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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
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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
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Figure 1.1: LAN-to-LAN FSO connectivity c© 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

Figure 1.2: Point-to-point backhaul FSO link c© 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)
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FSO systems [12] and Coherent Modulation/Heterodyne Detection (CM/HD) FSO

systems [13].

Optical 

Transmitter

Optical 

Receiver

Laser Beam

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].

Figure 1.4: Atmospheric turbulence and pointing error in FSO system c© 2014 IEEE
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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
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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
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(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.
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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
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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

Optical Transmitter

Relay

Optical Receiver /

RF Transmitter

VLC Channel

Mobile User

RF Receiver

RF Channel

Room

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.



9

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

• 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.

• 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.

• Contributions of chapter 4:

– Novel transmission scheme for hybrid FSO/RF communication system

based on joint power adaptation and adaptive combining is proposed.



12

– 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.

• 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

• 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.

• 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 γFSO, is

above a certain threshold, defined by γT . When γFSO falls below the predetermined
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threshold γT , 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 γc, will equal to γFSO when γFSO ≥ γT . On the other hand, when

γFSO < γT , γc will equal to the sum of γFSO and γRF , where γRF is the receiver

instantaneous SNR of the RF link. Thus, this proposed hybrid system with adaptive

combining has two modes of operation which are:

• FSO only mode, as long as γFSO ≥ γT .

• Combined FSO/RF mode, as long as γFSO < γT .

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) =
∑
k

g(t− kT )cos(2πfst+ φk) (2.1)

where T denotes the symbol period, fs is the frequency of the PSK subcarrier which

must satisfy fs = q/T with q ≥ 1, g(t) is the shaping pulse, and φk ∈ [0, ..., (M−1)2π
M

]

is the phase of the kth transmitted symbol with M is the modulation order, which

depends upon the bit transmission rate Rb according to Rb = log2(M)/T . This PSK

modulated signal is available for transmission through both FSO and RF links.
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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) = PFSO[1 + µx(t)], (2.2)

where PFSO is the transmitted optical power and µ is the modulation index (0 < µ <

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]:

rFSO[k] = µηPFSOhFSOGFSO

√
Esx[k] + nFSO[k] (2.3)

where η is the optical-to-electrical efficiency, x[k] = cosφk+ j sinφk, Es = Eg/2 is

the average symbol energy with Eg is the energy of the shaping pulse and nFSO[k]

is the shot-noise which is modeled as additive white Gaussian noise (AWGN) with

variance σ2
FSO. hFSO is the turbulence induced fading gain over the FSO link, with

E[hFSO] normalized to unity, where E[.] is the expectation operator. GFSO is the

optical power attenuation, given by Beers-Lambert law as GFSO = αFSOz [26], with

αFSO being the weather-dependent attenuation coefficient (in dB/Km) and z is the

link range from the transmitter to the receiver. The attenuation GFSO is considered

as a fixed scaling factor, and no randomness exists in its behavior [17].

Assuming perfect alignment between FSO transmitter and receiver apertures1, and

considering Gamma-Gamma turbulence-induced fading, hFSO will have the following

Probability Density Function (PDF) [20]:

fhFSO(hFSO) =
2(αβ)

α+β
2

Γ(α)Γ(β)
h
α+β

2
−1

FSO Kα−β(2
√
αβhFSO) , hFSO ≥ 0. (2.4)

1Perfect 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 α and β are parameters related to the atmospheric turbulences and Kν(.) is

the νth order modified Bessel function of the second kind defined as [53, Eq. (8.407)].

Typically, α and β are the effective number of small-scale and large-scale eddies of

the turbulent environment, respectively. According to the values of α and β, 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 α and β for different propagation con-

ditions can be found in [54]. Assuming spherical wave propagation, expressions for

calculating α and β in (2.4) are given by [54]:

α =

[
exp

(
0.49χ2

(1 + 0.18d2 + 0.56χ
12
5 )

7
6

)
− 1

]−1

(2.5)

β =

[
exp

(
0.51χ2(1 + 0.69χ

12
5 )−

5
6

(1 + 0.9d2 + 0.62d2χ
12
5 )

5
6

)
− 1

]−1

(2.6)

where χ2 = 0.5C2
nk

7/6L11/6 is the Rytov variance and d = (kD2/4L)1/2 with k =

2π/λFSO is the optical wave number. Here, C2
n, D, and λFSO 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 hFSO as

γFSO = γ̄FSOh
2
FSO [24], where γ̄FSO is the average electrical SNR which is defined

as γ̄FSO = Esµ
2η2P 2

FSOG
2
FSO/σ

2
FSO [24]. Using power transformation of random

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

fγFSO(γFSO) =
(αβ/

√
γ̄FSO)

α+β
2

Γ(α)Γ(β)
γFSO

α+β
4
−1Kα−β

(
2

√
αβ√
γ̄FSO

γFSO
1
2

)
, γFSO ≥ 0.

(2.7)

By using [55, Eqs. (14)] to expressKα−β(.) in terms of Meijer G-functionGm,n
p,q

(
z

∣∣∣∣∣ a1,...,ap
b1,...,bq

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

fγFSO(γFSO) =
γFSO

−1

2Γ(α)Γ(β)
G2,0

0,2

(
αβ√
γ̄FSO

γFSO
1
2

∣∣∣∣∣ −α, β
)
. (2.8)

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

FγFSO(γFSO) =
2α+β−2

πΓ(α)Γ(β)
G4,1

1,5

(
(αβ)2

16γ̄FSO
γFSO

∣∣∣∣∣ 1
α
2
,α+1

2
,β
2
,β+1

2
,0

)
. (2.9)

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]:

rRF [k] =
√
GRFPRFhRF

√
Esx[k] + nRF [k], (2.10)

where GRF is the average power gain of the RF link, PRF is the RF transmit power,

and hRF is the fading gain over the RF channel, with E[h2
RF ] normalized to unity.

nRF [k] is the zero-mean circularly symmetric AWGN component with variance σ2
RF .

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

GRF [dB] = GT +GR − 20log10

(
4πz

λRF

)
− αoxyz − αrainz, (2.11)

where GT and GR denote the transmit and receive antenna gains, respectively and

λRF is the wavelength of the RF subsystem. αoxy and αrain are the attenuations

caused by oxygen absorption2 and rain, respectively. The noise variance in the RF

channel is given by σ2
RF = WN0NF [24], where W is the RF bandwidth, N0 is the

noise power spectral density and NF is the noise figure of the RF receiver.

The instantaneous received SNR of the RF link γRF is given by γRF = γ̄RFh
2
RF ,

where γ̄RF is the average SNR of the RF link defined as γ̄RF = EsPRFGRF/σ
2
RF [24].

The fading gain hRF 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 γRF will have the

following PDF [59]:

fγRF (γRF ) =

(
m
γ̄RF

)m
γRF

m−1

Γ(m)
exp

(
−mγRF
γ̄RF

)
, γRF ≥ 0. (2.12)

2Oxygen 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 γRF can be expressed as:

FγRF (γRF ) =
1

Γ(m)
γ

(
m,

mγRF
γ̄RF

)
, γRF ≥ 0, (2.13)

where γ(·, ·) 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 γc falls below a given threshold γout, 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 γc falls below

the outage threshold γout can be simply calculated by evaluating the CDF of γc at

γout as Pout = Fγc(γout).

Based on the modes of operation of the proposed hybrid FSO/RF system, the

CDF of γc, is given by:

Fγc(x) = Pr[γFSO ≥ γT , γFSO < x] + Pr[γFSO < γT , γFSO + γRF < x]

=

F1(x) if x ≤ γT

FγFSO(x)− FγFSO(γT ) + F2(x) if x > γT ,

(2.14)

where F1(x) is defined as:

F1(x) =

x∫
0

fγFSO+γRF (y)dy, (2.15)

and F2(x) is defined as:

F2(x) =

γT∫
0

fγFSO(γFSO)FγRF (x− γFSO)dγFSO, (2.16)

with FγFSO(.), and FγRF (.) are given by (2.9), and (2.13) respectively.

Noting that the FSO and RF links are statistically independent, fγFSO+γRF (y) in
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(2.15) can be evaluated as:

fγFSO+γRF (y) =

y∫
0

fγFSO(γFSO)fγRF (y − γFSO)dγFSO. (2.17)

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)], fγFSO+γRF (y) can be

evaluated as:

fγFSO+γRF (y) =
2α+β−2e

−my
γ̄RF ( m

γ̄RF
)mym−1

πΓ(α)Γ(β)Γ(m)

{ ∞∑
n=0

( my
γ̄RF

)n

n!

m−1∑
i=0

(
m− 1

i

)
× (−1)iG4,1

1,5

(
(αβ)2y

16γ̄FSO
| K1
K2

)}
,

(2.18)

where K1 = 1− n− i and K2 = α
2
, α+1

2
, β

2
, β+1

2
,−n− i.

Substituting with (2.18) in (2.15), using the series expansion of the exponential,

and applying [55, Eq. (26)], F1(x) can be expressed as:

F1(x) =
2α+β−2( mx

γ̄RF
)m

πΓ(α)Γ(β)Γ(m)

{ ∞∑
n=0

( mx
γ̄RF

)n

n!

m−1∑
i=0

(
m− 1

i

)
(−1)i

∞∑
k=0

(−mx
γ̄RF

)k

k!

×G4,2
2,6

(
(αβ)2x

16γ̄FSO
| K3
K4

)}
,

(2.19)

where K3 = 1− n− i, 1− k − n−m and K4 = α
2
, α+1

2
, β

2
, β+1

2
,−k − n−m,−n− i.

Substituting with (2.8) and (2.13) in (2.16), F2(x) can be expressed in the integral

form as:

F2(x) =

γT∫
0

γ(m, m(x−γFSO)
γ̄RF

)γFSO
−1

2Γ(α)Γ(β)Γ(m)
G2,0

0,2

(
αβγFSO

1/2

√
γ̄FSO

| −α, β
)
dγFSO. (2.20)

By using the series representation of γ(·, ·), defined in [53, Eqs. (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 γ
(
m, m(x−γFSO)

γ̄RF

)
in (2.20) can be represented by:

γ

(
m,

m(x− γFSO)

γ̄RF

)
= (m− 1)!

[
1− e

−mx
γ̄RF

∞∑
n=0

(mγFSO
γ̄RF

)n

n!

m−1∑
k=0

( m
γ̄RF

)k

k!

×
k∑
j=0

(
k

j

)
xk−j(−γFSO)j

]
.

(2.21)

By plugging (2.21) in (2.20) and applying [56, Eq. (07.34.21.0084.01)], F2(x) can be

evaluated as:

F2(x) =
(m− 1)!

Γ(m)
FγFSO(γT )−

{
2α+β−2e

−mx
γ̄RF (m− 1)!

πΓ(α)Γ(β)Γ(m)

∞∑
n=0

(mγT/γ̄RF )n

n!

×
m−1∑
k=0

(mx/γ̄RF )k

k!

k∑
j=0

(
k

j

)(
−γT
x

)j
G4,1

1,5

(
(αβ)2γT
16γ̄FSO

| K5
K6

)}
,

(2.22)

where K5 = 1− n− j and K6 = α
2
, α+1

2
, β

2
, β+1

2
,−n− j.

Finally, the CDF of γc 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 α and β for strong atmospheric turbulence

(α = 2.064, and β = 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 αFSO = 5.8 dB/km,

RF rain attenuation coefficient αrain = 5.6 dB/km, and C2
n = 5 × 10−15 [24]. In

Fig. 2.5, we assume light fog weather condition with weather-dependent attenuation

coefficient αFSO = 20 dB/km, RF rain attenuation coefficient αrain = 0 dB/km, and

C2
n = 5 × 10−15 [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, γT = 10.5 dB to satisfy target BER of 10−6.

It can be seen from Fig. 2.2 that the hybrid FSO/RF system gives much better



21

Table 2.1: Parameters of FSO and RF subsystems

Parameter Symbol Value

FSO Subsystem

Wavelength λFSO 1550 nm
Shot Noise Variance σ2

FSO 2× 10−14

Responsivity η 0.5 A/W
Photodetector Diameter D 20 cm

RF Subsystem

Carrier Frequency fRF 60 GHz
Bandwidth W 250 MHz

Transmit Antenna Gain GT 43 dBi
Receive Antenna Gain GR 43 dBi

Noise Power Spectral Density N0 -114 dBm/MHz
Receiver Noise Figure NF 5 dB
Oxygen Attenuation αoxy 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 γ̄RF . 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 γout is less than γT , 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 γ̄RF increases. On the other hand, when γout is greater than γT , 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 γ̄FSO = 10 dB.
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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 γout=10 dB, and link range z=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 γout=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 10−6, 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.



25

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 BER0. Let γT 1, γT 2, ..., γTN be the N different thresh-

olds corresponding to constellation sizes of M = 4, 16, ..., 22N , respectively such that

γT 1 < γT 2 < ... < γTN . Note that γTN+1 =∞. To meet a BER requirement of BER0,

the thresholds are set using [32]:

γT n = (22n − 1)[−2

3
ln(5 BER0)], n ≥ 1, (3.1)

where the instantaneous BER of coherent M -QAM of size 22n, can be well approxi-

mated by [32]:

BERn(γT n) = 0.2 exp

(
−1.5

22n − 1
γT n

)
, 22n ≥ 4, 0 ≤ γT n ≤ 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]:

γFSO = γ̄FSOhFSO, (3.3)

where γ̄FSO and hFSO are respectively, the average SNR and the fading gain over

the FSO link, with E[hFSO] 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 γ̄FSO is
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given by γ̄FSO = 2Eavgη
2PLOPFSOGFSO/σ

2
FSO [63, 64], where Eavg, η, PLO , PFSO,

GFSO, and σ2
FSO 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 σ2
FSO

is given by σ2
FSO = 2qηPLO/T [63], where q is the electronic charge and 1/T is the

transmission rate in bits/second. The optical power attenuation GFSO is given by

Beers-Lambert law as GFSO = αFSOz [26], with αFSO being the weather-dependent

attenuation coefficient (in dB/Km) and z is the link range from the transmitter to

the receiver. The attenuation GFSO is considered as a fixed scaling factor, and no

randomness exists in its behavior [17]. The fading gain is defined as hFSO = hahp,

where ha is Gamma-Gamma atmospheric turbulence-induced fading gain factor [54]

and hp 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

γFSO is given by:

fγFSO(γFSO) =
ξ2γFSO

−1

Γ(α)Γ(β)
G3,0

1,3

[
ξ2αβγFSO

(ξ2 + 1)γ̄FSO
| ξ

2+1
ξ2, α, β

]
, (3.4)

where ξ is the ratio between the equivalent beam radius ωeq and the pointing error (jit-

ter) standard deviation σs given by ξ = ωeq/2σs. Here, ω2
eq = ω2

z

√
πerf(ν)/2ν exp(−ν2),

where erf(.) is the error function and ωz is the beam radius calculated at distance

z from the transmitter aperture and ν =
√
πD/2

√
2ωz with D is the photodetector

diameter. ωz is given by ωz = θ0z, where θ0 is the transmit divergence at 1/e2. Γ(.) in

(3.4) is the standard Gamma function with α and β are the scintillation parameters

that are related to the refractive index structure parameter C2
n [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 γFSO can be expressed as:

FγFSO(γFSO) =
ξ2

Γ(α)Γ(β)
G3,1

2,4

[
ξ2αβγFSO

(ξ2 + 1)γ̄FSO
|1, ξ

2+1
ξ2, α, β, 0

]
. (3.5)

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 γRF , can be given by [24]:

γRF = γ̄RFh
2
RF , (3.6)

where hRF is the fading gain over the RF channel, with E[h2
RF ] normalized to unity,

and γ̄RF is the average SNR of the RF channel, given by γ̄RF = EavgPRFGRF/σ
2
RF [24],

with Eavg, PRF , σ2
RF , and GRF 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]:

GRF [dB] = GT +GR − 20log10

(
4πz

λRF

)
− αoxyz − αrainz, (3.7)

where GT and GR denote the transmit and receive antenna gains, respectively, λRF

is the wavelength of the RF subsystem, αoxy and αrain 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], σ2
RF = WN0NF , where W is the RF

bandwidth, N0 is the noise power spectral density and NF is the noise figure of the

RF receiver.

The fading gain hRF 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 γRF are respectively given by [59]:

fγRF (γRF ) =

(
m

γ̄RF

)m
γRF

m−1

Γ(m)
exp

(
−mγRF
γ̄RF

)
, (3.8)

FγRF (γRF ) =
1

Γ(m)
γ

(
m,

mγRF
γ̄RF

)
. (3.9)

where γ(·, ·) 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 γFSO is greater than or equal to γTN . If γFSO decreases be-

yond γTN , the receiver checks another threshold γT n in a descending order until one
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threshold satisfies γFSO ≥ γT n. In this case, the receiver sends a feedback signal to

the transmitter indicating the modulation scheme 22n-QAM should be used without

activating RF subsystem. If the thresholds checking process reaches γT 1 and γFSO is

less than γT 1, 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 dlog2(N + 1)e 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 γc, will equal to the sum of γFSO and γRF . Note that γc is

equal to γFSO as long as γFSO ≥ γT 1. To this end, the receiver checks whether γc is

greater than or equal to γTN . If so, the receiver sends a feedback signal for the trans-

mitter to use the modulation scheme 22N -QAM on both FSO link and RF link. If not,

the receiver checks another threshold γT n in a descending order until one threshold

satisfies γc ≥ γT n. In this case, the receiver sends a feedback signal to the transmitter

to select the modulation scheme 22n-QAM. If the receiver thresholds checking process

reaches γT 1 and γc < γT 1, the receiver sends a signal to suspend data transmission

over both FSO and RF links1. In this second stage, if necessary, the feedback load

is again dlog2(N + 1)e bits. The average feedback of the proposed adaptive hybrid

system is dlog2(N + 1)e (1 + Pr[γFSO < γT 1]) 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 γc. Based on the modes of operation of this joint adaptive scheme, the

CDF of γc, is given by:

Fγc(x) = Pr[γFSO ≥ γT 1, γFSO < x] + Pr[γFSO < γT 1, γFSO + γRF < x]

=

F1(x), if x ≤ γT 1

FγFSO(x)− FγFSO(γT 1) + F2(x), if x > γT 1,

(3.10)

where F1(x) is defined as:

F1(x) =

x∫
0

fγFSO+γRF (y)dy, (3.11)

1When 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 F2(x) is defined as:

F2(x) =

γT 1∫
0

fγFSO(γFSO)FγRF (x− γFSO)dγFSO. (3.12)

Noting that the FSO and RF links are statistically independent, fγFSO+γRF (y) in

(3.11) can be evaluated as:

fγFSO+γRF (y) =

y∫
0

fγFSO(γFSO)fγRF (y − γFSO)dγFSO. (3.13)

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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fγFSO+γRF (y) can be evaluated as:

fγFSO+γRF (y) =
ξ2e

−my
γ̄RF ( m

γ̄RF
)mym−1

Γ(α)Γ(β)Γ(m)

{ ∞∑
n=0

( my
γ̄RF

)n

n!

m−1∑
i=0

(
m− 1

i

)
(−1)i

×G3,1
2,4

[
ξ2αβy

(ξ2 + 1)γ̄FSO
|1−n−i,ξ

2+1
ξ2,α,β,−n−i

]}
.

(3.14)

Substituting with (3.14) in (3.11), using the series expansion of the exponential

function, and applying [56, Eq. (07.34.21.0084.01)], F1(x) can be expressed as:

F1(x) =
ξ2( mx

γ̄RF
)m

Γ(α)Γ(β)Γ(m)

{ ∞∑
n=0

( mx
γ̄RF

)n

n!

m−1∑
i=0

(
m− 1

i

)
(−1)i

∞∑
k=0

(−mx
γ̄RF

)k

k!

×G3,2
3,5

[
ξ2αβx

(ξ2 + 1)γ̄FSO
|1−n−i,1−k−n−m,ξ

2+1
ξ2,α,β,−k−n−m,−n−i

]}
.

(3.15)

Substituting with (3.4) and (3.9) in (3.12), F2(x) can be expressed in the integral

form as:

F2(x) =

γT 1∫
0

γ(m, m(x−γFSO)
γ̄RF

)ξ2γFSO
−1

Γ(α)Γ(β)Γ(m)
×G3,0

1,3

[
ξ2αβ

(ξ2 + 1)

γFSO
γ̄FSO

| ξ
2+1

ξ2,α,β

]
dγFSO. (3.16)

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

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

exponential function, the term γ
(
m, m(x−γFSO)

γ̄RF

)
can be represented by:

γ

(
m,

m(x− γFSO)

γ̄RF

)
= (m− 1)!

{
1− e

−mx
γ̄RF

∞∑
n=0

(mγFSO
γ̄RF

)n

n!

m−1∑
k=0

( m
γ̄RF

)k

k!

k∑
j=0

(
k

j

)
xk−j(−γFSO)j

}
.

(3.17)

By plugging (3.17) in (3.16) and applying [56, Eq. (07.34.21.0084.01)], F2(x) can be
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evaluated as:

F2(x) =
(m− 1)!

Γ(m)
FγFSO(γT 1)−

{
ξ2e

−mx
γ̄RF (m− 1)!

Γ(α)Γ(β)Γ(m)

∞∑
n=0

(mγT 2/γ̄RF )n

n!

m−1∑
k=0

(mx/γ̄RF )k

k!

k∑
j=0

(
k

j

)
×
(
−γT 1

x

)j
G3,1

2,4

[
ξ2αβγT 1

(ξ2 + 1)γ̄FSO
|1−n−j,ξ

2+1
ξ2,α,β,−n−j

]}
.

(3.18)

Finally, the CDF of γc 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:

ηAdapt =
N∑
n=1

2n[Fγc(γT n+1)− Fγc(γT n)]. (3.19)

3.2.2 Outage Probability

When γFSO < γT 1, and γc also falls below γT 1, 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

γc at γT 1 as:

PAdapt
out = Fγc(γT 1) = F1(γT 1). (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:

< BER >=
1

ηAdapt

N∑
n=1

2nBERn, (3.21)
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where BERn is the average error rate of using constellation of size 22n, given by:

BERn = G1 +G2, (3.22)

with G1 corresponds to the FSO-only mode and is defined as:

G1 =

γT n+1∫
γT n

BERn(γFSO)fγFSO(γFSO)dγFSO, (3.23)

and G2 represents the combind FSO/RF mode and is defined as:

G2 =

γT n+1∫
γT n

γT 1∫
0

BERn(γc)fγFSO(γFSO)fγRF (γc − γFSO)dγFSOdγc. (3.24)

G1 and G2 can be evaluated using numerical methods with BERn(·), fγFSO(·), and

fγRF (·) 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:

ηSwitch =
N∑
n=1

2n

{[
FγFSO(γT n+1)− FγFSO(γT n)

]
+ FγFSO(γT 1)

×
[
FγRF (γT n+1)− FγRF (γT n)

]}
.

(3.25)
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3.3.2 Outage Probability

When γFSO < γT 1, and γRF also falls below γT 1, the communication system goes into

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

PSwitch
out = FγFSO(γT 1)FγRF (γT 1). (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

22n-QAM modulation schemes with n = 1, 2, and 3, where the corresponding thresh-

olds γT n, assuming BER0 = 10−6 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 (C2
n = 2× 10−13), with weather-dependent

attenuation coefficient αFSO= 0.44 dB/km and RF rain attenuation αrain = 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 PFSO. It

can be seen from Fig. 3.2, that average spectral efficiency increases as the FSO link’s

quality improves by increasing PFSO. Also, we can observe that with sufficient high

PFSO, 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

Parameter Symbol Value

FSO Subsystem

Wavelength λFSO 1550 nm
Transmission Rate 1/T 1 Gbit/s

Responsivity η 0.75 A/W
Photodetector Diameter D 20 cm

Transmit divergence at 1/e2 θ0 2.5 mrad
Jitter standard deviation σs 30 cm

Link distance z 1000 m

RF Subsystem

Carrier Frequency fRF 60 GHz
Bandwidth W 250 MHz

Transmit Power PRF -10 dBm
Transmit Antenna Gain GT 44 dBi
Recieve Antenna Gain GR 44 dBi

Noise Power Spectral Density N0 -114 dBm/MHz
Receiver Noise Figure NF 5 dB
Oxgyen Attenuation αoxy 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 PFSO. 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 PFSO. It can

be shown that, the proposed adaptive hybrid system can achieve an average BER

which is less than the target instantaneous BER (10−6 in our numerical examples).

As expected, the average BER is improved as the optical link’s quality increases.



36

−50 −45 −40 −35 −30 −25
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

Optical Transmitted Power (dBm)

A
ve

ra
ge

 S
pe

ct
ra

l E
ffi

ci
en

cy
 (b

ps
/H

z)

 

 

Adaptive Hybrid FSO/RF : closed form
Adaptive Hybrid FSO/RF : numerical integration
Switch−over Hybrid FSO/RF
FSO−only

Figure 3.2: Average spectral efficiency 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 γT . When the instantaneous

SNR at the receiver of the FSO link denoted by γFSO, falls below the threshold γT ,

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 γc, will be equal to γFSO when γFSO ≥ γT . When

γFSO < γT , γc will be equal to the sum of γFSO and γRF where γRF 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 γT , i.e., to keep γFSO + γRF = γT . 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)]):

fI(I) =
ξ2I−1

Γ(α)Γ(β)
G3,0

1,3

[
αβI

A0GFSO

| ξ2+1
ξ2, α, β

]
, I ≥ 0, (4.1)

where ξ 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, A0 is a

constant term that defines the pointing error loss [17], Γ(.) is the standard Gamma

function, and α and β are the effective number of small-scale and large-scale eddies

of the turbulent environment, respectively. Different values of α and β corresponds

to different turbulence regimes. Expressions for calculating the parameters α and β

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 GFSO is the optical power at-
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tenuation, given by Beers-Lambert law as GFSO = αFSOz [26], with αFSO being the

weather-dependent attenuation coefficient (in dB/Km) and z is the link range from

the transmitter to the receiver. The attenuation GFSO 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-modulated1 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 γFSO, considering the two types of FSO detection,

is given in a general form as [66]:

fγFSO(γFSO) =
ξ2γFSO

−1

rΓ(α)Γ(β)
G3,0

1,3

[
ξ2αβ

(ξ2 + 1)

(
γFSO
γ̄FSOr

) 1
r

| ξ
2+1

ξ2,α,β

]
, γFSO ≥ 0, (4.2)

where r 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 γ̄FSOr
2 is

the average SNR of FSO link.

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

the CDF of γFSO can be expressed as:

FγFSO(γFSO) =
ξ2rα+β−2

(2π)r−1Γ(α)Γ(β)
G3r,1
r+1,3r+1

[
BγFSO
γ̄FSOr

|1,K1

K2,0

]
, γFSO ≥ 0, (4.3)

where B =
(

ξ2αβ
(ξ2+1)r2

)r
, K1 = ξ2+1

r
, ..., ξ

2+r
r

has r terms, and K2 = ξ2

r
, ..., ξ

2+r−1
r

, α
r
, ...,

α+r−1
r

, β
r
, ..., β+r−1

r
has 3r terms.

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-

1For 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, γ̄FSO1 = ηeE[I]/N0 [66], with ηe is the effective photoelectric conversion ratio, N0

symbolizes the AWGN sample, and E[I] is the expectation of I, which by using [55, Eq. (24)] is
given by E[I] = ξ2A0GFSO/(ξ

2 + 1). For IM/DD, γ̄FSO2
= (ηeE[I])2/N0 [66].
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sion/reception scheme. The received SNR from each RF branch, denoted by γiRF ,

follows independent and identical distribution (i.i.d) Nakagami-m fading distribution

with PDF given by [67]:

fγiRF (γRF ) =

(
m

γ̄RF

)m
γRF

m−1

Γ(m)
exp

(
−mγRF
γ̄RF

)
, γRF ≥ 0, (4.4)

where γ̄RF is the average SNR of the ith channel with 1 ≤ i ≤ L, and m is a

parameter indicating fading severity. γ̄RF and m are assumed to be common on all

the L diversity branches. The overall received SNR of the RF link γRF will be that

after the MRC combination of all the L RF channels, such that γRF =
∑L

i=1 γiRF , the

PDF of which is given by: [67]

fγRF (γRF ) =

(
m

γ̄RF

)mL
γRF

mL−1

Γ(mL)
exp

(
−mγRF
γ̄RF

)
, γRF ≥ 0. (4.5)

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

of γRF can be expressed as:

FγRF (γRF ) =
1

Γ(mL)
γ

(
mL,

mγRF
γ̄RF

)
, γRF ≥ 0, (4.6)

where γ(·, ·) 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 γFSO < γT , the RF

link is activated along with the FSO link and the RF link transmitted power PRF is

adapted to maintain the required constant received SNR γT . 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 γRF

Power Adaptation Policy

In this power adaptation policy, the transmitter uses the CSI (specifically, γFSO and

γRF ) to maintain the target received SNR γT . Since the power adaptation is performed

after activating the RF link, the RF link SNR is adaptively changed to fill the gap

between γFSO and γT such that γRF + γFSO=γT . The RF power is adapted as long

as the received RF SNR is above a certain threshold denoted by γ0I . Otherwise, data

transmission is suspended. We will refer to this policy as γRF -based TCI which is

mathematically given by:

PRF (γRF , γFSO)

P̄RF
=


γT−γFSO
γRF

, if γRF ≥ γ0I

0, if γRF < γ0I ,
(4.7)

where γ0I satisfies the average power constraint of RF link transmitter given by:

γT∫
0

∞∫
γ0I

PRF (γRF , γFSO)

P̄RF
fγRF (γRF )fγFSO(γFSO)dγRFdγFSO = 1, (4.8)

where P̄RF 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:

A1Γ

(
mL− 1,

mγ0I

γ̄RF

){
G3r,1
r+1,3r+1

[
BγT
γ̄FSOr

|1,K1

K2,0

]
−G3r,1

r+1,3r+1

[
BγT
γ̄FSOr

|0,K1

K2,−1

]}
= 1,

(4.9)

where A1 = ξ2rα+β−2mγT/(2π)r−1γ̄RFΓ(α)Γ(β)Γ(mL), and Γ(·, ·) is the upper in-

complete Gamma function defined in [53, Eq. (8.350.2)]. As with most TCI schemes,

the value for γ0I that satisfies (4.9) can be found using numerical methods, such as

bisection method and Newton method [68].

Outage Probability For γRF -based TCI

According to this policy, the hybrid system goes into outage state if the RF link

received SNR γRF goes below γ0I . The probability of outage in this case can be
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calculated as:

Pout = Pr[γFSO < γT ]Pr[γRF < γ0I ].

= FγFSO(γT )FγRF (γ0I ),
(4.10)

where FγFSO(.) and FγRF (.) are given by (4.3) and (4.6), respectively.

4.2.2 TCI For RF Link Based on γRF + γFSO

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., γRF + γFSO) is above a certain threshold denoted by

γ0II . Otherwise, data transmission is suspended. We will refer to this policy as

γRF + γFSO-based TCI which is given by:

PRF (γRF , γFSO)

P̄RF
=


γT−γFSO
γRF

, if γRF + γFSO ≥ γ0II

0, if γRF + γFSO < γ0II ,
(4.11)

where γ0II satisfies the average power constraint over the RF link given by:

γT∫
0

∞∫
γ0II
−γFSO

PRF (γRF , γFSO)

P̄RF
fγRF (γRF )fγFSO(γFSO)dγRFdγFSO = 1. (4.12)

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:

A2e
−mγ0II
γ̄RF

∞∑
n=0

(mγT/γ̄RF )n

n!

mL−2∑
i=0

(mγ0II/γ̄RF )i

i!

i∑
k=0

(
i

k

)(
−γT
γ0II

)k {
G3r,1
r+1,3r+1

[
BγT
γ̄FSOr

|1−n−k,K1

K2,−n−k

]
−G3r,1

r+1,3r+1

[
BγT
γ̄FSOr

|−n−k,K1

K2,−n−k−1

]}
= 1,

(4.13)

where A2 = ξ2rα+β−2m(mL− 2)!γT/(2π)r−1Γ(α)Γ(β)Γ(mL)γ̄RF . Similar to γ0I , the

value for γ0II that satisfies (4.13) can be found using numerical methods. When
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using (4.13) to search for the value of γ0II , 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 γT=10 dB, typical values of α and β for weak

atmospheric turbulence regime (α=2.902, and β=2.51) [60], γ̄FSOr=0 dB, ξ = 1,

Nakagami parameter m=2, and L=1 to obtain the values of γ0II for different values

of γ̄RF .

Table 4.1: Values of γ0II considering CM/HD (r=1) with different values of n

γ̄RF (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 γ0II considering IM/DD (r=2) with different values of n

γ̄RF (dB) n = 30 n = 35 n = 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 γRF + γFSO-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 γRF + γFSO ≥ γ0II . The
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probability of outage in this case can be calculated as:

Pout = Pr[γFSO < γT , γFSO + γRF < γ0II ].

=

γ0II∫
0

min[γT ,γ0II
−γRF ]∫

0

fγFSO(γFSO)fγRF (γRF )dγFSOdγRF

=

γ0II
−γT∫

0

γT∫
0

fγFSO(γFSO)fγRF (γRF )dγFSOdγRF

+

γ0II∫
γ0II
−γT

γ0II
−γRF∫

0

fγFSO(γFSO)fγRF (γRF )dγFSOdγRF .

(4.14)

If γT > γ0II , which is the case most of the time, then (4.14) will be given by:

Pout =

γ0II∫
0

γ0II−γRF∫
0

fγFSO(γFSO)fγRF (γRF )dγFSOdγRF .

=

γ0II∫
0

fγRF (γRF )FγFSO(γ0II − γRF )dγRF .

(4.15)

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:

Pout =

ξ2rα+β−2e
−mγ0II
γ̄RF

(
mγ0II

γ̄RF

)mL
(2π)r−1Γ(α)Γ(β)

∞∑
n=0

{(mγ0II

γ̄RF

)n
n!

G3r,2
r+2,3r+2

[
Bγ0II

γ̄FSOr
|−n,1,K1

K2,0,−n−mL

]}
.

(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 Pout

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

C(Pout)

B
= [1− Pout] log2(1 +KγT ), (4.17)

where K is a constant term such that K = 1 for heterodyne detection giving an

exact result and K = e/(2π) for IM/DD giving a lower-bound result. The outage

probability Pout 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 γout

is smaller than the switching threshold γT . Otherwise, the hybrid system will enter

outage before activating RF link. When the FSO link SNR γFSO falls below γT , and

the instantaneous receiver SNR γc = γFSO+γRF falls below the outage threshold γout,

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 = Pr[γFSO < γT , γFSO + γRF < γout].

=

γout∫
0

fγFSO+γRF (y)dy.
(4.18)

Noting that the FSO and RF links are statistically independent, fγFSO+γRF (y) in

(4.18) can be evaluated as:

fγFSO+γRF (y) =

y∫
0

fγFSO(γFSO)fγRF (y − γFSO)dγFSO, (4.19)
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where fγFSO(.) and fγRF (.) are given by (4.2) and (4.5), respectively. Finally,

Pout =

γout∫
0

y∫
0

fγFSO(γFSO)fγRF (y − γFSO)dγFSOdy, (4.20)

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 λFSO = 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.

Figure 4.1: Integration regions of Eqs. (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 γ̄RF . We assume weak

atmospheric turbulence (α=2.902, and β=2.51) affecting the FSO link with pointing

error effect of ξ = 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 γRF−based TCI adaptation policy gives better outage performance

than using the γRF +γFSO−based TCI adaptation policy. This is because that under

the same conditions of the FSO and RF links, γ0I is less than γ0II . To explain this,

let f(γRF , γFSO) = PRF (γRF ,γFSO)

P̄RF
fγRF (γRF )fγFSO(γFSO). We need the integration of
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f(γRF , γFSO) 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(γRF , γFSO) over the black shaded area

in Fig. 4.1 to be equal to 1, according to (4.12). If we assume that γ0I is greater

than or equal to γ0II , then the integration of f(γRF , γFSO) over the red shaded area

will be greater than 1 which is impossible according to the constraint in (4.8). Thus,

γ0I is less than γ0II . The analytical results for the outage probability of the hybrid

system with γRF +γFSO−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 γRF -based TCI or γRF +γFSO-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 γout=9.5 dB. Note also that the value γout=9.5

dB is less than γT=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 (α=2.064, and β=1.342) af-

fecting the FSO link with less sever pointing error effect of ξ = 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 γ̄RF . We assume weak atmospheric

turbulence (α=2.902, and β=2.51) affecting the FSO link with pointing error effect

of ξ = 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 γRF−based TCI adaptation policy leads to higher outage capacity than us-

ing γRF + γFSO−based TCI adaptation policy. This is because using γRF−based

TCI adaptation policy achieves smaller outage probability than γRF + γFSO−based

TCI adaptation policy. However, when γ̄RF becomes high, the outage capacity ob-

tained when using γRF + γFSO−based TCI adaptation policy becomes the same as

that obtained when using γRF−based TCI adaptation policy. This is because both

γRF + γFSO−based TCI adaptation policy and γRF−based TCI adaptation policy

achieve almost the same outage probability with high values of γ̄RF .
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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 γT=10 dB, Nakagami
parameter m=2, weak atmospheric turbulence (α=2.902, and β=2.51), γ̄FSOr=0 dB,
and ξ = 1.



51

0 1 2 3 4 5
10

−2

10
−1

10
0

RF link average SNR γ̄RF (dB)

O
ut
ag

e
P
ro
ba

bi
li
ty

P
o
u
t

L=1
L=2
L=3

(a) Using γRF -Based TCI

0 1 2 3 4 5
10

−2

10
−1

10
0

RF link average SNR γ̄RF (dB)

O
ut
ag

e
P
ro
ba

bi
li
ty

P
o
u
t

L=1
L=2
L=3

(b) Using γRF + γFSO-Based TCI

Figure 4.3: Outage probability of hybrid FSO/RF system with power adaptation as
a function of the average SNR of the RF link considering IM/DD FSO detection
technique, with γT=10 dB, Nakagami parameter m=2, weak atmospheric turbulence
(α=2.902, and β=2.51), γ̄FSO2=0 dB, and ξ = 1.
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Figure 4.4: Outage probability of hybrid FSO/RF system with and without power
adaptation as a function of the average SNR of the RF link with γT=10 dB, Nakagami
parameter m=2, strong atmospheric turbulence (α=2.064, and β=1.342), γ̄FSOr=0
dB, and ξ = 4.



53

0 2 4 6 8 10 12
10

−2

10
−1

10
0

10
1

RF Link Average SNR γ̄RF (dB)

O
ut
ag

e
C
ap

ac
it
y
C
o
u
t
(B

it
s/
Se
c/
H
z)

γRF -based TCI

γRF + γFSO-based TCI

(a) Using CM/HD technique with FSO link (r=1)

0 2 4 6 8 10 12
10

−2

10
−1

10
0

10
1

RF Link Average SNR γ̄RF (dB)

O
ut
ag

e
C
ap

ac
it
y
C
o
u
t
(B

it
s/
Se
c/
H
z)

γRF -based TCI

γRF + γFSO-based TCI

(b) Using IM/DD technique with FSO link (r=2)

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 γT=10 dB, Nakagami parameter
m=2, weak atmospheric turbulence (α=2.902, and β=2.51), γ̄FSOr=0 dB, and ξ = 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:

PFSO(γFSO)

PFSOmax
=


γT
γFSO

, if γFSO ≥ γT

1, if γFSO < γT .
(4.21)

According to this power adaptation policy, FSO power denoted by PFSO gradually

increases when the FSO link is in good quality (i.e., γFSO ≥ γT ) to reach it maximum

value of PFSOmax when the FSO link quality is bad (i.e., γFSO < γT ). In other words,

we use constant FSO power of PFSOmax when γFSO < γT . 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 γRF -based TCI adaptation policy achieves

better outage performance than γRF + γFSO-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 P2MP Network and Channel modeling

5.1.1 P2MP Hybrid FSO/RF Network Modeling

Central 

Node

(Tx)

Remote

Node #1

(Rx)

Remote

Node #N

(Rx)

Remote

Node #j

(Rx)

Remote

Node #2

(Rx)

RF

FSO

FSO FSO

FSO

Tx … Tranmitter

Rx … Receiver

Figure 5.1: General block diagram of a P2MP Hybrid FSO/RF network.

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 γFSO, is above a certain threshold,

defined by γT . When γFSO falls below the predetermined threshold γT , the remote

node sends a 1-bit feedback signal to inform the central node to use the RF link1 for

data transmission. To meet a minimum BER requirement of BER0, the threshold γT

is set as [32]:

γT = (M − 1)

[
−2

3
ln(5 BER0)

]
, M ≥ 4 (5.1)

1Note 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.



58

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]:

γFSO = γ̄FSOhFSO, (5.2)

where γ̄FSO and hFSO are respectively, the average SNR and the fading gain over

the FSO link, with E[hFSO] is normalized to unity, where E[.] 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 γ̄FSO can be given by [63,64]:

γ̄FSO =
2Eavgη

2PLOPFSOGFSO

σ2
FSO

, (5.3)

where Eavg, η, PLO , PFSO, GFSO, and σ2
FSO 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 GFSO (in dB) is determined by the Beers-Lambert law as

GFSO = αFSOz [26], where αFSO denotes the weather attenuation coefficient (in

dB/Km) and z is the link distance. The fading gain over the FSO link is defined

as hFSO = hahp [65], where ha is Gamma-Gamma atmospheric turbulence-induced

fading gain factor [54] and hp 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

γFSO is given by:

fγFSO(γFSO) =
ξ2γFSO

−1

Γ(α)Γ(β)
G3,0

1,3

[
ξ2αβγFSO

(ξ2 + 1)γ̄FSO
| ξ

2+1
ξ2, α, β

]
, (5.4)

where ξ is the ratio between the equivalent beam radius and the pointing error (jitter)

standard deviation σs given by ξ = ωeq/2σs [17]. Here, ω2
eq = ω2

z

√
πerf(ν)/2ν exp(−ν2),

where erf(.) is the error function and ωz is the optical beam radius at distance z from

the transmitter aperture and ν =
√
πD/2

√
2ωz with D is the photodetector diameter.

ωz is given by ωz = θ0z, where θ0 is the transmit divergence at 1/e2. Γ(.) 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 α and β are the scintillation parameters. The

parameters α and β are related to the refractive index structure parameter C2
n where

the atmospheric turbulence can be modeled from weak to strong turbulence regimes.

Assuming spherical optical wave propagation, expressions for calculating α and β in

(5.4) are given by [54]:

α =

[
exp

(
0.49χ2

(1 + 0.18d2 + 0.56χ
12
5 )

7
6

)
− 1

]−1

(5.5)

β =

[
exp

(
0.51χ2(1 + 0.69χ

12
5 )−

5
6

(1 + 0.9d2 + 0.62d2χ
12
5 )

5
6

)
− 1

]−1

, (5.6)

where χ2 = 0.5C2
nk

7/6z11/6 is the Rytov variance, d = (kD2/4z)1/2, and k = 2π/λFSO

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

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

the CDF of γFSO can be expressed as:

FγFSO(γFSO) =
ξ2

Γ(α)Γ(β)
G3,1

2,4

[
ξ2αβγFSO

(ξ2 + 1)γ̄FSO
|1, ξ

2+1
ξ2, α, β, 0

]
. (5.7)

Modeling the RF Link

The instantaneous SNR per symbol of the RF receiver is given by γRF = γ̄RFh
2
RF [24],

where hRF is the fading gain over the RF channel, with E[h2
RF ] normalized to unity,

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

γ̄RF =
EavgPRFGRF

σ2
RF

, (5.8)

where PRF , σ2
RF , and GRF 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 GRF is given by [24]:

GRF [dB] = GT +GR − 20log10

(
4πz

λRF

)
− αoxyz − αrainz, (5.9)

where GT and GR denote the transmit and receive antenna gains, respectively, λRF

is the wavelength of the RF channel, and αoxy and αrain are the attenuations caused
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by oxygen absorption2 and rain, respectively. The variance of the noise in the RF

channel is given by σ2
RF = WN0NF [24], where W is the RF bandwidth, N0 is the

noise power spectral density and NF is the noise figure of the RF receiver.

The fading gain hRF 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 γRF is given by [59]:

fγRF (γRF ) =

(
m

γ̄RF

)m
γRF

m−1

Γ(m)
exp

(
−mγRF
γ̄RF

)
. (5.10)

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

γRF can be expressed as:

FγRF (γRF ) =
1

Γ(m)
γ

(
m,

mγRF
γ̄RF

)
, (5.11)

where γ(·, ·) 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 = Pr[γFSO < γT ] = FγFSO(γT ), (5.12)

where FγFSO(.) is given by (5.7).

2Oxygen 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 γT 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 = Pr[γRF < γT ] = FγRF (γT ), (5.13)

where FγRF (.) is given by (5.11).

Considering the FSO link from the central node to a tagged remote node, we

define Pn 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

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

case, Pn is given by the binomial distribution as:

Pn =

(
N − 1

n

)
an(1− a)N−n−1, n = 0, 1, 2, ..., N − 1. (5.14)

Given that the FSO link to the tagged node is in poor quality and the RF link is

in good quality, we define PRF to be the probability that the central node uses the

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

by:

PRF =Pr[No other nodes need RF]

+ Pr[tagged node and one other node need RF]/2

+ Pr[tagged node and two other nodes need RF]/3

+ ...

+ Pr[All other nodes need RF]/N

=P0 +
1

2
P1 +

1

3
P2 + ...+

1

N
PN−1

=
N−1∑
n=0

1

n+ 1
Pn.

(5.15)

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)] , PRF can be given in a more simplified

form as:

PRF =
1

aN
[1− (1− a)N ]. (5.16)
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Note that, substituting with N = 1 in (5.16) leads to PRF = 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 Pavl, is defined as:

Pavl = 1− a︸ ︷︷ ︸
Probability of using FSO link

+ a(1− b)PRF︸ ︷︷ ︸
Probability of using RF link

. (5.17)

Substituting (5.16) in (5.17), Pavl will be given by:

Pavl = 1− a+

(
1− b
N

)
[1− (1− a)N ]. (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

Rin symbols/second. This symbol rate Rin is related to the input data rate r in

bits/second by Rin = r/ log2M , where M is the order of the M -QAM scheme used.

The symbol arrival rate Rin is assumed to be the same for all the N transmit buffers.

We define Rout as the symbol departure rate. To prevent transmit buffer overflow, we

must ensure that Rout is greater than or equal to Rin. Here, the symbol arrival rate

Rin changes over time with maximum value equal to Rout.

The number of symbols stored in the transmit buffer represent the state of the

buffer. Thus, the buffer is in state αi when there are i 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 T , is chosen
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as [72]:

T =
1

max(Rin, Rout)
=

1

Rout

. (5.19)

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

at the buffer within the time step T . Or in other words, ω is the probability that a

time step T has a symbol.

Based on our choice for the time step T 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, f0 =

1− ω + ωPavl, v = ω(1− Pavl), u = (1− ω)Pavl, f = 1− (u+ v), and fB = 1− u are

the states transition probabilities.

α0 α1 αB

f0

v

u

v

……...

u u

v

f fB

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

The corresponding state transition matrix P is given by:

P =



f0 u 0 ... 0 0 0

v f u ... 0 0 0

0 v f ... 0 0 0
...

...
...

. . .
...

...
...

0 0 0 ... f u 0

0 0 0 ... v f u

0 0 0 ... 0 v fB


(5.20)

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

given by:

s = [s0 s1 ... sB]T , (5.21)

where si, 0 ≤ i ≤ B, is the probability that the transmit buffer of the tagged node is
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in state αi, satisfying the condition:

B∑
i=0

si = 1. (5.22)

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

satisfies the following equation [72]:

P s = 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:

v s0 − u s1 = 0 (5.24)

v s0 − v s1 − u s1 + u s2 = 0 (5.25)

v si−1 − v si − u si + u si+1 = 0, 0 < i < B (5.26)

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

si = ρis0, 0 ≤ i ≤ B, (5.27)

where

ρ =
v

u
=
ω(1− Pavl)
(1− ω)Pavl

. (5.28)

The solution for s0 is obtained by substituting (5.27) in (5.22) which gives:

B∑
i=0

ρis0 = 1. (5.29)

After some algebraic manipulations of (5.29), we can obtain s0 as:

s0 =
1− ρ

1− ρB+1
. (5.30)
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Combining (5.27) and (5.30) the steady state distribution for the other states is given

by:

si =
(1− ρ)ρi

1− ρB+1
, 0 ≤ i ≤ B. (5.31)

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 Th as the probability of transmitting a symbol over a

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

Th = ωPavls0 +
B∑
i=1

Pavlsi, (5.32)

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 = Pavl[1− s0(1− ω)]. (5.33)

The throughput in units of symbols/second is given by:

th = Th Rout [symbols/second] (5.34)

5.3.2 Average Buffer Size

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

be expressed as:

Qa =
B∑
i=0

isi. (5.35)

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:

Qa =
ρ[1− (B + 1)ρB +BρB+1]

(1− ρ)(1− ρB+1)
. (5.36)

5.3.3 Average Buffer Queuing Delay

The average queuing delay Tq 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]:

Tq =
Qa

Th
. (5.37)

The average queuing delay in units of seconds is given by:

tq =
Qa

th
[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 PL is given by:

PL = ωsB(1− Pavl). (5.39)

The symbol loss rate RL in units of symbols/second is given by:

RL = PL Rout [symbols/second]. (5.40)

As a verification of the results, we can see that:

ω = Th+ PL, (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 ϕ 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:

ϕ =
Th

w
=
Pavl[1− s0(1− w)]

w
, (5.42)

The efficiency ϕ gives an indication of symbol loss due to buffer overflow. A value

of ϕ = 1 implies no buffer overflow. A value of ϕ < 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 Ne, can

be calculated as:

Ne = 1− {Pr[γFSO ≥ γT ]}N

= 1− {1− Pr[γFSO < γT ]}N

= 1− (1− a)N .

(5.43)

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)Ne. (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, γT is chosen to be equal to 21 dB to satisfy a minimum target BER of 10−6.

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 Eavg 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 C2
n varies

from 10−15 to 2 × 10−13 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 αFSO = 42.2 dB/Km and moderate atmospheric tur-

bulence with C2
n = 5× 5−14 and no rain with RF rain attenuation αrain = 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

Parameter Symbol Value

FSO Subsystem

Wavelength λFSO 1550 nm
Oscillator Power PLO 10−2 W

Shot Noise Variance σ2
FSO 5× 10−12

Responsivity η 0.5 A/W
Photodetector Diameter D 20 cm

Transmit Power PFSO 15 dBm
Transmit divergence at 1/e2 θ0 2.5 mrad

Jitter standard deviation σs 30 cm
Link distance z 1000 m

RF Subsystem

Carrier Frequency fRF 60 GHz
Bandwidth W 250 MHz

Transmit Power PRF 25 dBm
Transmit Antenna Gain GT 43 dBi
Receive Antenna Gain GR 43 dBi

Noise Power Spectral Density N0 -114 dBm/MHz
Receiver Noise Figure NF 5 dB
Oxygen Attenuation αoxy 15.1 dB/Km

In Fig. 5.3, we plot the throughput Th as function of the symbol arrival probability

ω for different values of N . The throughput goes into two phases viz linear and

saturation. The linear phase occurs at low ω values. The saturation phase occurs for

higher values of ω. The transition point occurs when the buffer is not empty (i.e.,

s0 = 0). From (5.30), this condition occurs when ρ = 1. From (5.28), ρ = 1 occurs

when the symbol arrival probability ω = Pavl. Therefore, the linear phase of the

throughput occurs in the region ω ∈ [0, Pavl). The saturation phase of the throughput

occurs in the region ω ∈ [Pavl, 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 Qa as function of the symbol arrival

probability ω 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 Qa increases with smaller

values of ω as N increases. The average buffer size Qa saturates at the maximum

buffer size B as expected.

In Fig. 5.5, we plot the average queuing delay Tq as function of the symbol arrival

probability ω for different values of N . The average queuing delay Tq 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 Tq is not equal to zero at very low value of ω. This is because,

as N increases the probability Pavl 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 ω. 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

Tq.

In Fig. 5.6, we plot the symbol loss probability PL as function of the symbol

arrival probability ω 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 ω values. The

linear phase occurs for higher values of ω. The transition point occurs when the buffer

is full with probability sB > 0. This condition is equivalent to the condition s0 = 0.

From (5.30), this condition occurs when ρ = 1. From (5.28), this occurs when the

symbol arrival probability ω = Pavl. Therefore, the zero loss phase of the symbol loss

probability occurs in the region ω ∈ [0, Pavl). The linear phase of the symbol loss

probability occurs in the region ω ∈ [Pavl, 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 ϕ as function of the symbol arrival probability

ω for different values of N . The efficiency ϕ goes into two phases viz unity efficiency

and decreasing efficiency. The unity efficiency phase occurs at low ω values. The

decreasing efficiency occurs for higher values of ω. The transition point occurs when

the buffer is not empty (i.e., s0 = 0). From (5.30), this condition occurs when ρ = 1.
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From (5.28), this occurs when the symbol arrival probability ω = Pavl. Therefore,

the unity efficiency phase occurs in the region ω ∈ [0, Pavl). The decreasing efficiency

phase occurs in the region ω ∈ [Pavl, 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 VLC 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

Information Source

(Optical Transmitter)

Mobile Terminal

(RF Receiver)

Relay

(Energy Harvesting / 

Optical 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 T1

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 T2 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 α ∈ [0, 1), we specify the portion of T2 used for

the excess light energy harvesting as αT2 and the portion of T2 used for data packet

retransmission as (1 − α)T2 as shown in Fig. 6.2. It is worth to mention here that

there is no harvested energy during the RF transmission duration (1− α)T2. 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 αT2 before the data packet retransmission

process begins.
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Light Energy Harvesting
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over RF 

T1 αT2 (1-α)T2

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 T1 + T2 must not exceed a

strict delay constraint of Td 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 T1 is related to the first-hop data rate, denoted

by R1, as

T1 =
B

R1

[Second]. (6.1)

The relay terminal is assumed to be located in a fixed position, where the photo-

detector1 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 R1 here.

6.1.2 Modeling the Second-hop from Relay to Mobile Ter-

minal

The relay will use the harvested energy during T1 and αT2 for its data packet retrans-

mission to the mobile terminal during (1−α)T2. In the steady state, the initial stored

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

1This 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 P2, in this

case is given by:

P2 =
Ph(T1 + αT2)

(1− α)T2

, (6.2)

where Ph is the electrical power that is converted from the light energy harvested over

time duration of T1 + αT2 and stored in the storage device.

Accordingly, the instantaneous received SNR at the mobile terminal, denoted by

γ2, can be written as [32]:

γ2 =
|h2|2P2

G2σ

=
|h2|2Ph(T1 + αT2)

G2σ(1− α)T2

,

(6.3)

where |h2|2 is the RF channel power gain with E[|h2|2] normalized to unity, where

E[.] is the expectation operator, and σ is the power of the AWGN noise. G2 in (6.3)

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

G2 =

(
4πd0

λ

)2(
d2

d0

)γ
, (6.4)

with λ is the RF carrier wavelength, d0 is the reference distance (d0 = 1m for indoor

environment [74]), d2 is the distance from the relay to the mobile terminal, and γ is

the path loss exponent (typically, γ takes values 1.6 - 1.8 for indoor situations [74]).

The RF fading gain |h2| 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 |h2|2 is given by [59]:

f|h2|2(z) =
mmzm−1

Γ(m)
exp (−mz) , z ≥ 0, (6.5)

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

hop RF channel. By using [53, Eq. (3.351.1)], and some simple algebraic manipula-
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tions, the CDF of |h2|2 can be expressed as:

F|h2|2(z) =
1

Γ(m)
γ (m,mz) , z ≥ 0, (6.6)

where γ(·, ·) 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 R2, is related to the SNR γ2 and is given by the well-known Shannon

formula as [32]:

R2 = W log2 (1 + γ2) [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 module2 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 Ph is given by [50]:

Ph = 0.75IscVoc, (6.8)

where Isc and Voc are, respectively, the short circuit current and the open circuit

voltage of the photovoltaic cell. The short circuit current Isc varies with the variations

in the light intensity I as Isc = CI, where C is a constant that depends on the type

of the photovoltic cell used3 and its manufacture parameters [50]. The open circuit

voltage Voc is related to Isc as [50]:

Voc = Vt ln

(
Isc
I0

+ 1

)
, (6.9)

where Vt is the thermal voltage (Vt ≈ 25 mVolt) and I0 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 (I0 is in the order of 10−9 ∼ 10−12 Ampere [75]). Thus, the harvested electrical

power Ph in (6.8) can be rewritten as:

Ph = 0.75 Vt Isc ln

(
Isc
I0

+ 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 I 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 Isc, which depends on the

incident light intensity I, is also a random variable that follows the Log-normal dis-

tribution Isc ∼ LN(µx, σx), where µx and σx are the mean and the standard deviation

of Isc. Then, the PDF of Isc is given by:

fIsc(x) =
1

x
√

2πσlnx

exp

[
−(ln(x)− µlnx)

2

2σ2
lnx

]
, (6.11)

where µlnx and σlnx are the mean and standard deviation of the logarithmic samples

of Isc and are related to µx and σx by [56]:

µlnx = ln

(
µ2
x√

µ2
x+σ2

x

)
, σlnx =

√
ln
(
σ2
x

µ2
x

+ 1
)
. (6.12)

Proposition 1. The output power from the photovoltic cell can be modeled as a Log-

normal distribution, Ph ∼ LN(µy, σy), where µy and σy are the mean and the standard

deviation of Ph. Then, the PDF of Ph is given by:

fPh(y) =
1

y
√

2πσln y

exp

[
−

(ln(y)− µlny)
2

2σ2
ln y

]
, (6.13)

where µln y and σln y are the mean and standard deviation of the logarithmic samples

of Ph and are related to µy and σy by:

µln y = ln

(
µ2
y√

µ2
y+σ2

y

)
, σln y =

√
ln
(
σ2
y

µ2
y

+ 1
)
. (6.14)
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The mean µy of Ph is calculated as:

µy =

∞∫
0

0.75Vt x ln

(
x

I0

+ 1

)
fIsc(x)dx, (6.15)

which can be evaluated by numerical integration, and the standard deviation σy of Ph

is calculated as:

σy = Vt σx

[
µx

µx + I0

+ ln

(
µx
I0

+ 1

)]
. (6.16)

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 Td. An important performance metric in this case is the packet loss

probability.

Given the total transmission time constraint Td, the data packet retransmission

time duration of (1− α)T2 must not exceed the value of Td − T1 − αT2. As such the

relay must retransmit the data packet with minimum data rate of R2T given by:

R2T =
B

Td − T1 − αT2

(6.17)

to satisfy the strict end-to-end delay constraint of Td.

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 R2T . Then the probability of

data packet loss is given by:

PPL = Pr[R2 < R2T ]. (6.18)

Substituting with (6.7) in (6.18) and after some mathematical manipulation, (6.18)

can be rewritten as:

PPL = Pr[γ2 < γ2T ], (6.19)

where γ2T = 2
R2T
W − 1.
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This means that the packet is lost if the received SNR γ2 at the mobile terminal

is less than the threshold value of γ2T . 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), PPL can be calculated as:

PPL = Pr

[
|h2|2Ph(T1 + αT2)

G2σ(1− α)T2

< γ2T

]
= Pr

[
|h2|2 <

A

Ph

]
,

(6.20)

where A = G2σγ2T (1− α)T2/(T1 + αT2).

Conditioning on Ph, the probability of packet loss PPL in (6.20) is given by:

PPL =

∞∫
0

Pr

[
|h2|2 <

A

y
| y
]
fPh(y)dy

=

∞∫
0

γ
(
m,mA

y

)
Γ(m)

1

y
√

2πσln y

exp

[
−(ln(y)− µln y)

2

2σ2
ln y

]
dy.

(6.21)

By using the change of variable t =
ln(y)−µln y√

2 σln y
, PPL in (6.21) can be rewritten as:

PPL =
1√

π Γ(m)

∞∫
−∞

f(t) e−t
2

dt, (6.22)

where f(t) = γ
(
m,mAe−(

√
2σln yt+µln y)

)
, with γ(·, ·) as the lower incomplete Gamma

function defined in [53, Eq. (8.350.1)].

The term
∞∫
−∞

f(t) e−t
2
dt in (6.22) has the form of the Gaussian-Hermite integration

which can be closely approximated as [76]:

∞∫
−∞

f(t) e−t
2

dt ≈
N∑
i=1

ωif(ti), (6.23)

where ti and ωi are abscissas and weight factors for the Gaussian-Hermite integration.

ti and ωi for different values of N are available in [76, Table (25.10)], or can be

calculated by a simple MATLAB program. Therefore, PPL can be approximately
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calculated in a closed form as:

PPL =
1√

π Γ(m)

N∑
i=1

ωif(ti). (6.24)

There is a trade-off between the portion of the second time slot αT2 consumed for

excess light energy harvesting and the time portion (1 − α)T2 used for data packet

retransmission over the second-hop. If α 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 α

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 α in terms of minimizing

the data packet loss probability.

The optimal parameter α∗, which minimizes the packet loss probability PPL can

be obtained by solving ∂PPL/∂α = 0 for α. However, it will be difficult to obtain the

optimal α∗ 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 α∗.

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 Td = 1000 micro seconds.

The LED source is transmitting with data rate of R1 = 1 Gbits/second. We assume

the mean and the standard deviation of the short-circuit of the photovoltic cell to be

µx = 3 × 10−5 Ampere and σx = 0.5 × 10−5 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 σ = 5× 10−12 Watt and

RF fading severity of m = 3.

In Fig. 6.3, we plot the packet loss probability as function of the parameter α

for different values of the distance d2 from the relay to the mobile terminal and a

fixed path loss exponent of γ = 1.6. The numerical results shown in Fig. 6.3 are

obtained using N=30 in (6.24). It can be observed that evaluating PPL using the
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Figure 6.3: Packet loss probability for different values of d2 with γ = 1.6.

approximated closed form gives accurate results that coincide with the values of PPL

obtained by evaluating the integral in (6.21) using numerical methods. Starting from

a small value of α close to zero in Fig. 6.3, PPL decreases with the increase of α until

it reaches its minimum value at α∗. This is because, as α increases, more light energy

is harvested at the relay and thus more electrical power is available for data packet

retransmission process. However, as α increases over α∗, the time available for data

packet retransmission is reduced and the data rate R2T increases. Although more light

energy was harvested, the RF channel can not support the minimum required data

rate R2T to maintain the time delay constraint of Td. Thus, PPL starts to increase.

By numerical search, we can find that the optimal portion of the second-hop time

duration T2 to harvest more light energy is α∗ = 0.6713 in this case. By simple

calculation, we can find that R2T = 24.5 Mbits/second at α = α∗. We can observe

that the value of α∗ is independent of the distance d2. This could be explained with

the aid of (6.20) and (6.24). Performing the partial differentiation of PPL in (6.24)

with respect to α will include performing the partial differentiation of A defined in

(6.20) with respect to α. As G2 is a multiplicative term of A, then when equating

the partial derivative with zero to find the optimal α, the term G2 will be eliminated.

Thus, G2 does not affect the value of α∗.

For a fixed value of α 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., d2 increases),
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the performance of the hybrid VLC/RF transmission system degrades, as expected.

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

α

P
ac
ke
t
L
os
s
P
ro
ba

bi
lit
y
(P

P
L
)

γ = 1.8
γ = 1.7
γ = 1.6

Figure 6.4: Packet loss probability for different values of γ with d2 = 15m.

In Fig. 6.4, we plot the packet loss probability as function of the parameter α for

different values of the path loss exponent γ and fixed value of the remote terminal

distance from the relay of d2 = 15 m. It can be seen from Fig. 6.4, that as γ 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 PPL as function of the parameter

α for different values of the packet size B and fixed value of the remote terminal

distance from the relay of d2 = 15 m and a fixed path loss exponent of γ = 1.6. The

relation between PPL and α 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 α. This can be explained with the aid of (6.17). Increasing the packet

size B leads to proportionate increase in the RF transmission rate R2T . This leads

to increase in packet loss probability PPL. It can be noticed that as B increases, the

optimal value α∗ decreases.

It is worth noting that the value of µx reflect the amount of light energy that can

be harvested. Thus, as µx 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 d2 = 15m and
γ = 1.6.

Td. This is because increasing Td 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 α 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 α 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 α showed inverse dependence on the packet

size. For a certain value of packet size B, the optimal value α∗ 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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RF Transmitter)

Figure 7.1: General block digram of a dual-hop hybrid VLC/RF system

in the first time slot of duration T1, the information source terminal sends its signal

over the VLC channel to the relay terminal. In the second time slot of duration

T2, 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 T1 and

T2. 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.
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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:

Pt(t) = NPLED[B +m(t)], (7.1)

where N is the number of LEDs in the LED array, and PLED 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 ir(t) at the output of the photo-detector can be

written as:

ir(t) = ηHPt(t) + n(t) = IDC + i(t) + n(t), (7.2)

where η 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 σ2
1 = σ2

shot + σ2
thermal, where σ2

shot is the shot noise

variance and σ2
thermal is the thermal noise variance [79]. Thus, the noise power is given

by σ2
1 = N0W , where N0 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]:

H =
Ar(ξ + 1)

2πd2
1

cosξ(φ) cos(ψ), (7.3)

where Ar is the physical area of the photo-detector, ξ is the Lambert index that

depends on the semi-angle at half luminance φ1/2, as ξ = −1/log2cos(φ1/2), d1 is the

transmission distance from the LED to the illuminated surface of the photo-detector,

φ is the irradiance angle, and ψ is the incidence angle.
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7.1.2 Information Processing at the Relay

From (7.2), the AC component i(t) = ηHNPLEDm(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 D∆IH−IL, where IL denotes the minimum input bias current

and IH 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:

A =

B − IL, if B < IL+IH
2

IH −B, if B ≥ IL+IH
2

.
(7.4)

Thus, the received electrical power P e
r will be given by P e

r = (ηHNPLEDA)2. The

received electrical SNR at the relay, denoted by γ1, can then be defined as:

γ1 =
(ηHNPLEDA)2

σ2
1

. (7.5)

7.1.3 Energy Harvesting at the Relay

The maximum amount of energy that the relay can harvest is given by [50]:

Eh = 0.75IDCVoc(T1 + T2), (7.6)

where IDC = ηHNPLEDB is the DC component of the output current ir(t) from

the photo-detector and Voc is the open circuit voltage of the photo-detector. Voc is

related to IDC as Voc = Vt ln
(
IDC
I0

+ 1
)

[50], where Vt is the thermal voltage (Vt ≈ 25

mVolt) and I0 is the dark saturation current of the photo-detector (I0 is in the order

of 10−9 ∼ 10−12 Ampere [75]). Eh is upper bounded by Eh = 0.75T1VtI
2
DC/I0.

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 Eh, which is stored in the battery, to retrans-

mit the data to the mobile terminal during T2. At steady state condition, the RF

retransmission power is equal to Eh/T2. Accordingly, the instantaneous received SNR

at the mobile terminal, denoted by γ2 can be defined as:

γ2 =
|h2|2Eh/T2

G2σ2

, (7.7)

where |h2|2 is the RF channel power gain with E[|h2|2] normalized to unity, where

E[.] is the expectation operator, and σ2 is the noise power assuming AWGN noise.

G2 is the second-hop path loss defined as G2 = (4πd0/λ)2 (d2/d0)γ, with λ is the used

RF carrier wavelength, d0 = 1m is the reference distance, d2 is the distance from

the relay to the destination terminal, and γ is the path loss exponent (typically, γ

takes values 1.6 - 1.8 in indoor situations [74]). The RF fading gain h2 is modeled by

Nakagami-m distribution. The PDF of |h2|2 is given by [59] as

f|h2|2(|h2|2) =
mm(|h2|2)

m−1

Γ(m)
exp

(
−m|h2|2

)
, |h2|2 ≥ 0, (7.8)

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

hop RF channel. Accordingly, the received SNR γ2 will have the following PDF and

CDF, respectively as [59]

fγ2(γ2) =

(
m
γ̄2

)m
γ2
m−1

Γ(m)
exp

(
−mγ2

γ̄2

)
, γ2 ≥ 0, (7.9)

Fγ2(γ2) =
1

Γ(m)
γ

(
m,

mγ2

γ̄2

)
, γ2 ≥ 0, (7.10)

where γ̄2 is the average SNR of the second-hop RF channel given by γ̄2 = Eh/T2G2σ2

and γ(·, ·) 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 R1 bits/second/Hz

and the relay retransmits the data to the mobile terminal with rateR2 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(R1, R2), where R1 is given by the lower bound on

the capacity of the VLC channel [81] as R1 = log2

(
1 + e

2π
γ1

)
, and R2 is given by the

well-known Shannon formula as R2 = log2 (1 + γ2). 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 R2. 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 e
r and thus increase R1. 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

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

R̄ = E[min(R1, R2)]

= E[R1|R1 ≤ R2]Pr[R1 ≤ R2] + E[R2|R1 > R2]Pr[R1 > R2]

= R1[1− Fγ2(c)] + Fγ2(c)

c∫
0

log2 (1 + γ2) fγ2(γ2)dγ2,

(7.11)

where c = 2R1 − 1. To evaluate the integral part of (7.11), after the substitution

with (7.9), we first express log2 (1 + γ2) as ln (1 + γ2) / ln(2). Then, by applying the

integration by part rule, and using [53, Eqs. (2.33.10) and (8.352.7)], along with the
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binomial expansion rule, R̄ can be expressed in this case in a closed form as:

R̄ = R1[1− Fγ2(c)]− Fγ2(c)

Γ(m) ln(2)

{
ln(1 + c)Γ

(
m,

mc

γ̄2

)
− (m− 1)! exp

(
m

γ̄2

)
m−1∑
i=0

i∑
k=0

(−m/γ̄2)i−k

k!(i− k)!

[
Γ

(
k,
m

γ̄2

)
− Γ

(
k,
m(1 + c)

γ̄2

)]}
,

(7.12)

where Γ(·, ·) is the upper incomplete Gamma function defined in [53, Eq. (8.350.2)].

The optimal bias B∗A, which maximizes the average end-to-end data rate R̄ can be

obtained by solving ∂R̄
∂B

= 0 for B. However, it will be difficult to obtain the optimal

B∗A in closed form.
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Figure 7.3: Average data rate for ADR-based method with d2 = 10m and m = 1.

It is clear from Fig. 7.3 that R̄ is a unimodal function in B. Thus, we can treat the

problem as one-dimensional optimization problem with uncertainty range of [IL, IH ],

and use numerical methods, such as Golden-section search method [68], to search for

the optimal B∗A.
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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:

maximize
B

R(B) = min(R1, R2)

subject to B ∈ [IL, IH ].

Normally, such max-min problem has solution at R1 = R2, which when we consider

the constraint B ∈ [IL, IH ], leads to the solution:

B1 =
c1IH −

√
c1c2I2

H |h2|2
c1 − c2|h2|2

, (7.13)

with c1 = eG2σ2T2I0 and c2 = 1.5πσ2
1(T1+T2)VT , where we plot R1 and R2 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 d2 = 10m.

When second-hop RF channel gain |h2|2 increases (i.e., the quality of the second-

hop RF channel improves), the intersection point of R2 with R1 (whose projection

on the DC bias B-axis equals to B1) moves up towards the peak of R1 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 R1, which corresponds to the case when B1 = (IL + IH)/2 (equals to 6 mA

in Fig. 7.4 that occurs when:

|h2|2 ≡ |h2|2T =

(√
c1c2I2

H −
√
c1c2I2

H − 4c1c2cm(IH − cm)
)2

4c2
2c

2
m

, (7.14)

where cm = (IL + IH)/2. Thus, the optimal DC bias, denoted by B∗I , in this case can

be chosen according to the following criteria:

B∗I =

B1, if |h2|2 ≤ |h2|2T
IL+IH

2
, if |h2|2 > |h2|2T ,

(7.15)

with optimum data rate R(B∗I ) = R1(B∗I ) = R2(B∗I ). Accordingly, the average end-

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

channel power gain |h2|2, is obtained by averaging the optimal data rate R(B∗I ) over

the distribution of |h2|2 as:

R̄ =

|h2|2T∫
0

R(B∗I )f|h2|2(|h2|2)d|h2|2 +

∞∫
|h2|2T

R(B∗I )f|h2|2(|h2|2)d|h2|2. (7.16)

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

form as
Γ(m,m|h2|2T )

Γ(m)
R1|B∗

I=(IL+IH)/2 by 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 T1 = T2 = 1 second.

In Fig. 7.5, we plot the average data rate of the whole system as a function of the

distance d2 from the relay to the mobile terminal. For the ADR-based method, the RF

channel path loss G2 varies with d2. For each value of G2, we use the Golden-section

search method with an accuracy of 10−6 to find the optimal DC bias B∗A 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

Parameter Symbol Value

Single LED Power PLED 20 mW/A

Minimum Bias Current IL 1 mA

Maximum Bias Current IH 11 mA

Semi-angle at Half Luminance φ1/2 15 deg.

Irradiance Angle φ 20 deg.

Incidenece Angle ψ 20 deg.

VLC Channel Range d1 1.5 m

Physical Area of Photo-detector Ar 0.04 m2

Photo-detector Responsivity η 0.53 A/W

Number of LEDs in the Array N 10

VLC Noise Power Spectral Density N0 10−21 A2/Hz

Modulation Bandwidth for LED W 40 MHz

Dark Saturation Current of Photo-detector I0 10−9A

RF Noise Power σ2 10−8 W

RF Path Loss Exponent γ 1.6

Fig. 7.5 that, the average data rate decreases as d2 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 |h2|2 (IDR-based method) over

the method when the optimal DC bias is chosen based on RF channel path loss G2

(ADR-based method), especially, at smaller distances between the mobile terminal

and the relay. As the distance d2 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 |h2|2 at

the LED source to calculate the optimal DC bias B∗I 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.



97

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 γRF -based TCI adaptation policy and γRF + γFSO-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 γRF -based TCI

adaptation policy achieves better outage performance than γRF + γFSO-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 α 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 α 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 x that represent

the samples of Isc with mean = µx and variance = σ2
x. The histogram of Isc and its

log-normal distribution fitting is shown in Fig. A.1a. By using these samples, we

generate another set of samples y for the output power Ph by using the relationship

y = 0.75Vt x ln
(
x
I0

+ 1
)

. By drawing the histogram of Ph, 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 I0. 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 Ph follows a a log-normal distribution Ph ∼ LN(µy, σy),

where µy and σy are the mean and the standard deviation of Ph.

Also, since Isc is in the order of 10−3 ∼ 10−6 Ampere [77], which is very large

compared to I0, then the term ln( Isc
I0

+ 1) in (6.10) tends to be constant and Ph in

(6.10) will be a monotonically increasing function in Isc. Thus, it is logic to find

that the output power Ph has the same statistical distribution as Isc, i.e., log-normal

distribution.

Defining the function f(x) = Ph = 0.75Vt x ln
[
x
I0

+ 1
]
, then µy is calculated

as [78]:

µy =

∞∫
0

f(x)fIsc(x)dx, (A.1)

where fIsc(x) is the PDF of Isc given by (6.11), and σy is calculated approximately
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as [78]:

σy ≈ σx
df(x)

dx
|x=µx

= 0.75 σx Vt

[
x

x+ I0

+ ln

(
x

I0

+ 1

)]
x=µx

= 0.75 σx Vt

[
µx

µx + I0

+ ln

(
µx
I0

+ 1

)]
.

(A.2)
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