
remote node with the RF link always available for data transmission conditioning
that it is in good quality.

According to the quality of the FSO link from the central node to the tagged node,
either the FSO link or the RF link is used for data transmission. For the RF link to
be used for data transmission to a tagged node, it should be in a good quality and
is not used for data transmission to another node. Thus, the probability that there
is a link available for data transmission from the central node to the tagged node,
denoted by P, is defined as:

Poy = l—a +  a(l—=b)Prp . (5.17)
N ———’

—~—
Probability of using FSO link  probability of using RF link
Substituting (5.16) in (5.17), P, will be given by:

Pou=1—a+ (17_6) [1—(1—-a)"]. (5.18)

5.2.2 Discrete-Time Markov Chain Model for the Tagged
Node

The central node assigns a first-in-first-out (FIFO) transmit buffer of size B sym-
bols for every remote node. The data symbols arrive at the transmit buffer at rate
R;, symbols/second. This symbol rate R;, is related to the input data rate r in
bits/second by R;, = r/log, M, where M is the order of the M-QAM scheme used.
The symbol arrival rate R;, is assumed to be the same for all the N transmit buffers.
We define R,,; as the symbol departure rate. To prevent transmit buffer overflow, we
must ensure that R, is greater than or equal to R;,. Here, the symbol arrival rate
R;, changes over time with maximum value equal to R,;.

The number of symbols stored in the transmit buffer represent the state of the
buffer. Thus, the buffer is in state o; when there are ¢ symbols in the buffer (i.e., in
the queue) ready for transmission. The future state of the buffer depends only on its
current state and the change from one state to another will occur at discrete time
values corresponding to symbol arrival and departure events. Thus, we can use the
discrete-time Markov chain to model the states of the transmit buffer for the tagged

node. The time step of the discrete-time Markov chain, denoted by 7', is chosen
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as [72]:
1 1
maX(Rm, Rout) Rout <5 9)

We define the probability of symbol arrival w as the probability that a symbol arrives

at the buffer within the time step T'. Or in other words, w is the probability that a
time step 7" has a symbol.

Based on our choice for the time step 7" in (5.19), the resulting Markov chain is
a single-arrival, single-departure queue. The corresponding state transition diagram
of the transmit buffer of the tagged node is shown in Fig. 5.2. In Fig. 5.2, fy =
l—wH+wPu, v=w(l—Py),u=(1—-w)Pu, f=1—(u+v),and fp=1—u are

the states transition probabilities.

fg

Figure 5.2: The state transition diagram for the transmit buffer of a tagged node.

The corresponding state transition matrix P is given by:

[, w0 .. 00 0]
u
v f ..
P=| : @ 0 (5.20)
f u
u
0 v fp

The steady state distribution vector s corresponding to Fig. 5.2 and (5.20) is
given by:

s=[so s1 .. sp], (5.21)

where s;, 0 < ¢ < B, is the probability that the transmit buffer of the tagged node is
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in state «, satisfying the condition:

> si=1 (5.22)

At steady state, the distribution vector s settles down to a unique value and

satisfies the following equation [72]:
Ps=s, (5.23)

where s in this caes is an eigen vector for the state transition matrix P with cor-
responding eigen value equals to 1. From (5.23), we can write the following set of

difference equations:

vsg—us = 0 (5.24)
VSy—UVS —us +usy = 0 (5.25)
VSi1—vS—usitusy, = 0,0<i<DB (5.26)

The solution of this set of difference equations can be given in general form as [72]:

s; = p'so, 0<i<B, (5.27)
where (- P
v w — L avl

==\ -al 5.28

P T (1= w) P (5.28)

The solution for s, is obtained by substituting (5.27) in (5.22) which gives:

B
Zpiso =1. (5.29)
=0

After some algebraic manipulations of (5.29), we can obtain sq as:

L—p

S0
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Combining (5.27) and (5.30) the steady state distribution for the other states is given
by: '
(1—p)'

5.3 Performance Metrics for the Tagged Node

The steady state distribution vector s allows us to analyze the various performance

metrics as explained in the following subsections.

5.3.1 Throughput from Central Node to the Tagged Node

We define the throughput T'h as the probability of transmitting a symbol over a

symbol period. Conditioning on the status of the buffer, Th can be calculated as:

B
Th = wP,,50 + Z Pouisi, (5.32)
i=1
where the first term on the RHS is the probability a symbol leaves the buffer when
the buffer is empty. The second term on the RHS is the probability a symbol leaves
the buffer when it is not empty. Using (5.22), the expression in (5.32) becomes:

Th = Pl — so(1 —w)]. (5.33)
The throughput in units of symbols/second is given by:

th =Th R, [symbols/second] (5.34)

5.3.2 Average Buffer Size

The average buffer size (), is the average number of symbols in the buffer, which can

be expressed as:
B

Qa = ZZSz (535)

i=0
The above expression represents the weighted sum of the number of symbols in the
buffer. Substituting (5.31) in (5.35) and using [71, Eq. (1.2.2.3)] the average buffer
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size after simplification is given by:

Qu — pll — (B + 1)p” + Bp"*]
’ (1= p)(1 = pB+1)

(5.36)

5.3.3 Average Buffer Queuing Delay

The average queuing delay T is the average number of time steps that a symbol

spends in the buffer before being transmitted. Using Little’s result, this delay is

given by [72]:
Qa
T,=—. 5.37
The average queuing delay in units of seconds is given by:
ty = % [seconds]. (5.38)

5.3.4 Symbol Loss Probability

A symbol is lost when it arrives to a full transmit buffer and the symbol at the head

of the queue does not leave. The symbol loss probability Py, is given by:
P =wsp(1l — Puy). (5.39)
The symbol loss rate Ry, in units of symbols/second is given by:
Rp = Pr, R,y [symbols/second). (5.40)
As a verification of the results, we can see that:
w=Th+ Pp, (5.41)

which is consistent to the traffic conservation principle [72], dictating that the input

data rate must equal the output symbol rate plus the symbol loss rate.

5.3.5 Efficiency of the Queue

The efficiency of the queue ¢ is defined as the ratio of probability of a symbol leaving
the buffer relative to the probability that a symbol arriving at the buffer. This can
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be expressed as:
Th Pyl —so(1—
p=— = l[ 50( U))]’ (542)
w w

The efficiency ¢ gives an indication of symbol loss due to buffer overflow. A value
of ¢ = 1 implies no buffer overflow. A value of ¢ < 1 implies buffer overflow and

potential symbol loss.

5.3.6 RF Link Utilization

The probability that the RF link is needed in a given time step, denoted by N, can

be calculated as:

Ne=1- {Prh/FSO > VT]}N
=1—{1—Pilypso <]}V (5.43)
=1-(1-a)".

Then the RF link utilization U defined as the probability that the RF link is used in

a given time step can be calculated as:

U = (1-b)N,. (5.44)

5.4 Numerical Results

In this section, we present several numerical examples to illustrate our analysis. We
assume RF channel fading severity of m=>5. Assume using 16-QAM digital modula-
tion, 7 is chosen to be equal to 21 dB to satisfy a minimum target BER of 1075.
The relevant parameters of the FSO and RF subsystems considered for the numer-
ical results in this paper are provided in Table 5.1 [17], [24], and [64]. The average
QAM symbol energy F,,, is assumed to be normalized to unity. The strongest atmo-
spheric turbulence commonly occurs when weather is clear and becomes weaker as the
weather condition gets worse by means of either fog or rain. The values of C? varies
from 1071 to 2 x 1073 as the atmospheric turbulence strength varies from weak to
strong [17]. Mainly, the FSO link is affected by foggy weather. Thus, we consider
in our numerical examples the scenario of moderate foggy weather condition with
weather attenuation coefficient arso = 42.2 dB/Km and moderate atmospheric tur-

bulence with C? =5 x 57 and no rain with RF rain attenuation 4, = 0 dB/Km.
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Note that, under foggy weather condition and no rain and by using the parameters
given in Table 5.1, a = 0.90 and b = 0.22. These values of a and b are used in Figs.
5.3 - 5.7. In Fig. 5.8 we use arbitrary values of a with b = 0.22.

Table 5.1: Parameters of FSO and RF subsystems

H Parameter H Symbol H Value H
H FSO Subsystem H
Wavelength AFSO 1550 nm
Oscillator Power Pro 1072 W
Shot Noise Variance J%SO 5 x 10712
Responsivity n 0.5 A/W
Photodetector Diameter D 20 cm
Transmit Power Prso 15 dBm
Transmit divergence at 1/e? 0o 2.5 mrad
Jitter standard deviation O 30 cm
Link distance z 1000 m
H RF Subsystem H
Carrier Frequency frF 60 GHz
Bandwidth W 250 MHz
Transmit Power Prp 25 dBm
Transmit Antenna Gain Gr 43 dBi
Receive Antenna Gain Gr 43 dBi
Noise Power Spectral Density Ny -114 dBm/MHz
Receiver Noise Figure Np 5 dB
Oxygen Attenuation Qory 15.1 dB/Km

In Fig. 5.3, we plot the throughput T'h as function of the symbol arrival probability
w for different values of N. The throughput goes into two phases viz linear and
saturation. The linear phase occurs at low w values. The saturation phase occurs for
higher values of w. The transition point occurs when the buffer is not empty (i.e.,
so = 0). From (5.30), this condition occurs when p = 1. From (5.28), p = 1 occurs
when the symbol arrival probability w = P,,. Therefore, the linear phase of the
throughput occurs in the region w € [0, P,,;). The saturation phase of the throughput
occurs in the region w € [Py, 1]. Furthermore, at saturation the throughput decreases
with increasing N. This is due to the increasing competition to access the shared RF
link.

The dotted red line in Fig. 5.3 shows the throughput of the tagged node when
there is no backup RF link. It is worth noting that this throughput is independent of
value of N. While all the other lines show the cases when there is a backup RF link.
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Figure 5.3: Throughput with B = 10 symbols.

It can be seen that using a common backup RF link had improved the throughput.

It is worth to mention that numerical simulations have shown that reducing the
buffer size B results in smoother transitions between the linear and the saturation
phases of the throughput. The buffer size B has no impact on the saturation values.

In Fig. 5.4, we plot the average buffer size (), as function of the symbol arrival
probability w for different values of N. Fig. 5.4 shows two situations for N = 1. The
first situation is the red dotted line when there is no backup RF link. In this situation,
the buffer starts filling at low symbol arrival probabilities. This is because the FSO
link is in bad quality due to the foggy weather. The second situation is the solid black
line when there is backup RF link and only one remote node. In this situation, the
buffer starts filling at high symbol arrival probabilities. This is because the central
node uses the backup RF link. The average buffer size ), increases with smaller
values of w as N increases. The average buffer size (), saturates at the maximum
buffer size B as expected.

In Fig. 5.5, we plot the average queuing delay 7} as function of the symbol arrival
probability w for different values of N. The average queuing delay 7}, shows an S-
type behavior, where it starts at low values then starts increasing after a certain
symbol arrival probability value. It then saturates. The saturation value increases
with increasing values of N. The best performance occurs for the case when there

is a single remote node with a backup RF link. The worst performance occurs when
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Figure 5.4: Average buffer size with B = 10 symbols.

there is no backup RF link. For the cases that N > 1 and there is a backup RF
link shown in the figure by the red, blue, and dotted black lines, it is noted that the
average queuing delay 7, is not equal to zero at very low value of w. This is because,
as N increases the probability P,,; decreases and a symbol will wait in the buffer until
a link is available for its transmission. The dotted red line indicates the case when
using the FSO links only without a backup RF link. We note the same observation
of non-zero delay at very low value of w. This is because there is no backup RF link
and the symbol will wait until the FSO link becomes available. The special case for
N =1 shown in the figure by the black line will have the least average queuing delay
1.

In Fig. 5.6, we plot the symbol loss probability P, as function of the symbol
arrival probability w for different values of N. The symbol loss probability goes into
two phases viz zero loss and linear. The zero loss phase occurs at low w values. The
linear phase occurs for higher values of w. The transition point occurs when the buffer
is full with probability sgp > 0. This condition is equivalent to the condition sy = 0.
From (5.30), this condition occurs when p = 1. From (5.28), this occurs when the
symbol arrival probability w = P,,;. Therefore, the zero loss phase of the symbol loss
probability occurs in the region w € [0, P,,;). The linear phase of the symbol loss
probability occurs in the region w € [Py, 1].
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Figure 5.5: Average queuing delay with B = 10 symbols.
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Figure 5.6: Symbol loss probability with B = 10 symbols.

In Fig. 5.7, we plot the efficiency ¢ as function of the symbol arrival probability
w for different values of N. The efficiency ¢ goes into two phases viz unity efficiency
and decreasing efficiency. The unity efficiency phase occurs at low w values. The
decreasing efficiency occurs for higher values of w. The transition point occurs when

the buffer is not empty (i.e., sop = 0). From (5.30), this condition occurs when p = 1.
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From (5.28), this occurs when the symbol arrival probability w = P,,;. Therefore,
the unity efficiency phase occurs in the region w € [0, P,,,;). The decreasing efficiency
phase occurs in the region w € [P, 1]. Furthermore, the efficiency decreases as N
increases. This is due to the increasing competition to access the shared RF link.
The dotted red line in Fig. 5.7 shows the efficiency of the tagged node when there is
no backup RF link. It is worth noting that this efficiency is independent of value of
N. While all the other lines show the cases when there is a backup RF link. It can

be seen that using a common backup RF link had improved the efficiency.
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Figure 5.7: Efficiency with B = 10 symbols.

In Fig. 5.8, we plot the RF utilization U as function of the number of the remote
nodes N for different values of the poor quality probability of the FSO link a. The
RF utilization U increases as N increases until it saturates. This is because, as N
increases the probability that more FSO links are in poor quality increases and thus
more remote nodes will need to access the RF link. The value of the saturation
depends on the quality of the RF link. For a fixed value of N, the RF link utilization
increases as the FSO link quality degrads.
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Figure 5.8: RF channel utilization

5.5 Summary

In this chapter, we proposed a novel P2MP network based on hybrid FSO/RF trans-
mission system. A common backup RF link is used by the central node for data
transmission to any remote node in case of the failure of its corresponding FSO link.
The central node assigns a transmit buffer for every remote node. We studied the
performance of a single remote node (tagged node) rather than studying the over-
all system performance. A discrete-time Markov chain model was developed for the
transmit buffer of the link between the central node and the tagged remote node.
Studying the tagged node allowed us to investigate several performance criteria such
as throughput from central node to the tagged node, the average transmit buffer
size, the symbol queuing delay in the transmit buffer, the efficiency of the queuing
system, the symbol loss probability, and the RF link utilization. Numerical examples
showed that the P2MP Hybrid FSO/RF network achieves considerable performance
improvement over the P2MP FSO-only network.
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Chapter 6

Dual-Hop VLC/RF Transmission
System with Energy Harvesting
Relay under Hard Delay

Constraint

In this chapter, we introduce a dual-hop VLC/RF system as a new hybrid VLC/RF
approach to extend the coverage of indoor VL.C systems. In this approach, a second-
hop RF link is used to extend the coverage of a first-hop VLC link by introducing
a relay between the two hops. In order to reduce power consumption, the relay is
equipped with a Photovoltaic module that harvests indoor light energy and converts
it into electrical energy. The relay uses the harvested energy to retransmit the data
received over the first-hop VLC link to a mobile terminal over the second-hop RF link.
We investigate the data packet transmission performance of the proposed system. A
main Quality-of-Service (QoS) requirement in many data services such as video and
real-time multimedia streaming, high throughput file transfers and Voice-over-IP is to
transmit a data packet within a strict end-to-end delay constraint. Considering the
QoS requirement of transmitting a data packet of certain size from the data source
to the mobile terminal within a strict time delay constraint, the probability of data
packet loss is analyzed.

The remainder of the chapter is organized as follows. In section 6.1, we introduce
the system and channel models of the dual-hop VLC/RF transmission system with

energy harvesting relay. In section 6.2, we introduce the model for the indoor light
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energy harvesting at the relay. In section 6.3, we present the packet loss probability
analysis of the proposed hybrid transmission system. Finally, section 6.4 presents
some numerical examples to investigate the performance of the introduced system,

followed by the chapter summary in section 6.5.

6.1 Dual-Hop VLC/RF Transmission System Mod-

eling

Relay
Information Source (Energy Harvesting / Mobile Terminal
(Optical Transmitter) Optical Receiver / (RF Receiver)
RF Transmitter)

Figure 6.1: General block diagram of a dual-hop hybrid VLC/RF transmission system
with energy harvesting relay.

The general block diagram of a dual-hop hybrid VLC/RF transmission system
with energy harvesting relay is shown in Fig. 6.1. We assume here a time division
relaying scheme which composes of two time slots. In the first time slot of duration T}
seconds, the source terminal uses a LED optical transmitter to transmit a data packet
of size B bits over the VLC channel to the relay. At the same time, the relay harvests
light energy from indoor artificial light sources and from sunlight energy entering
the room. In the second time slot of duration T, seconds, the relay harvests more
light energy from the available indoor light sources and uses the harvested energy to
retransmit the data packet to the mobile terminal over the second-hop RF channel.
With the introduction of parameter a € [0, 1), we specify the portion of Ty used for
the excess light energy harvesting as oI5 and the portion of 75 used for data packet
retransmission as (1 — «)75 as shown in Fig. 6.2. It is worth to mention here that
there is no harvested energy during the RF transmission duration (1 — «)75. This is
because during the RF transmission, the harvested energy storage device (for example
a battery) is discharging and simultaneous charging and discharging for the storage
device is very challenging to implement. The relay is assumed to have a buffer to hold
the data packet for the time duration of oI, before the data packet retransmission

process begins.
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Data Packet Excess Light Energy Data Packet Retransmission
Transmission over VLC / Harvesting over RF
Light Energy Harvesting
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Figure 6.2: Equivalent time representation of the dual-hop hybrid VLC/RF trans-
mission system with energy harvesting relay.

To comply with a certain QoS requirement, the total time to transmit one data
packet from the source terminal to the mobile terminal T} + 75 must not exceed a

strict delay constraint of T, seconds.

6.1.1 Modeling the First-hop from LED Source to Relay

We assume that the VLC channel can support data rate up to one Gbits/second [73].
Then, the duration of the first time slot T} is related to the first-hop data rate, denoted
by Ry, as

T [Second]. (6.1)

Ry
The relay terminal is assumed to be located in a fixed position, where the photo-
detector! used for data detection at the relay has a clear LOS link to the LED source.
Since the VLC channel gain depends mainly on the irradiance angle, the incidence
angle of the optical signal and the distance from the LED to the photo-detector [45],
which are fixed in this case, the VLC channel is considered a static channel with

constant data rate R; here.

6.1.2 Modeling the Second-hop from Relay to Mobile Ter-
minal
The relay will use the harvested energy during 77 and o5 for its data packet retrans-

mission to the mobile terminal during (1 —«)7T3. In the steady state, the initial stored

energy present at the start of the data packet transmission over the VLC channel will

!This photo-detector can be a passive device that does not require an additional power supply
for data detection [49].
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be equal to the energy remaining in the harvested energy storage device after the RF
retransmission of the data packet. Here, we assume that the digital signal processing
operation to retrieve the data at the relay, before the RF retransmission process, only
consumes a very small portion of the harvested energy, which can be neglected. Thus,
the total RF retransmission energy equals to the total harvested energy. Then under
the steady state condition, the total RF retransmission power, denoted by P, in this

case is given by: P )
R4y +ada

P. B e
T -a)Ty

(6.2)

where P, is the electrical power that is converted from the light energy harvested over
time duration of T} + aT5 and stored in the storage device.
Accordingly, the instantaneous received SNR at the mobile terminal, denoted by

72, can be written as [32]:

_ PR

Y2 Goo 63
. |h2’2Ph(T1 + OéTQ) ’
 Gho(l—a)Ty

where |hg|? is the RF channel power gain with F[|h|?] normalized to unity, where
E[.] is the expectation operator, and o is the power of the AWGN noise. G in (6.3)

is the second-hop path loss defined as [74]:

- (397 (2)

with A is the RF carrier wavelength, dy is the reference distance (dy = 1m for indoor

environment [74]), dy is the distance from the relay to the mobile terminal, and ~ is
the path loss exponent (typically, v takes values 1.6 - 1.8 for indoor situations [74]).

The RF fading gain |hs| is modeled by Nakagami-m distribution, which represents
a wide variety of realistic LOS and non LOS fading channels encountered in practice
[58]. The PDF of |hy|? is given by [59]:

mmzm—l

['(m)

where m is the Nakagami-m parameter indicating the fading severity over the second-

fino2(2) = exp (—mz), z2>0, (6.5)

hop RF channel. By using [53, Eq. (3.351.1)], and some simple algebraic manipula-
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tions, the CDF of |hy|? can be expressed as:

Fipp2(2) = ﬁ’y (m,mz), =z>0, (6.6)
where (-, -) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].
The highest data rate that can be supported by the second-hop RF channel,
denoted by R,, is related to the SNR 7, and is given by the well-known Shannon
formula as [32]:
Ry = Wlog, (1 +2) [bits/second], (6.7)

where W is the RF channel bandwidth in Hertz (Hz).

6.2 Modeling Energy Harvesting at the Relay

We now propose a statistical model for the harvested energy which will be used in
analyzing the packet loss probability in the next section. The relay is equipped with
an excess photovoltic module? which harvests light energy from indoor artificial light
sources and sunlight energy entering the room and converts it into electrical energy.

The harvested electrical power by the photovoltic cell P, is given by [50]:
Py = 0.751,.V,e, (6.8)

where I,. and V,. are, respectively, the short circuit current and the open circuit
voltage of the photovoltaic cell. The short circuit current I, varies with the variations
in the light intensity I as I,. = CI, where C' is a constant that depends on the type
of the photovoltic cell used® and its manufacture parameters [50]. The open circuit
voltage V. is related to I, as [50]:

[sc
Voe = Vi In ([— + 1) , (6.9)

0

where V; is the thermal voltage (V; = 25 mVolt) and I is the dark saturation current

of the photovoltic cell, which is the photovoltic cell leakage current in the absence of

2Note that, this photovoltic module is different from the photo-detector that is used for data
packet reception over the VLC channel.

3For example the amorphous silicon (a-Si) photovoltic cells which have a relatively high efficiency
at low light levels, compared to other types of photovoltic cells [51], that makes them particularly
suited for indoor uses.
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light (I is in the order of 107 ~ 10712 Ampere [75]). Thus, the harvested electrical

power P, in (6.8) can be rewritten as:

P, =075V, I;.In <]I—500 + 1) . (6.10)

Due to the random motion of the people within the room, the photovoltic module
is susceptible to shadowing effect and will receive various reflected light components.
Thus, the intensity of the incident light on the photovoltic cell [ is a random variable
which can be modeled by the common Log-normal distribution in such cases [32]. Ac-
cordingly, the short circuit current of the photovoltic cell I,., which depends on the
incident light intensity I, is also a random variable that follows the Log-normal dis-

tribution I, ~ LN(u,, 0, ), where pu, and o, are the mean and the standard deviation
of I,.. Then, the PDF of I, is given by:

fro (@) = —— s MM)Q] ’ (6.11)

= ——exp |—
TV 27O & p{ 208,

where . and oy, are the mean and standard deviation of the logarithmic samples

of I, and are related to p, and o, by [56]:

fine = In (\/,%) P (;—2 + 1). (6.12)

Proposition 1. The output power from the photovoltic cell can be modeled as a Log-
normal distribution, Py, ~ LN(j,,0,), where y, and o, are the mean and the standard
deviation of Py. Then, the PDF of P, is given by:

(In(y) — ,ulny)2] ’ (6.13)

fo (W) = —
= ———€X —
it Yy 27Ta—lny P 2Ul2ny

where pin, and o1, are the mean and standard deviation of the logarithmic samples

of Py, and are related to p, and o, by:

2 o2
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The mean p, of Py, is calculated as:

1y = /0.75Vt zln (Ifo + 1) fr(z)dz, (6.15)
0

which can be evaluated by numerical integration, and the standard deviation o, of P,

[ho Ha
= In(==+1)]. 1
5, = Vi o, [Mx+[0+n(]o+ )] (6.16)

1s calculated as:

Proof: see appendix A.

6.3 Packet Loss Probability Analysis of the Dual-
hop VLC/RF system

The main goal here is to successfully transmit the data packet within a fixed time
duration of T,;. An important performance metric in this case is the packet loss
probability.

Given the total transmission time constraint 7Ty, the data packet retransmission
time duration of (1 — )7, must not exceed the value of Ty — T} — aT5. As such the

relay must retransmit the data packet with minimum data rate of Ry, given by:

B

Ry —— —
T T — Ty

(6.17)
to satisfy the strict end-to-end delay constraint of Ty.

The data packet will be lost if the data rate in (6.17) exceeds the Shannon limit
given in (6.7). Or in other words, the data packet will be lost if the RF channel can
not support the requirement of this minimum data rate Ry,. Then the probability of

data packet loss is given by:

Ppr = PT[RQ < RQT]. (618)

Substituting with (6.7) in (6.18) and after some mathematical manipulation, (6.18)
can be rewritten as:

Ppr, = P72 < Y271), (6.19)

Ry,
where o =2 W — 1.
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This means that the packet is lost if the received SNR 7, at the mobile terminal
is less than the threshold value of v5,. This can happen due to insufficient harvested
light energy at the relay or poor RF channel from the relay to the mobile terminal.
Thus, after substitution with (6.3) in (6.19), Ppy, can be calculated as:

Ppp, =

ho|2 P, (T: T
P, [’ 2| Ph(Th + o) <'72T:|

Goo(1 — )Ty (6.20)

where A = Gy0vya7(1 — )Ty /(T + oT3).
Conditioning on Py, the probability of packet loss Ppy in (6.20) is given by:

7 A
Pry, = / P [w <2 y} Fo. )y
0

- ) (6.21)
/ 7 <m’ mi) 1 (In(y) — funy)?
= exp | — 5 dy.
0 P(m) yv 2’n-o-lny 20—1ny
By using the change of variable t = m\%)#, Ppy, in (6.21) can be rewritten as:
Olny

1 r e
Ppy, = vl 4 F(t) e at, (6.22)

where f(t) =~ (m, mAe_<‘/§”1“yt+“lny)>, with (-, ) as the lower incomplete Gamma
function defined in [53, Eq. (8.350.1)].

The term [ f(t) e*'dt in (6.22) has the form of the Gaussian-Hermite integration

which can be closely approximated as [76]:

/ $(0) Pt Y e f (), (6.23)

where ¢; and w; are abscissas and weight factors for the Gaussian-Hermite integration.
t; and w; for different values of N are available in [76, Table (25.10)], or can be
calculated by a simple MATLAB program. Therefore, Pp; can be approximately
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calculated in a closed form as:

1 N
Ppp, = NG ;w ft). (6.24)

There is a trade-off between the portion of the second time slot a1, consumed for
excess light energy harvesting and the time portion (1 — )75 used for data packet
retransmission over the second-hop. If « is large, more light energy will be harvested
and more power will be available for the retransmission process, while less time will
be available for the data packet retransmission process. On the other hand, if «
is small, less light energy will be harvested and less power will be available for the
retransmission process, although the time available for the data packet retransmission
process is large in this case. Thus, we optimize the parameter « in terms of minimizing
the data packet loss probability.

The optimal parameter a*, which minimizes the packet loss probability Pp; can
be obtained by solving OPp;/0a = 0 for a. However, it will be difficult to obtain the
optimal a* in closed form. As an alternative method, we can treat the problem as one-
dimensional optimization problem with uncertainty range of [0, 1), and use numerical

methods, such as Golden-section search method [68] to search for the optimal a*.

6.4 Numerical Results

In this section, we present numerical examples to illustrate our analysis. We assume
that a data packet of size B = 8000 bits is to be transmitted from the LED source
to the mobile terminal within the time delay constraint of T; = 1000 micro seconds.
The LED source is transmitting with data rate of Ry = 1 Gbits/second. We assume
the mean and the standard deviation of the short-circuit of the photovoltic cell to be
e = 3 x 107% Ampere and o, = 0.5 x 107 Ampere. The RF carrier frequency is
f = 2.4 GHz and the RF channel bandwidth is W = 20 MHz which are taken from
the WiFi 802.11 g protocol, along with RF AWGN power of ¢ = 5 x 10712 Watt and
RF fading severity of m = 3.

In Fig. 6.3, we plot the packet loss probability as function of the parameter a
for different values of the distance d, from the relay to the mobile terminal and a
fixed path loss exponent of v = 1.6. The numerical results shown in Fig. 6.3 are

obtained using N=30 in (6.24). It can be observed that evaluating Ppj using the
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Figure 6.3: Packet loss probability for different values of dy with v = 1.6.

approximated closed form gives accurate results that coincide with the values of Ppy,
obtained by evaluating the integral in (6.21) using numerical methods. Starting from
a small value of « close to zero in Fig. 6.3, Pp;, decreases with the increase of v until
it reaches its minimum value at o*. This is because, as « increases, more light energy
is harvested at the relay and thus more electrical power is available for data packet
retransmission process. However, as « increases over o*, the time available for data
packet retransmission is reduced and the data rate R,,. increases. Although more light
energy was harvested, the RF channel can not support the minimum required data
rate Ry, to maintain the time delay constraint of 7. Thus, Ppj, starts to increase.
By numerical search, we can find that the optimal portion of the second-hop time
duration 75 to harvest more light energy is a* = 0.6713 in this case. By simple
calculation, we can find that Ry, = 24.5 Mbits/second at o = a*. We can observe
that the value of o* is independent of the distance dy. This could be explained with
the aid of (6.20) and (6.24). Performing the partial differentiation of Pp;, in (6.24)
with respect to a will include performing the partial differentiation of A defined in
(6.20) with respect to a. As G9 is a multiplicative term of A, then when equating
the partial derivative with zero to find the optimal «, the term G5 will be eliminated.
Thus, G5 does not affect the value of o*.

For a fixed value of o in Fig. 6.3, the available power for RF transmission is fixed.

Therefore, as the remote terminal moves far away from the relay (i.e., ds increases),
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the performance of the hybrid VLC/RF transmission system degrades, as expected.
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Figure 6.4: Packet loss probability for different values of v with dy = 15m.

In Fig. 6.4, we plot the packet loss probability as function of the parameter o for
different values of the path loss exponent v and fixed value of the remote terminal
distance from the relay of dy = 15 m. It can be seen from Fig. 6.4, that as ~ increases,
the packet loss probability increases due to the increase of the RF channel path loss.

In Fig. 6.5, we plot the packet loss probability Pp;, as function of the parameter
« for different values of the packet size B and fixed value of the remote terminal
distance from the relay of do = 15 m and a fixed path loss exponent of v = 1.6. The
relation between Pp;, and « follows the same trend as in Fig. 6.3. It can be seen that
increasing the packet size B leads to an increase in the packet loss probability for the
same value of . This can be explained with the aid of (6.17). Increasing the packet
size B leads to proportionate increase in the RF transmission rate Rop. This leads
to increase in packet loss probability Ppy. It can be noticed that as B increases, the
optimal value o* decreases.

It is worth noting that the value of u, reflect the amount of light energy that can
be harvested. Thus, as u, increases, more electrical power on average will be available
for the data packet retransmission process over the second-hop RF channel, and thus
the probability of packet loss will decrease and all the curves in Fig. 6.3 and Fig.
6.4 will go down. Also, it is worth noting that the system performance in terms of

the data packet loss probability is improved by increasing the delay time constraint
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Figure 6.5: Packet loss probability for different values of B with dy = 15m and
v = 1.6.

T,. This is because increasing Ty allows more time to harvest light energy and to

retransmit the data packet over the second-hop RF channel at lower data rate.

6.5 Summary

In this chapter, we introduced a dual-hop VLC/RF transmission system with an
energy harvesting relay to extend the coverage of indoor VLC systems. The relay
between the two hops harvests indoor light energy which is used to retransmit the
data packet to the mobile terminal over the RF channel. We considered a main QoS
constraint for the data services applications, which is transmitting a data packet to
the mobile terminal within a strict end-to-end time delay. Considering this QoS con-
straint, we analyzed the probability of data packet loss. The parameter o determines
the time available for excess light energy harvesting and the time available for data
packet retransmission. This parameter was found to affect the system performance.
An optimal value of a exists that minimizes packet loss probability. This optimal
value was found to be independent of the mobile terminal distance and the path loss
exponent. However, the optimal value of o showed inverse dependence on the packet
size. For a certain value of packet size B, the optimal value a* can be determined

off-line using standard optimization techniques such as golden-section search method.
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Chapter 7

Optimal Design of Dual-Hop
VLC/RF Communication System
with Energy Harvesting

In this chapter, we introduce a dual-hop VLC/RF system as a new approach in hybrid
VLC/RF systems to extend the coverage of indoor wireless system based on VLC. In
this proposed hybrid VLC/RF system, the optical source, specifically a LED source
uses a SIM scheme to transmit the information over a VLC channel to a relay. The
relay uses DD scheme to retrieve the information. The relay harvests energy from the
LED light. Then, the second-hop RF transmission uses the harvested energy over the
first-hop VLC transmission to retransmit these information to a mobile terminal.
The remainder of the chapter is organized as follows. In section 7.1, we introduce
the dual-hop VLC/RF transmission system model. In section 7.2, we design the
optimal VLC bias and analysis the performance of the proposed system in terms of its
average end-to-end data rate. Finally, section 7.3 presents some numerical examples
to investigate the performance of the proposed hybrid VLC/RF transmission system,

followed by the chapter summary in section 7.4.

7.1 Dual-Hop VLC/RF Transmission System Mod-
eling

The general block digram of a dual-hop hybrid VLC/RF communication system with

energy-harvesting relay is shown in Fig. 7.1. Assuming time division relaying scheme,
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(Optical Transmitter) (Optical Receiver / (RF Receiver)
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Figure 7.1: General block digram of a dual-hop hybrid VLC/RF system

in the first time slot of duration 77, the information source terminal sends its signal
over the VLC channel to the relay terminal. In the second time slot of duration
T, the relay retransmits the source information to the mobile terminal over the RF
channel. The relay harvests the light energy from the LED source during 7} and
T5. Here, the relay is assumed to be located in a fixed position, where it has a clear
LOS communication link to the LED source. On the other hand, the designated user
can move freely within the room. A detailed block digram of the proposed system is

shown in Fig. 7.2, which will be discussed in the following subsections.

Source
Information | Electrical ml(t) Adding DC | X(t)
I Source Modulator Bias _; LED I
tr(t)
VLC Channel
Mob.ile j Relay Pi(t)
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| Buft , Data '(lt) AC and DC "I(t) Photo | |
utrer Processing omponen Detector
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7! ‘ v
RF Chargering I
. - Circuit and
Transmitter Battery I

Figure 7.2: Detailed block digram of a dual-hop hybrid VLC/RF system
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7.1.1 Optical Signal Transmission and Detection

The bit stream from the information source is first used to modulate an RF subcarrier
to produce signal m(t). A DC bias B is added to the electrical modulated signal to
insure that m(t) is non-negative, before being used to modulate the optical intensity of
a LED array. At the same time, this DC bias places the LED in the proper operation

mode. The transmitted optical signal can be written as:
P,(t) = NPpgp[B + m(t)], (7.1)

where N is the number of LEDs in the LED array, and Ppgp is the single LED power
with units of Watt/Ampere assuming identical LEDs. At the relay, the received
optical power is converted into electrical current through direct detection at the photo-
detector. The electrical current i,(¢) at the output of the photo-detector can be

written as:

i (t) = nHP,(t) + n(t) = Ipc + i(t) + n(t), (7.2)

where 7 is the photo-detector responsivity in A/W and H is the VLC channel power
gain. n(t) is an AWGN coming from ambient shot light noise and thermal noise,
with zero mean and total variance o} = 02, ,, + 07, crmar» Where o2, is the shot noise
variance and o2, is the thermal noise variance [79]. Thus, the noise power is given
by 0 = NoW, where Ny is the noise power spectral density and W is the modulation
bandwidth for the LED [45].

The VLC channel power gain H is given by [80]:

g ArlE+ 1)

o cos®(¢) cos(1)), (7.3)

where A, is the physical area of the photo-detector, £ is the Lambert index that
depends on the semi-angle at half luminance ¢1/2, as { = —1/logycos(¢, ), di is the
transmission distance from the LED to the illuminated surface of the photo-detector,

¢ is the irradiance angle, and 1 is the incidence angle.



89

7.1.2 Information Processing at the Relay

From (7.2), the AC component i(t) = nHN Prgpm(t) carries the information. To
avoid clipping distortion by the nonlinearity of the LED, the input electrical signal
to the LED must be within the linear region of LED operation. This can be done by
adjusting the DC bias current B such that it is within the dynamic range of operation
of the LED denoted by DAIy — I}, where I}, denotes the minimum input bias current
and Iy denotes the maximum input bias current. In this case, the input electrical

signal m(t) varies around the DC bias B with peak amplitude given by:

) B—1I,, ifB<iiln -
Iy -B, B>t (74)

Thus, the received electrical power P¢ will be given by P¢ = (nHN PrppA)?. The

T

received electrical SNR at the relay, denoted by 7;, can then be defined as:

HNP;ppA)?
N LED S (7.5)

01

7.1.3 Energy Harvesting at the Relay

The maximum amount of energy that the relay can harvest is given by [50]:
E, =0.751pcVoe(Th + T), (7.6)

where Ipc = nHNPpgpB is the DC component of the output current i,(t) from
the photo-detector and V. is the open circuit voltage of the photo-detector. V. is
related to Ipc as V. = Vi In (I?—OC + 1) [50], where V; is the thermal voltage (V; =~ 25
mVolt) and [j is the dark saturation current of the photo-detector (I is in the order
of 1072 ~ 107'2 Ampere [75]). E}, is upper bounded by Ej, = 0.75T1V;I%,/1,.

The harvested energy is used for three purposes in our system: 1) to power data
processing electronics, 2) to power charging circuit electronics, and 3) to charge the
battery for the RF transmission. In general, the data processing and charging man-

agement circuit consumes much less energy compared to the RF transmission.
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7.1.4 Information Transmission over RF Channel

The relay will use the harvested energy E}, which is stored in the battery, to retrans-
mit the data to the mobile terminal during T5. At steady state condition, the RF
retransmission power is equal to Ej, /T,. Accordingly, the instantaneous received SNR

at the mobile terminal, denoted by =, can be defined as:

_ |hePEy/ Ty

= (7.7)

where |hg|? is the RF channel power gain with F[|h|?] normalized to unity, where
E[.] is the expectation operator, and oy is the noise power assuming AWGN noise.
Gy is the second-hop path loss defined as Gy = (4mdy/N)? (dy/dy)”, with X is the used
RF carrier wavelength, dy = 1m is the reference distance, ds is the distance from
the relay to the destination terminal, and «y is the path loss exponent (typically, ~y
takes values 1.6 - 1.8 in indoor situations [74]). The RF fading gain hy is modeled by

Nakagami-m distribution. The PDF of |hy|? is given by [59] as

m™(|ho[)""
['(m)
where m is the Nakagami-m parameter indicating the fading severity over the second-

hop RF channel. Accordingly, the received SNR 7, will have the following PDF and
CDF, respectively as [59]

finapp (|haf?) = exp (—ml|hsl*) , [ha|* > 0, (7.8)

m m m—1
52) 2 mey
fra(72) = QYFT exp (—?2) 72 20, (7.9)
1 m
Ey () = WV (m, %) Y2 20, (7.10)

where 75 is the average SNR of the second-hop RF channel given by 3o = E}, /ToGa04
and (-, ) is the lower incomplete Gamma function defined in [53, Eq. (8.350.1)].
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7.2 Average End-to-End Data Rate Analysis with
Optimal VLC Bias Design

Suppose that the LED source transmits data to the relay with rate R, bits/second/Hz
and the relay retransmits the data to the mobile terminal with rate Ry bits/second/Hz.
The data rate of the whole system will be limited by the smaller data rate between
the two hops, given by R = min(Ry, Ry), where R; is given by the lower bound on
the capacity of the VLC channel [81] as Ry = log, (1 + 5=71), and Ry is given by the
well-known Shannon formula as Ry = log, (1 4+ 72). We assume that the signals trans-
mitted over two hops have the same bandwidth. It is clear that increasing the DC
bias B will lead to an increase in the amount of harvested energy at the relay which
leads to an increase in the data rate of the second-hop RF channel Ry;. However, to
transmit more information over the first-hop VLC channel, we need to reduce the DC
bias B to increase the received electrical power P¢ and thus increase R;. Thus, the
optimal DC bias needs to be designed. In what follows, we present two methods to
design the optimal VLC DC bias.

7.2.1 Optimal VLC Bias Design Based on Average End-to-
End Data Rate (ADR-Based method)

Since the first-hop VLC channel is static channel in its nature and the second-hop
RF channel is dynamic channel, then the average end-to-end data rate, denoted by

R, can be obtained by using the law of total expectation as:

R

E[min(Ry, Ry)]

= E[Rl‘Rl < RQ]Pr{Rl < RQ] -+ E[RQ‘Rl > R2]Pr[R1 > RQ] (7 11)

B[l - Fyy(0)] + Fon(c) / logy (1 +2) fon (v2) e,

where ¢ = 21 — 1. To evaluate the integral part of (7.11), after the substitution
with (7.9), we first express log, (1 +72) as In (1 +92) /In(2). Then, by applying the
integration by part rule, and using [53, Eqgs. (2.33.10) and (8.352.7)], along with the
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binomial expansion rule, R can be expressed in this case in a closed form as:

R=Ril—F,(c)] F(f;) <C)( ){mu +or <m %) — (m—1)lexp (%)

SR G () - (5]

o (7.12)

LM

where I'(+, -) is the upper incomplete Gamma function defined in [53, Eq. (8.350.2)].
The optimal bias B, which maximizes the average end-to-end data rate R can be
obtained by solving % = 0 for B. However, it will be difficult to obtain the optimal

B’ in closed form.
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Figure 7.3: Average data rate for ADR-based method with dy = 10m and m = 1.

It is clear from Fig. 7.3 that R is a unimodal function in B. Thus, we can treat the
problem as one-dimensional optimization problem with uncertainty range of [Ir, I],
and use numerical methods, such as Golden-section search method [68], to search for

the optimal B.
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7.2.2 Optimal VLC Bias Design Based on Instantaneous End-
to-End Data Rate (IDR-Based method)

To maximize the instantaneous end-to-end data rate R, we need to solve the following

optimization problem:
max}igmize R(B) = min(Ry, Ry)
subject to B € [I, Iy].

Normally, such max-min problem has solution at Ry = Ry, which when we consider
the constraint B € [I, Iy], leads to the solution:

I — \Jeres I ha]?
B, = aln = Veelilh| (7.13)

1 —02|hz|2 7

with ¢; = eGooyToly and ¢y = 1.570? (T +T5)Vr, where we plot Ry and Ry as function

of B in Fig. 7.4 using parameters given in section 7.3.
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Figure 7.4: System data rates with dy = 10m.

When second-hop RF channel gain |hy|? increases (i.e., the quality of the second-
hop RF channel improves), the intersection point of Ry with R; (whose projection
on the DC bias B-axis equals to B;) moves up towards the peak of R; and thus the

end-to-end data rate R of the whole system increases with a decrease in the required
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DC bias B. However, the maximum end-to-end data rate is constrained by the peak
value of Ry, which corresponds to the case when By = (I, + Iy)/2 (equals to 6 mA

in Fig. 7.4 that occurs when:

2
(mcﬂz — Veealy — dercaen (I — Cm>> (7.14)

Y

|hel? = |holf =

2.2
dcsez,

where ¢,, = (I, + Iy)/2. Thus, the optimal DC bias, denoted by Bj, in this case can

be chosen according to the following criteria:

B — By, if [ho|?* < [hel? (7.15)
I e .
Ll - if [hy|? > |haf3,

with optimum data rate R(Bj) = R1(Bj) = Ra2(Bj). Accordingly, the average end-

to-end data rate, with optimal DC bias B} chosen based on the instantaneous RF

channel power gain |hy|?, is obtained by averaging the optimal data rate R(B}) over

the distribution of |hy|? as:

‘h2|% o0
R= [ RO fuphaPidiaf + [ BB fe(bP)dlbaf. (116
0 |h2]3.

The first integral part of (7.16) can be evaluated numerically as it is hard to be

obtained in closed form. The second integral part of (7.16), can be given in a closed

F(m,m|h2\2>
T'(m) Ry

form as Bi=(Ip+Ix)/2 Dy using [53, Eq. (3.351.2)].

7.3 Numerical Results

In this section, we present numerical examples to illustrate our analysis by using the
parameters given in Table 7.1 [45,79]. We assume T; = T3 = 1 second.

In Fig. 7.5, we plot the average data rate of the whole system as a function of the
distance ds from the relay to the mobile terminal. For the ADR-based method, the RF
channel path loss Gy varies with dy. For each value of G5, we use the Golden-section
search method with an accuracy of 107 to find the optimal DC bias B% and the
corresponding average end-to-end data rate to obtain the ADR-based curve. For the
IDR-based method, we use (7.16) to obtain the IDR-based curve. It can be seen from
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Table 7.1: Parameters of VLC and RF subsystems

H Parameter H Symbol H Value H
Single LED Power Prep 20 mW/A
Minimum Bias Current I, 1mA
Maximum Bias Current Iy 11 mA
Semi-angle at Half Luminance b1/2 15 deg.
Irradiance Angle 0] 20 deg.
Incidenece Angle P 20 deg.
VLC Channel Range dy 1.5m
Physical Area of Photo-detector A, 0.04 m?
Photo-detector Responsivity n 0.53 A/W
Number of LEDs in the Array N 10
VLC Noise Power Spectral Density Ny 10721 A%/H~
Modulation Bandwidth for LED w 40 M H=z
Dark Saturation Current of Photo-detector Iy 1074
RF Noise Power o9 1078 W
RF Path Loss Exponent ¥ 1.6

Fig. 7.5 that, the average data rate decreases as dy increases, using either ADR-based
method or IDR-based method in choosing the optimal DC bias. However, the average
end-to-end data rate had shown improvement when the optimal DC bias is chosen
based on the instantaneous RF channel power gain |hs|?> (IDR-based method) over
the method when the optimal DC bias is chosen based on RF channel path loss G,
(ADR-based method), especially, at smaller distances between the mobile terminal
and the relay. As the distance dy increases, the performance of the two methods
approach to each other. Note that, the performance advantage of the IDR-based
method comes at the cost of requiring instantaneous channel knowledge of |hy|? at
the LED source to calculate the optimal DC bias B} according to the criteria given
by (7.15).
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Figure 7.5: System average data rate with optimal DC bias.

7.4 Summary

In this chapter, we presented a dual-hop heterogeneous communication system that
composed of two different types of communication links, specifically, VLC and RF
links. A relay between the two hops is able to harvest energy from the VLC link and
uses it to retransmit the data to a mobile terminal over the RF link. The DC bias
imposed on the electrical signal at the LED source, before being transmitted over the
first-hop VLC channel, affects both the power of the transmitted electrical signal over
the first-hop VLC channel and the amount of energy harvested by the relay. Thus,
it affects the data rates of both hops of the hybrid VLC/RF system. Two methods
of designing the optimal DC bias were introduced and the corresponding end-to-end
average data rate of the system in each case was analyzed. One method is based on the
second-hop RF channel’s instantaneous power gain (IDR-based method) and the other
one is based on the second-hop RF channel’s path loss (ADR-based method). The
IDR-based method was shown to give better average data rate performance over the
ADR-based method. However, the performance advantage of the IDR-based method
comes at the cost of requiring instantaneous second-hop RF channel knowledge at
the LED source.
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Chapter 8
Conclusions and Future Work

In this chapter, we conclude the thesis by summarizing the accomplished work and

suggesting some potential further research topics.

8.1 Conclusions

In this thesis, we first presented and analyzed a new transmission scheme for hybrid
FSO/RF systems. This transmission scheme is based on adaptive combining. The
exact CDF of the received SNR for the proposed hybrid FSO/RF system with adap-
tive combining is obtained, which is used to study the system outage performance.
Hybrid FSO/RF system with adaptive scheme had shown improved outage perfor-
mance compared to FSO-only and RF-only systems in all weather conditions and
atmospheric turbulence regimes.

To effectively use the available resources of hybrid FSO/RF systems with adaptive
combining scheme, we also presented two new joint adaptive schemes. One is joint
adaptive modulation and adaptive combining scheme. We obtained a closed-form
of the exact CDF of the received SNR for the proposed adaptive hybrid FSO/RF
system. This proposed adaptive hybrid FSO/RF system had shown improved spectral
efficiency and outage performance compared to that of switch-over hybrid FSO/RF
and FSO-only systems, while maintaining good average BER. The other joint adaptive
scheme is joint power adaptation and adaptive combining scheme. In this adaptive
scheme, two new power adaptation policies that are based on a modified TCI were
implemented on the RF link of the hybrid FSO/RF system. These two policies were
defined as ygp-based TCI adaptation policy and vgr + Yrso-based TCI adaptation
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policy. Closed form for the system outage probability for each policy was derived.
Hybrid FSO/RF system with this joint adaptive scheme had shown improved outage
performance compared to outage performance of the same system without power
adaptation, while conserving RF power. Also, we have showed that vgp-based TCI
adaptation policy achieves better outage performance than vgr + Yrso-based TCI
adaptation policy.

Considering a multi-user scenario, we proposed and analyzed a new P2MP Hybrid
FSO/RF Network. In this network, a common backup RF link is used by the central
node for data transmission to any remote node in case of the failure of its correspond-
ing FSO link. We developed a discrete-time Markov chain model for the transmit
buffer of the link between the central node and a single remote node (tagged node).
Studying the tagged node allowed us to investigate several performance criteria such
as throughput from central node to the tagged node, the average transmit buffer size,
the symbol queuing delay in the transmit buffer, the efficiency of the queuing system,
the symbol loss probability, and the RF link utilization. Using a common backup RF
link in the P2MP Hybrid FSO/RF network had achieved considerable performance
improvement over the P2MP FSO-only network.

To extend the coverage of indoor VLC systems, we introduced a dual-hop VLC/RF
transmission system with an energy harvesting relay. We proposed two approaches
for energy harvesting at the relay between the two hops. In the first approach, the
relay harvests indoor light energy. Considering QoS constraint of a strict end-to-end
time delay, we analyzed the probability of data packet loss. The parameter « that
determines the time available for excess light energy harvesting and the time available
for data packet retransmission was found to affect the system performance. An op-
timal value of o that minimizes packet loss probability was found to be independent
of the mobile terminal distance and the path loss exponent.

In the second approach, the relay harvests energy from the received optical signal.
The amount of harvested energy is related to the DC bias that was imposed on the
electrical signal at the LED source. Two methods of designing the optimal DC bias
were introduced and the corresponding end-to-end average data rate of the system
in each case was analyzed. One method is based on the second-hop RF channel’s
instantaneous power gain (IDR-based method) and the other one is based on the
second-hop RF channel’s path loss (ADR-based method). The IDR-based method
was shown to give better average data rate performance over the ADR-based method

at the cost of requiring instantaneous second-hop RF channel knowledge at the LED
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source.

8.2 Future Work

The ideas proposed in this thesis can be expanded in the future in different directions:

1. We have focused in this thesis, mainly in chapters 2-5, for outdoor data trans-
mission on the FSO systems which require line-of-sight. UV systems can achieve
outdoor NLOS data transmission. However, there are a lot of challenges in using
UV systems. Many open research topics in this field including channel modeling,
performance limitation, trade-off studies such as data rate and communication

range trade-offs, and UV transceiver design can be considered in future work.

2. We have assumed in chapter 5 that, when more than one FSO link fail, the
central node will use the RF link to communicate with one of the corresponding
remote nodes on an equal priority basis. Using other protocols such as unequal
priority protocol, round robin protocol, random delay protocol, and delay aware
scheduling protocol will affect the Markov chain model and thus the system per-
formance. These arbitration/scheduling protocols can be considered in future

work.

3. We have introduced a dual-hop VLC/RF system in chapters 6 and 7. In this
system, we assumed that LED source already have the data to be transmit-
ted. However, the LED source should access the backbone information network
to acquire the data. Power Line Communication (PLC) systems utilize the
ubiquitous power line network to power the LED sources while serving as the
backbone network for the VLC systems. Hybrid PLC/VLC/RF systems can be

considered in future work.
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Appendix A

Proof of Proposition 1

We had adopted the distribution fitting approach to validate proposition 1. First
we generate one million log-normally distributed random numbers = that represent
the samples of I,. with mean = p, and variance = 2. The histogram of I. and its
log-normal distribution fitting is shown in Fig. A.la. By using these samples, we
generate another set of samples y for the output power P, by using the relationship
y=0.75V; xln (f—o + 1). By drawing the histogram of P, it can be observed that it
fits a log-normal distribution as shown in Fig. A.1b. The red curve in Fig. A.1b is
the log-normal distribution fitting to the histogram for two different values of Iy. This
red curve is plotted by using the MATLAB function histfit. Other distributions
were attempted but it was found that the log-normal distribution provides the best
fit. Thus, we conclude that P, follows a a log-normal distribution P, ~ LN(g,, 0,),
where p, and o, are the mean and the standard deviation of F.

Also, since I, is in the order of 1072 ~ 107% Ampere [77], which is very large
compared to Iy, then the term ln(%ﬂ + 1) in (6.10) tends to be constant and P, in
(6.10) will be a monotonically increasing function in I,. Thus, it is logic to find
that the output power P, has the same statistical distribution as I, i.e., log-normal
distribution.

Defining the function f(x) = P, = 0.75V; xzIn [% + 1], then g, is calculated
as [78]:

0/ f(@) fi,.(x (A1)

where fi, (z) is the PDF of I,. given by (6.11), and o, is calculated approximately
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as [78]:

df (x)

x

Yy ~o dm |517:Nac

x x
=0.75 0, In(—+1
0.75 o ‘/;[x+]0+ n(]0+ )L:M (A.2)

o e
=0.75 0, V} 1 — +1 .
7 t[/vbm+fo+n(fo+ )]
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10

Density of P,

o 0.5 1 1.5 2 2.5

P x 10°°

(b) Histogram of corresponding Py, for Iy = 10~2 and 10~!2 Amperes.

Figure A.1: Histograms of I, and P}, and their log-normal distribution curve fitting.
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