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THESIS ABSTRACT

NAME: Hamza Ahmed Mohamed Siddig
TITLE OF STUDY:  Performance Analysis of FSO/RF Relaying Schemes
MAJOR FIELD: Electrical Engineering

DATE OF DEGREE: April 2019

This thesis investigates the outage probability of dual-hop mized free space optical
(FSO) /radio frequency (RF) relaying network that uses multiple relays for sending the
source message to the destination. The system model considers a decode-and-forward
(DF) relaying scheme with the influence of multiple interferences at the destination
node. In this system, we consider a Gamma-Gamma distributed channel model with
the effect of pointing error to represent the FSO links at the first hop with both intensity
modulation-direct detection (IM-DD) receivers, Input-Independent and cost-dependent
IM-DD. The RF links and the interferences are assumed to follow Rayleigh distribution
fading model. A closed-form expression is derived for the outage probability, in addition
to studying the system performance at high signal-to-noise ratio (SNR) values, where
an approximate asymptotic expression for the outage probability is derived. Also, the

diversity order and coding gain of the system are obtained and analyzed in this region.

Xiv



Power allocation for the source and relay powers is performed to optimize the outage
probability performance. The exact and asymptotic results are validated using Monte-
Carlo simulation. The results mainly show that in weak atmospheric turbulences,
the RF links dominate the system performance and this leads to a diversity order
that equals the number of relays (K), while under severe conditions, the diversity
order is a multiplication of K and the minimum of the FSO fading and pointing
errors parameters. Additionally, we investigate the outage probability of dual-hop
Multiuser mized FSO/RF relaying network that uses underlay secondary user as a
relay for sending the source message to the destination. The system model considers
a DF relaying scheme with two constraints on the cognitive scenario. In this scheme,
we consider a Gamma-Gamma distributed channel model with the effect of pointing
error to represent the FSO link at the first hop with both IM-DD receivers, Input-
Independent and cost-dependent IM-DD. The RF link and the cognitive interference
channel are assumed to follow Rayleigh distribution fading model. A closed-form
expression is derived for the outage probability, in addition to studying the system
performance at high SNR wvalues, where an approximate asymptotic expression for
the outage probability is derived. Also, the diversity order and coding gain of the
system are obtained and analyzed in this region. The results mainly show that in weak

atmospheric turbulences, the RF link dominate the system performance.
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CHAPTER 1

INTRODUCTION

With the enormous development in communication technologies, the need for larger
bandwidths and capacities has become a major concern, though most applications
are tending towards wireless communications mainly for their mobility and flexibility.
These qualities have given the free space optical (FSO) communication the privilege
of being a desirable solution besides its large bandwidth and high data rate. This type
of communication has shown a great potential specially with it’s very large bandwidth
and high data rate, Which can go up to a total of 10 Gbps [1]. However, the limited
range of a few kilometers for the terrestrial FSO considered as drawback, also the vul-
nerability to weather turbulence conditions such as fog, haze and dust storms increase
the challenges of using the FSO systems. Comparing with fiber optics technology,
the FSO system has some advantages in offering a flexibility in the network topology
and in the ability of reinstalling in a different location on demand as in emergency
recovery networks and temporary links. Also, FSO is immune to interference and
doesn’t require government license for its frequency bands so far. Also, FSO systems

can provide good last mile solutions [1]. Alongside diversity solutions, and provid-



ing an attractive alternative in cases of implementation difficulties. However, FSO
systems must compete in terms of cost and stability. The successful growth in using
the FSO systems is reliant on two main factors: their ability to reduce the cost of
network equipment and implementation, and their capability to improve the perfor-
mance of wireless systems in which they are used [2]. These attractive capabilities
of FSO systems motivates researchers to propose convenient diversity techniques that
would optimize the availability, stability, and capacity of the FSO systems. In com-
munication, many techniques have been introduced to achieve transmission diversity;
such as frequency diversity and time diversity in which the signal is repetitively trans-
mitted over various frequencies and times consecutively to increase the probability of
successful message transmission. Moreover, the diversity could be implemented by
means of hardware as in the antenna diversity or what is called space diversity. In
this technique, multiple antennas are used to transmit multiple copies of the signal
aiming to increase the total probability of receiving a correct message by reducing
the multipath effect. This can be done by increasing the number of antennas at the
transmitter or receiver sides or both as in multi-input multi-output (MIMO) commu-
nication technology. Many types of diversity have been introduced in literature and
various techniques were used to improve their efficiency. One way to minimize the
cost of applying space diversity is by using the cooperative diversity. In cooperative
diversity, users share their resources to send others’ messages alongside their signals.
This type of cooperation reduces the overall cost of the system while boosting the
performance of all participating users. The idea of cooperative diversity has emerged

and more robust schemes have been introduced such as the relay network systems.



These systems utilize one or more relay nodes on each hop to transmit the same mes-
sage from the sender to the receiver. This process using one of the common relaying
schemes, amplify-and-forward (AF) or decode-and-forward (DF). In AF scheme, the
signal is simply amplified at the relay node and forwarded to the destination or the
next relay in case of multi-hop scenario. Whereas, in DF relaying scheme, the received
signal is decoded, processed, and then encoded before being transmitted to the next
node [3]. In case of receiving multiple copies of source message, the destination node
either chooses the best message among them or combine them using one of the com-
bining techniques such as equal gain combining (EGC) and maximal-ratio combining
(MRC). The selection of the relay/relays that will be assigned to continue with the
transmission is also managed through certain relaying schemes. For example, these
schemes could choose the relay with good channel quality or that which achieving a

signal-to-noise ratio (SNR) which is higher than a certain threshold.

1.1 Theoretical Background

1.1.1 Relay Networks

Any communication system consists of a source (sender), a transmission channel or
media, and a destination (Receiver). However, these systems sometimes do not give
back the desired performance level due to channel complication, long transmission dis-
tances or even the transmission environment such as buildings, barriers, and weather.
This problem can be overcome by adding a type of diversity, or in some cases, a relay

node to facilitate the communication and to enhance the overall performance of the



system as it is shown in Figure 1.1 below.

—

Figure 1.1: (a) One hop communication, (b) Two-hop communication.

A more advanced way to accomplish the targeted performance is to use more than
one relay, which leads us to the idea of relay networks that has been widely investigated
in literature. One of these topologies that has been suggested in this proposal is to use
both FSO and RF channels to establish the communication as demonstrated below
in Figure 1.2, Some challenges however arise in this kind of communication systems

such as the interference between multiple RF channels.

1.1.2 System Modeling

The performance analysis of any system usually requires system modeling, which gives
an insight on how the system reacts to the influences around it. The proposed system
consists of two major kinds of communication systems, namely FSO and RF communi-
cations. The FSO system is a line-of-sight (LOS) communication that gets affected by
many factors such as weather turbulences, equipment pointing errors and alignment

4



Figure 1.2: Mixed FSO/RF relay network with multiple relays.

issues, as well as window attenuation in cases of behind glass links [4]. These factors
must be taken into account while making the system model and the performance anal-
ysis. The link behavior in each circumstance is then modeled by a statistical model
that reflects how the communication link will react in each different scenario with
different parameters. The following section provides the different statistical models

used for representing both the RF and FSO fading channels.

RF Fading Channel

Several statistical models are used in the literature to model the RF channels. Among

these models is the Rayleigh distribution. This model is widely used because it shows



the performance of the channel when the signal has no LOS component, while it has
a simple mathematical expression. The probability density function (PDF) of the

Rayleigh distribution is given by [5]

f(r) = —e 22, (1.1)

where r is the received signal envelope, and o2 is the variance. Similarly, Rician
distribution is suitable for characterizing many RF channels. It is used usually to

model the LOS RF multipath channels. The Rician distribution PDF is given in [5]

f(r)=—e 22 062/ (1.2)

where r is the received signal envelope, o is the variance, A is the peak amplitude, and
Io(.) is zero-order first kind modified Bessel function. The Nakagami-m is also one of
the important distributions because it includes different cases according to the value
of the m parameter that includes the Rayleigh fading when m = 1. The Nakagami-m
distribution PDF is given by

2m™ 2

flz,m,o) = W:ﬁm’le’%“ : (1.3)

Where z > 0, m > 1/2 and o > 0. z? is received instantaneous power, m is the

shape parameter, o is the spread parameter, and I'(.) is the Gamma function.



FSO Fading channel

Many researchers have studied the FSO modeling and how to improve it to get a
more detailed and accurate representation of the actual FSO channel. Several types
of fading models have been proposed in literature for modeling the FSO link. First,
the log-normal distribution which can be used to model the FSO channel under weak
turbulence conditions. This distribution does not cover the whole conditions of at-
mospheric turbulence due to its simplicity. Many research papers have selected using
this distribution to model the FSO link as will be discussed in the literature review
section. The equation below shows the PDF of the log-normal distribution

1 new?

e 27 (1.4)

flz,p,0) = —

where p is the mean, and o is the standard deviation. Moreover, a widely used
statistical method to represent the FSO system is the Gamma-Gamma distribution
that models the system in a more accurate way and can also perform well when
representing the channel in the presence of weak and strong weather turbulences [6].
This distribution is a bit more complex than the previous one as it includes the Meijer
G-function, yet, there are many ways to solve it using computer software tools like
MATLAB and MAPLE. The PDF of the Gamma-Gamma distribution is given by [7],

8]

¢? 3,0

Feso 1) = ()

¢2ap (wv)l/s
(C2+1) \ ps

Cz“] , (1.5)

<2 7a76



where ( is the ratio of beam radius at the receiver to the pointing error displacement,
s and w indicate the type of detection (s = 1,w = 1) for the heterodyne detection,
while (s = 2,w = 1) and (s = 1,w = 2) represent the input-independent and cost-
dependent intensity modulation-direct detection (IM-DD), o and 3 are atmospheric
turbulence conditions factors, and G [ ] is the Meijer G-function, us is equal to the
average SNR (Ypgo) for heterodyne and input independent IM-DD but twice that for

the cost dependent.

1.2 Literature Review

FSO relay networks have lately got the interest of numerous number of researchers in
literature as a very hot area of research.

The work in [9] and [10] studied the performance of a single relay system with the
help of a RF hop to introduce a mixed RF/FSO relaying network with a fixed gain
AF scheme. The outage probability and average bit error rate (BER) were derived.
The channel capacity of the system was calculated as well in [9]. The RF link was
modeled using Nakagami-m and Rician distributions, respectively, while the FSO link
was modeled using Gamma-Gamma distribution. In [11], an assisted channel-state-
information (CSI) AF relaying network with multiusers was modeled by Gamma-
Gamma distribution using Fox H-function and Nakagami-m fading to model the RF
channels. The paper also derived the average and asymptotic BERs, in addition to
deriving the outage probability. In [12], the cumulative distribution functions (CDF')

of the SNRs were calculated to get the outage probability and BER results. Moreover,



the system was studied asymptotically. The considered multiuser scheduling scheme
was implemented by selecting the link with the best SNR and considering all the users’
channel coefficients to be independent identically distributed random variables.

In[13], the authors used double generalized Gamma and Nakagami-m distributions
in modeling a single relay FSO/RF relay system. Due to the inability of AF relay to
accurately model the non-negative optical signals, and hence, the inability to model
the IM-DD detector, the DF relay has been recently presented as a solution for this
problem. The authors in [14] studied the simple DF against the selective DF relaying
scheme in terms of error probability. The FSO link was modeled by Rayleigh fading
model which does not give a precise representation of the FSO link performance.
Another study was introduced in [15] that uses a DF scheme presented a BER analysis
of an all-optical multiple relays system considering Gamma-Gamma distribution with
the impact of pointing error. [16] studied a mixed RF/FSO system with n — p and
Gamma-Gamma, respectively.

The multiuser mixed RF/FSO was considered in [6], [17], [18], [19], [20], [21]. The
work in [6] discussed a multiuser model that uses Rayleigh and Gamma-Gamma dis-
tributions for the RF and FSO channels, respectively with outdated CSI. The authors
evaluated the outage probability, average BER, and the ergodic capacity. The results
presented that the strong turbulence effect on the FSO link dominates the perfor-
mance measures. Alternatively, the authors in [22] derived the outage probability and
BER of an RF /FSO relay network with outdated CSI. Rayleigh fading model was used
to represent the RF part, while the FSO links were modeled using Gamma-Gamma

distribution. The impact of pointing error on the system was studied as well.



The work in [23] used relaying approach to study a multi-relay FSO system with
AF relaying using Log-normal fading channel. The outage performance of the system
when a relay with the best end-to-end (e2e) SNR among other relays is chosen was
derived and compared to the all-active relays case. The study in [24] calculated the
outage probability and the average BER of a Rayleigh and Gamma-Gamma modeled
mixed RF/FSO relay system with outdated CSI and multiple relays. In [25], a mixed
multiple relaying RF/FSO was implemented using max-select and distributed switch-
and-stay selection protocols. The system outage performance analysis was carried out
for both selection protocols and the all-active relaying case. The system was modeled
by n — p and Gamma-Gamma distributions for the RF and FSO links, respectively.
[26], [27] have introduced performance analyses of mixed RF/FSO with multiple relays.

Moreover, there are many ways for increasing the performance efficiency of the
system, such as MIMO channels and multple access techniques. One of the hottest
research areas in this matter recently is the cognitive radio, as it has been proposed
to be utilized in 5G networks. The area of mixed cognitive RF/FSO has got many
researchers attention, the work in [28] addressed the hybrid FSO/RF network, Authors
in [29] studied the scenario of DF MIMO RF/FSO outage of Single user (MIMO) .
asymptotic mixed RF/FSO with two constraints outage for single relay and single
user the AF scheme is considered in [30]. In[31] analyzed the Outage, asymptotic
and power allocation of an AF mixed RF/FSO (MIMO PU), also Avg. BER and
the outage analysis were studied in the underlay cognitive for RF and FSO Wireless

Channels [32] [33].
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1.3 Motivation

Reviewing the performance analysis works in literature clearly shows the advantages
and potentials the mixed system of FSO and RF technique. The literature contained
many studies discussed this type of communication can provide. Different RF/FSO
relay topologies were studied. However, the last part of literature that considered the
FSO/RF scheme mainly contained scenarios of parallel FSO and RF links from source
to destination. The outage performance of mixed FSO/RF with multiple relays has
not been studied in any of the reviewed publications. Besides, works using an accurate
Gamma-Gamma distribution model, generalized for the IM-DD types and heterodyne
detection on FSO links. Figure 1.3 shows the research area in which this thesis will
contribute. It is important to mention that Multiple relays offer a higher system
diversity order but it requires more nodes (cost). The system designer will need to
choose the suitable trade-off.

Moreover, a very hot and futuristic research area in these days is the cognitive
radio. The concept can be applied to the FSO/RF system so that it will support
sharing of frequency bands with restricted interference. Figure 1.4 illustrates the
targeted area in the mixed FSO/RF relaying field. The new techniques of mmWave
can be considered on the RF part.

Both cases of single and multiple destinations will be considered in this model to
see the primary user effect on the relay system performance. Figure 1.5 shows the

system model of cognitive radio mixed FSO/RF DF relaying networks.
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1.4 Thesis Contributions

The main aim of this thesis is to study the scenario of mixed FSO/RF relaying network

system with the following specific objectives

1.4.1 Outage Analysis of DF Cooperative Multi-relay Net-
work

In this part of the research, we derive a closed-form expression of the outage analysis
of a mixed FSO/RF multiple relay system with multiple interferences on the destina-
tion with the Gamma-Gamma and Rayleigh distributions for the FSO and RF links,
respectively. In this part we covered this scheme by analyzing the outage probability
of a multi-relay mixed FSO/RF opportunistic DF multiple relay network. Where the
relay with the best signal-to-interference-plus-noise ratio (SINR) in the second hop
among a group of relays is chosen to forward the source message to destination. The
FSO links are assumed to follow a unified Gamma-Gamma fading model for hetero-
dyne and both IM-DD input-independent and IM-DD cost-dependent receivers, while
the RF links are considered to be Rayleigh distributed with the effect of multiple
interferences. additionally, the impact of pointing error is taken into consideration in
the FSO hop. An exact closed-form expression is derived for the outage probability.
Furthermore, the asymptotic outage probability is derived under the assumption of
high SNR values, resulting in the diversity order and coding gain of the system. Us-
ing the asymptotic expressions, the powers of the source and relay are allocated to

optimize the system outage performance.
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1.4.2 Performance Analysis of DF Cooperative Cognitive Re-
lay Network

In the second scheme of this thesis we analyze the outage probability of a multi-
user mixed FSO/RF opportunistic relay network. Where the relay with the best
SNR in the second hop among a group of RF links is chosen to forward the source
message to destination. The FSO link is assumed to follow a unified Gamma-Gamma
fading model for heterodyne and both IM-DD input-independent and IM-DD cost-
dependent receivers, while the RF links are considered to be Rayleigh distributed
under two constraints, limited interference level on the primary user and secondary
user maximum transmit power constraints. additionally, the impact of pointing error
is taken into consideration in the FSO hop. An exact closed-form expression is derived
for the outage probability. Furthermore, the asymptotic outage probability is derived

under the assumption of high SNR values.

13
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Figure 1.3: Contribution in the area of mixed FSO/RF DF relaying with multiple
interferences.
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CHAPTER 2

OUTAGE PERFORMANCE AND
OPTIMIZATION OF MIXED
FSO/RF OPPORTUNISTIC DF
RELAYING WITH RF

CO-CHANNEL INTERFERENCE

In this chapter, we present the outage probability derivation and analysis of a mixed
FSO/RF with multiple interferences. Moreover, we covered the scheme of mixed
FSO/RF opportunistic DF multiple relay network. Where the relay with the best
SINR in the second hop among a group of relays is chosen to forward the source
message to destination. In the analysis, we assume the FSO links to follow a unified

Gamma-Gamma fading model for heterodyne and both IM-DD input-independent and
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IM-DD cost-dependent receivers, while the RF' links are considered to be Rayleigh

distributed.

2.1 System and Channel Models

Consider a mixed FSO/RF DF multiple relaying system as shown in Fig.2.1. The
signal travels through the two hops to reach its destination. The signal is transmitted
in the first hop via FSO links from the source to the available K relays. The signal is
processed and decoded on the relay nodes that received acceptable signal qualities on
the first hop, the node with the maximum SINR among them will be chosen on the

second hop as in Figure2.1.

Interference

Figure 2.1: Mixed FSO/RF multiple relays system with RF co-channel interference.
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For the first hop, the received signal at the k" relay for heterodyne and IM-DD

respectively are defined as

yHet. = V Psgs,kaet. +nHet4’ (2]‘)

2
X

(2.2)

IMDD + nIMDD7

Yivpp = PS gs,k

where P is the source transmitted power, g , represents the channel coefficient be-
tween the source and the k' relay, .. is the heterodyne transmitted signal given

that E{|zge. |’} = 1, x is the IM-DD transmitted signal given that E{x,,,, } =1,

IMDD

npet. is the heterodyne detector noise, which is considered to be a complex additive

white Gaussian noise (AWGN), i.e. n,., ~ CN(0,N,,, ), n is the IM-DD real

IMDD

AWGN which is given by n,,,,, ~ N(0,N,,,,,) for IM-DD input-independent, and

Nnn ~ N(0,2P, 2IE{J:IMDD}]\7H€t.) for the IM-DD cost-dependent. Hence, the

gs,k

SNRs at the relay nodes for the prior mentioned detection types are given as in [8, Eq.
(5)]. In this work, we assume the FSO link channel follow a Gamma-Gamma fading
model, taking pointing error into consideration. The PDF of the aforementioned FSO
SNRs is given in a unified manner by (1.5)

After receiving the signals on the FSO links, the relays process them and decode
the messages. A successfully decoded signal will be re-transmitted on the second hop

via a RF link to the destination. The RF link signal received at the destination from

19



the k' relay can be written as

Ni
Ypa = V P hiaTpa + Z hi g Tt g+ Nk, (2.3)
=1

where Py is the transmit power of the k' relay, hy 4 is the channel coefficient of
the k' relay channel to destination, x4 is the RF transmitted signal given that
E{|zrq|’} = 1, h{ ; is the channel coefficient of the 7" interferer channel to destination,
!, is the i interferer transmitted signal given that E{|z! d‘Q} = 1, and ng4 is a
zero mean AWGN with a variance Ny. Thus, the SNR of the RF link is given by

Va = %|hk7d\2. We assume a Rayleigh fading RF channel, therefore, the PDF of v, 4

from the k' relay to the destination will be exponentially distributed, with a PDF

ka,d (v) = 71 exp <_

k,d

vv) ’ 24)

where 7, , = ]I\Df—’gE{|hk7d|2} is the second hop average SNR of a typical RF link. How-
ever, the destination is affected by multiple interferences, with 7/ = Z—(l)|hl |2 where P!
is the interfering signal power. Therefore, the SINR on the destination, assuming in-
dependent and identically distributed (i.i.d) interferences (A, = A ;= ... = A}, 4 =
M =1/5"), will be given by

2 |y

’Yk,d(’Y) = N3 I
i m b+ 1

(2.5)

In this system, we consider DF relaying system, in which the decoding set D will

consist of relays having a higher SNR than a particular SNR threshold. The number
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of elements in the decoding set varies between zero (all first hop SNRs are below the
SNR threshold), and K when all relays are in good conditions. The relay with the best
second hop SINR from the decoding set will handle the relaying process of the source
signal to the destination (i.e. vp = max{yk,d}, k=1,...,L, where L is the number of
active relays in the decoding set Dy). As the interference is common to all relays, it

will be the relay with the maximum numerator in (2.5).

2.2 System Performance Analysis

2.2.1 Outage Probability

The outage probability is an essential element in performance analysis. For a par-
ticular link, it is defined as the probability that the received SINR is lower than a
certain threshold level P,,; = Pr[y, < vrs), where Pr is the probability operator, v,
is the received SINR at D, and vpy, is the outage threshold level. The outage thresh-
old is proportional to the desired data rate (R) on the link channel, and is given by
yrn = (228 —1). Using total probability theorem, the outage probability of a mixed

FSO/RF with multiple relays can be written as [34]

Pour = Z ZPT[’YD < ,yTh|DL]Pr[DL]7 (26)

L=0 Dy,

The distribution of the decoding set is defined as

Pr(Dr] = [] Prlvei = veu) T] Prlves < val- (2.7)

€Dy, ]¢DL
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These two probabilities in the product can be represented by the complimentary
cumulative distribution function (CCDF) and CDF consecutively. Thus, the CDFs of
both the FSO and RF links SNRs are substituted into P,,;. The CDF of the FSO
link can be attained by integrating the PDF that is given in (1.5) with respect to =,

so we get [§]

¢af (y/c)”

C2
Gl
€+ 1)’

Freso () = Tayra @

1,4%1] 7 (2.8)

C27a7ﬁ70

where ¢, alongside s and w, determine the type of detection ¢ = 1 for heterodyne
detection, while ¢ = \/% and ¢ = \/% for IM-DD input-independent and cost-
dependent, respectively. The second part of P, is represented by the RF (second
hop) CDF. This CDF is based on the SINR introduced in (2.5). Consider ﬁ—:|h1|2 =z

hye|? = y, by averaging over the PDF of z, we get

P
and N

Prl, < 9| Di] = / " @) / T py () dyde, (2.9)

The multiple interferences distribution under the assumption of i.i.d Rayleigh dis-
tributed random variables (RVs) will lead to x being a summation of exponential i.i.d.
RVs. This summation is equivalent to a gamma distributed RV with the same rate
and a shape parameter that equals the number of interferers. Thus, (2.9) can break

down to




The integration in (2.10) can be solved using [35, Eq.(3.351.3)], so we get

Pl < ) = fg Vi = DU = e (00 4 )N (i = 1)
(2.11)
o M Vi g= X,
(AT + M) ‘

The link with the best SINR in the second hop will be chosen and Pr[y, < ~,,|DL]
can be written as
Dy,
Prly, <73, |D1) = [ [ Prbves < 7] (2.12)

k=0

Up to now, P, can be found by substituting (2.7) and (2.12) in (2.6)

2.2.2 Asymptotic Outage Probability

A primary goal of any performance analysis is to acquire knowledge about the effect
of each element on the overall system performance. Inspecting the impact of each
system parameter is difficult under a complex expression. Therefore, a simplified
expression (asymptotic) is derived to introduce a neat and simple expression for the
outage probability.

At high SNR values, the outage probability can be approximated as P,, =~
(GSNR)~%, where Gy and G, are the diversity order and the coding gain of the
system, respectively. The change in the diversity order results in altering the slope of
the outage probability curves in the logarithmic scale. While the difference in coding
gain leads to a horizontal shift in the outage probability curves. Thus, calculating
these factors will brighten the view on how each system parameter affects the out-

age probability of the system. Furthermore, due to simplicity of these asymptotic
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expressions, the proposed power allocation scheme will be designed based on them.

The outage probability expression in (2.6) will result in a polynomial of multiplied
CDFs of both the FSO SNR and the RF SINR. In order to simplify this expression,
we use an approximate expression to represent them. First, for the RF link CDF,
a Taylor series expansion of the CDF in (2.11) is obtained. By taking the first two
terms of the series, we get

e D1+ NYT)
RF — = :
Trr

(2.13)

Alternatively, the FSO CDF at high SNR (i.e. pg — o0) is simplified using the
Meijer G-Function series representation as in [36, Eq. (07.34.06.0006.01)], when it is
applied on (2.8), we get

H?:l,bﬂébk r (bj B bk)

Fpso = AB™
FSO F(Cz—f—l—bk)bk )

k=1

(2.14)

where A = and B = (B(Vl—//cs)zv ,and by = a, by = 3, by = (2. The expression
Hs

NG )F(ﬂ)

in (2.14) can be simplified more by taking only the dominating element of by into
consideration. The minimum among b; — bs, to be precise, is the one that results in
the dominant term of the summation at high SNR. Thus, the CDF in (2.14) can be

rewritten as
3

50 F (CQ + 1 - bmzn) bmzn ’

(2.15)

where b,,;, = min[a, 3, (?].
Moreover, there are some cases where the outage probability expression can be

reduced more, mainly when the performance of one of the hops is significantly worse
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than the other. Therefore, the worse hop will dominate the outage probability, and
here, we have some special cases

Case 1: Weak Weather Turbulence

In the weak turbulence (i.e. relatively high values of o and (), the FSO link
performance improves and the outage probability expression can be reduced at high
SNRs (i.e. when ps — 00). The FSO link are assumed to be independent for simplicity
(weather conditions are often related in a close area) Also, when the RF SNR is

significantly lower, the summation in (2.6) will simplify to

o0

_ oo o0 oo
ut FRFlFRFQ"‘FRFK

K
_ {%h(l + NWU] _ { Vrr 1
IVRF ,yTh(l + NZ’_)/I)

P

o

x (2.16)

This case shows that the diversity order of the system is equal to the total number
of relays (G4 = K) in the system, and the coding gain consists of 7,,, 7/, and Ni
(6o = sprtem)

Case 2: Severe Weather Turbulence

In this case, the first hop (FSO links) is dominating the outage performance which
happens in the presence of severe weather turbulence (i.e. relatively low values of «
and (), or when the RF average SNR (7, — 00) is high. Here, the terms with powers

of 4, in the denominator will tend to zero and the terms in the summation of (2.6)
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will simplify to

oo

Pout = F%OlFE%'OQ”'F;%OK
1 —bmin K (217)
= [ABbmm]K = 1 ’
Abmin B
H?:l,b,yﬁb ; F(bj_bmin)
where A = A . In this case, the conditions of the FSO links

F(Cz‘i'l_bmin)bmin

mostly dominate the system outage probability, the diversity order is dependent on the
number of relays K multiplied by b,,;,. This diversity order shows the direct influence
and dominance of the FSO parameters on the system. On the other hand, the coding
gain consist of many FSO parameters, 7., , bmin, @, 3, and (2. The parameters of the
type of detection also have an effect on the total coding gain, while the effect of the

RF hop channels is negligible in this case.

2.2.3 Power Allocation

In this section, we intent to acquire an optimal power allocation for the system in
hand. We consider a total distance of D;,; between the source and the destination,
divided between the two hops. For simplicity, the distances between the source and
the relays are assumed equal and denoted by d,,, while the distances between the
relays and the destination are denoted by d, 4. The average SNR value between the
source and a given relay (FSO link) is written as 7, , = P;Age "% [37] , where Aj is
the beam aperture efficiency, v is the FSO attenuation coefficient, and Py is the source
transmit power, while the average SNR value between the relay and the destination

is written as 4.4 = P./(d},), where n is the path loss exponent, this exponent has
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a higher value than 1, and P, is the relay transmit power. The total power budget
is Proy = P; + P.. We need to allocate an optimal power values which leads to the
best outage performance. However, the optimal power allocation will change with
altering the number of relays. Obviously, the more relays we have, the more complex
the optimization process is. This is due to the increase of the terms of the outage
probability expression. The use of asymptotic expression can considerably simplify
this process, Here we present the case of single relay, where the outage probability can
be written as

bmin

ap(zmy 1™

(PTot - PT)AOQ_Ud

')

P, = A

ou

Vo (1 +7)d"
P ‘

(2.18)

The optimal powers, which minimize the outage probability, can be obtained from

oP,

75t = 0. The second derivative is used first to test the expression

(2.18) by solving
convexity. The positive value of the second derivative ensures the convexity of the

function. The derivative of P, , in (2.18) with respect to P, is given by

ou

P, af(HLL)v " bpnt1  Ven L+
a—PT = bmznA W (PTot - Pr) o THP—T2 - 07 (219)

by solving (2.19) for P,, the expression of the optimum power allocation for a given

Pry in the single relay case can be written as

pP?  Yea (LD

(PTot - Pr)bmm—’—l bmznA

bmin
Aoefvd
. (2.20)

()
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However, finding a closed-form expression for the multiple relay case is hard, but it
can be solved numerically using well-known computer softwares such as Matlab and

Mathematica.

2.3 Simulation and Numerical Results

This section discusses and validates the results of the analytical expressions derived
for the considered system. Monte-Carlo simulations were made to validate the results
and to affirm the authenticity of both the analytical and asymptotic expressions. 106
samples have been used to generate the Monte-Carlo simulations

Fig. 2.2 shows the effect of number of relays K on the outage probability under
severe weather turbulence and with a heterodyne detector. The figure shows the
exact and asymptotic results for each case. Along with the asymptotic results, the
Monte-Carlo simulations verify the achieved analytical results. Clearly, increasing the
number of relays K improves the outage performance (i.e. lower outage probability)
by increasing the diversity order.

Fig. 2.3 illustrates the effect of the interference on the outage probability. A
variation of interference power 4/ on the destination is used for comparison, where
Al = % For the curves with constant interference power, as expected, lowering the
interference power results in a better performance. This change in the results comes
from a change in the coding gain (parallel lines with the same slope). However, the

interference has an effect on the diversity order when 4 is proportional to the average

SNR. In this case, at high SNR values, the interference level will rise as well, and will
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Figure 2.2: P, versus average SNR in severe turbulence with heterodyne detection
for different number of relays K.

limit the outage probability to a certain level (noise floor and zero diversity order).
This is the reason behind the floor at high SNR in this figure for 4/ = 0.05%, and
¥ =0.15.

Fig. 2.4 shows the negative effect of the interference on the outage performance
compared to the interference free case. The outage probability was implemented
while changing the number of relays used each time. On the other hand, adding more
relays increases the diversity order and improves the system performance. Accordingly,

increasing the number of relays is a good solution to overcome interference problems.

Figs. 2.5 and 2.6 illustrate the case of severe weather conditions when the FSO
link dominates the outage performance. In this case, the FSO links CDFs dominate

the outage probability summation in (2.6). Fig. 2.5 shows that the diversity order of
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Figure 2.3: P, versus average SNR in severe turbulence with heterodyne detection,
with the effect of interference.

the FSO is equal to the product of the number of relays K and b,,;, = min{a, 3, (*}.
The result shows that changing the minimum term or K will change Gy = byin * K.
For example, changing (2 from 1 to 0.5 in the first curve will change Gy from 4 to
2 on the log scale. Fig. 2.6 explains and verifies the asymptotic analysis in case 2
by taking ¢? under observation. When b, = (%, Gq will be Gq = (? x K (ie. (2
will change the diversity order). However, when ¢? exceeds 8 (byin = 3), the increase
in (2 only makes a horizontal shift on the curve. This means that (? only changes
the coding gain of the system. It is worth to mention that increasing ¢? reduces the
pointing error, which leads to a better system performance.

The first case in the asymptotic analysis is presented in Fig. 2.7, where the system

works in a relatively weak turbulence conditions or when the FSO SNR is high. In
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Figure 2.4: P, versus number of relays K for heterodyne and IM-DD types of detec-
tors with and without the presence of interference.

this case, the diversity order is determined by the number of parallel relays Gy = K,
as expected in the asymptotic analysis. Whereas, the coding gain is influenced by the
RF parameters, RF threshold, and the interference.

The effect of interference is illustrated in Fig. 2.8. This figure shows the outage
probability against the outage threshold +,, , where multiple interferers are considered
in each case for two average SNRs. At high outage threshold (higher data rate), the
outage probability is higher. It is also noticed that for a given 7, the outage probability
eventually converges to one. Furthermore, the curve rises to unity faster for lower
values of 7.

The outage probability for both the optimal power allocation and equal power

transmission is represented in Fig. 2.9. Clearly, the optimal power allocation offers an
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Figure 2.5: P, versus average SNR in severe turbulence with the effect of b,,;, and
number of relays K on the diversity order.

enhanced system performance. By allocating the power more efficiently to the source
and relay, we can get a coding gain improvement. The gain increases with the use of

more relays, as the proposed power allocation scheme becomes more efficient.

2.4 Conclusion

In this chapter, we analyzed the performance of a DF dual-hop mixed FSO/RF mul-
tiple relaying network with multiple RF interferences. We derived a closed-from ex-
pression for the outage probability, considering Gamma-Gamma and Rayleigh fading
models for FSO and RF links, respectively. Moreover, the asymptotic analysis at high
SNR values was obtained and the diversity order and coding gain were determined for

some special cases. The exact and asymptotic results were verified by Monte-Carlo
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Figure 2.6: P, versus average SNR in severe turbulence with the effect of b,,;,, on
the diversity order and the coding gain.

simulations. Using the asymptotic results, a power allocation scheme was introduced,
where optimal powers for the source and relays were provided. The results showed
that for a weak turbulence condition, the RF link dominates the outage performance,
and the system in this case has a diversity order equal to K. However, the outage
performance in severe weather turbulences is dominated by the FSO links and the
diversity order is a multiplication of K and the minimum of «, 3, and ¢2. The in-
terferers at the RF receiver are found to be affecting the coding gain, and the effect
is noticeable mostly when the RF part is dominant. The suggested power allocation
scheme improves the system performance, this scheme is more efficient with the use

of more relays.
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CHAPTER 3

PERFORMANCE ANALYSIS OF
MULTIUSER MIXED FSO/RF
OPPORTUNISTIC DF
RELAYING IN COGNITIVE

RADIO

This chapter discusses the performance analysis of DF mixed FSO/RF with mul-
tiusers and two power constraint. We cover it in this chapter by analyzing the outage
probability of a multi-users mixed FSO/RF opportunistic relay network. Where the
relay with the best SNR in the second hop among a group of RF links is chosen to
forward the source message to destination. The FSO link is assumed to follow a uni-

fied Gamma-Gamma fading model for heterodyne and both IM-DD input-independent
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and IM-DD cost-dependent receivers, while the RF links are considered to be Rayleigh
distributed under the constraints of cognitive interference limit and maximum power.
additionally, the impact of pointing error is taken into consideration in the FSO hop.
An exact closed-form expression is derived for the outage probability. Furthermore,

the asymptotic outage probability is derived under the assumption of high SNR values.

3.1 System and Channel Models

Consider a multi-user mixed FSO/RF DF relaying system with cognitive radio sce-
nario. The signal travels through the two hops to reach its destination. The signal
is transmitted in the first hop via FSO link from the source to the relay. The signal
is processed and decoded on the relay node, which is considered to be the cognitive
secondary user, the second hop link with the best cognitive SNR among them will be
chosen for second hop transmission as shown in Fig.3.1 .

For the first hop, the received signal at the relay for heterodyne and IM-DD re-

spectively are defined as

yHet. = \% PSgS,TxHet. +nHet47 (31)

— P, 2

gs,r xHWDD +nIMDD7 (32)

yIMDD

where P is the source transmitted power, g, represents the channel coefficient be-
tween the source and the relay, xp.;. is the heterodyne transmitted signal given that

E{|zge |’} = 1, ,,,,, is the IM-DD transmitted signal given that E{z

IIMDD} -
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Primary Receiver

Figure 3.1: Mixed FSO/RF multiuser relay system with cognitive radio scheme.

1, nyger. is the heterodyne detector noise, which is considered to be a complex

AWGN, ie. n,, ~ CN(0,N,.,), n,,pp is the IM-DD real AWGN which is

Het.
given by n,,,, ~ N(0,N,,,,) for IM-DD input-independent, and n,,,,,
N(0, 2P, |gsqk|2E{m1MDD}NHet') for the IM-DD cost-dependent. Hence, the SNRs at
the relay node for the prior mentioned detection types is given as in [8, Eq. (5)]. In
this work, we assume the FSO link channel follow a Gamma-Gamma fading model,
taking pointing error into consideration. The probability density function (PDF) of
the aforementioned FSO SNR is given in a unified manner by (1.5) [8].

After receiving the signal of the FSO link, the relay process it and decode the
message. A successfully decoded signal will be re-transmitted on the second hop via

one of the RF links to the associated destination. The relay is considered to be the

secondary user of an underlay cognitive system with two constraints. Beside limiting
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the interference effect on the primary user, the transmission power must not exceed a

defined maximum value P,,,,, which can be expressed as

PT = min[Pmm, ﬁ ], (33)

P

where P, is the transmit power of the relay, I, is the permitted interference level
at the primary user receiver, and ‘hw‘ is the channel coefficient between the primary
and secondary (the relay) users, assuming Rayleigh fading channel with average SNR
- 1

T = 3 = %]E{|hr,p|2}, where Nj is the variance of the noise, which is considered

to be an AWGN. The average SNR of the relay is given by

_ P,
Yrr = E’hr’d’a (34)

where |h, 4| is the channel coefficient between the relay and the chosen destination,

which assumed to be Rayleigh fading channels with average SNR 7, , = L =

A'r,d

wE{|hal},
In this model, we consider a dual hop multiuser DF cognitive relaying system,
in which the relay is an underlay secondary user. The relay power is limited by the

interference level tolerated by the primary user, in addition to the maximum power

constraint, which is introduced to give more accurate analysis results.
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3.2 System Performance Analysis

3.2.1 QOutage Probability

The outage probability is an essential element in performance analysis. For a partic-
ular link, it is defined as the probability that the received SNR is lower than a certain
threshold level P,,; = Pr[y, < 7rs], where Pr is the probability operator, ~y, is the
received SNR at the destination, and ~7;, is the outage threshold level. The outage
threshold is proportional to the desired data rate (R) on the link channel, and is given
by yrn = (22 — 1). Using total probability theorem, the outage probability P, of a

mixed FSO/RF with multiusers on the second hop can be written as

N N
Pouw = F, )+ [ F = F o ) [T P (35)
k=1 k=1
where NV is the number of users, F/__and F, are the FSO and RF links CDFs,
respectively. The CDF of the FSO link can be attained by integrating the PDF that
is given in (1.5) with respect to 7, so we get the CDF aforementioned in (2.8)[8].
The second part of P, is represented by the RF (second hop) CDF. This CDF is

based on the SNR introduced in (3.4). The CDF can be expressed as a minimum of

two random variables,

F.=F . 0)+F (v)=F,_ F (), (3.6)

Ip

where F_and F, are the RF CDFs of the two cases of (3.3) independently.

Consider }hnpf =z and Ip =y, FIp can be simplified by averaging over the PDF of
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T, we get

oo Yoy, (1)
Prly, < 7p] = / Fx(@) / Fo(y)dyde. (3.7)

By solving The integration in (3.7) we get

A
Pr < =1- P 3.8
[’)/D /YTh] [ ()\r,p + )\r,d’yTh) ] ( )
F__ can be found by substituting (3.8) in (3.6), and it is reduced to
F o 1 )\Tvp _(FyTh )\maz) 3 9
RF [ € ]7 ( : )

()\T,p + )\TvdﬂyTh)

1

where A e ——
mer “masE{|hyqf?}

3.2.2 Asymptotic Outage Probability

A primary goal of any performance analysis is to acquire knowledge about the effect
of each element on the overall system performance. Inspecting the impact of each
system parameter is difficult under a complex expression. Therefore, a simplified
expression (asymptotic) is derived to introduce a neat and simple expression for the
outage probability.

At high SNR values, the outage probability can be approximated as P,, =~
(GSNR)™%, where G4 and G, are the diversity order and the coding gain of the
system, respectively. The change in the diversity order results in altering the slope of

the outage probability curves in the logarithmic scale. While the difference in coding
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gain leads to a horizontal shift in the outage probability curves. Thus, calculating
these factors will brighten the view on how each system parameter affects the outage
probability of the system.

The outage probability expression in (3.5) consist of two parts, the RF CDFs are
multiplied to give the RF hop CDF. In order to simplify this expression, we assume
i.i.d links. Furthermore, a Taylor series expansion of the CDF in (3.9) is obtained. By
taking the first two terms of the series, we get

oo )\T’,d
FRF - [)\

+ )\max]’YTh (3]‘0)

P

Alternatively, the FSO CDF at high SNR (i.e. ug — oo) is simplified using the
Meijer G-Function series representation as in [36, Eq. (07.34.06.0006.01)], when it is

applied on (2.8), we get

H?:l,bﬂébk r (bj B bk)

3
Fpyo = AB™ > : (3.11)
—~ T(C+1—by)by

where A = ﬁi(ﬁ) and B = (B(Vl—//cs)w) ,and by = a, by = 3, b3 = (2. The expression
s

in (3.11) can be simplified more by taking only the dominating element of by into
consideration. The minimum among b; — bs, to be precise, is the one that results in
the dominant term of the summation at high SNR. Thus, the CDF in (3.11) can be

rewritten as
3
[l=16, 000 T (b = bimin)

Fo = ABbmin
£SO F (C2 + 1— bmm) bmzn ’

(3.12)

where b,,;, = min[a, 3, (?].
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Moreover, there are some cases where the outage probability expression can be
reduced more, mainly when the performance of one of the hops is significantly worse
than the other. Therefore, the worse hop will dominate the outage probability, and
here, we have some special cases

Case 1: Weak Weather Turbulence

In the weak turbulence (i.e. relatively high values of o and (), the FSO link
performance improves and the outage probability expression can be reduced at high
SNRs (i.e. when u; — o0). Also, when the RF SNR is significantly lower, the

expression in (3.5) will simplify to

K

o0 o0 o] o0 >\T’:d
Pout = FRFlFRFQFRFK = |:[)\ + A7na,:cj|’yTh:| (313>
T7p

At high SNR P,,,, tends to infinity (i.e. when ps — o00) and the coding gain

G.= ;’;—: and the diversity order is equal to the number of users G4 = k

Case 2: Severe Weather Turbulence

In this case, the first hop (FSO link) is dominating the outage performance which
happens in the presence of severe weather turbulence (i.e. relatively low values of «
and ), or when the RF average SNR (%,, — o0) is high. Here, the outage probability
will simplify to

b

“min

L , (3.14)

1

Abmin B

Pooout = FjFSOlOO = [ABbmm]Z

3
h A Anjzlvbjibmm F(bj_bmm)
where A = T(¢2+1—bmin)bmin

. In this case, the conditions of the FSO links mostly
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dominate the system outage probability, the diversity order is dependent on b,,,;,,. This
diversity order shows the direct influence and dominance of the FSO parameters on
the system. On the other hand, the coding gain consist of many FSO parameters, v, ,
bimin, @, 3, and (2. The parameters of the type of detection also have an effect on the

total coding gain, while the effect of the RF hop channels is negligible in this case.

3.2.3 Power Allocation

In this section, we intent to acquire an optimal power allocation for the system in
hand. We consider a total distance of D;,; between the source and the destination,
divided between the two hops. For simplicity, the distance between the source and
the relay is denoted by d,, while the distances between the relay and the multiuser
destinations are denoted by d,q. The average SNR value between the source and
a given relay (FSO link) is written as 75, = P,Ape "% where Ay is the beam
aperture efficiency, v is the FSO attenuation coefficient, and P; is the source transmit
power [37], while the average SNR value between the relay and the destination is
written as 3.4 = P,/ (dﬁd), where n is the path loss exponent, this exponent has a
higher value than 1, and P, is the relay transmit power. The total power budget is
Prot = P+ P.. We need to allocate an optimal power values which leads to the best
outage performance. However, the optimal power allocation will change with altering
the number of multiusers. Obviously, the more users we have, the more complex the
optimization process is. This is due to the increase of the equation powers . The use

of asymptotic expression can considerably simplify this process,
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()

P
(PTot - PT)AOG_Ud

out

=A

o K
+{M} . (3.15)

The optimal powers, which minimize the outage probability, can be obtained from
(3.15) by solving % = 0. The second derivative is used first to test the expression
convexity. The positive value of the second derivative ensures the convexity of the

function. The derivative of P,., in (3.15) with respect to P, is given by

or,.

out __

apr — UYmin

o 1
- K [/VTH%“,pd ]K (F)KJFI = 07

bmin
ap (e 1
Agevd (Prot — Py)bmintl

(3.16)
by solving (3.16) for P,, the expression of the optimum power allocation for a given

Pry in the single relay case can be written as

PTKJFI 7TH ﬁ/ﬁpdn

(PTot - Pr)b7'Lm+1 B bmznA

bmin
Aoefvd
| (3.17)

()

However, finding a closed-form expression for the general multiuser case is hard,
but it can be solved numerically using well-known computer softwares such as Matlab

and Mathematica.

3.2.4 Ergodic Channel Capacity

Ergodic channel capacity (C) is the defined as the channel capacity in case of fast

fading channels. For a dual hop DF system, the system has the following ergodic
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capacity

C= %min E{Cpso} ,IE{CRF}], (3.18)

where Cyr and Cygo are the RF and FSO capacities, respectively.

E{Crso} = ﬁ /0 N In(1+9) £y, (7) dv. (3.19)

Using the PDF in 1.5 in (3.19), and by converting the In to a Meijer’s G-function
as In(1+~) = G%:S [7‘1;} , the E{Clyso} can be obtained using the integration formula

given in [36, Eq.(07.34.21.0013.01)], then it can be simplified to

Cap/c

¢C/(T(@LB)) quaw
(¢ + u?

(27T)w_1 n2 w2, w+4

E{Crso} = (3.20)

0 —1
%a,8,0,2,.. w=1

0 -1 2
E?"'?wTv:l?C +1 ]

On the other hand, the RF capacity can be obtained from the CDF with the

formula

E{Cy} = 2ln1(2) /0 h %O‘Ci&)da (3.21)

By applying the RF CDF in 3.9 we get

N
N\ Ay [ 1 1 .
E{Crr} = ()( =k / - Amaa (3.22)
; B A Do 1Y (r+ (G2

We can find a solution for the integral by subtituting ﬁ with the taylor series ex-



pansion of the term, which leads to

N o)
N\, ~Apom [ 1 o
E{Cue} =) (i)(po>§ /O —— pReT Mgy (3.23)
1=0 ’ k=0

(v + (522))

using the conversion in [36, Eq.(07.34.21.0013.01)], the capacity reduces to

(Ar-,p k+1—j
)‘r,d

()

Ar
]E’{CRF} = G% |:)\maa:j * P

)\r,d

—k
j_k_w] . (3.24)

3.3 Simulation and Numerical Results

This section discusses and validates the results of the analytical expressions derived
for the considered system. Simulations were made to validate the results and to affirm
the authenticity of both the analytical and asymptotic expressions.

Fig. 2.2 shows the effect of number of users on the outage probability under
weak weather turbulence (RF is dominant) and with a heterodyne detector. The
figure shows the exact and asymptotic results for each case. the asymptotic results
align with the analytical results. Clearly,increasing the number of users improves the
outage performance (i.e. lower outage probability) by increasing the diversity order.

Fig.3.3 shows the effect of the maximum power constraint P,,., on the outage
performance, clearly, when the maximum power is too low it dominates the perfor-
mance and result in a floor (zero diversity). This uncover the importance of carefully
choosing P,,,, parameter in the system design to insure benefitting of the multiuser

diversity.
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Figure 3.2: P, versus average SNR in weak turbulence with heterodyne detection for
various number of users K.

Fig. 3.4 presents the impact of the cognitive interference factor 4, , on the perfor-
mance. we can notice that the increment in the cognitive interference decreases the
coding gain of the system as expected in the analysis.

Fig. 3.5 shows the ergodic channel capacity C' for different values of cognitive
interference levels, result shows that with the capacity increases with the RF capacity
increment until it reach the FSO capacity level. At this point the capacity reaches
a ceiling caused by the FSO constant SNR. Moreover, we notice the delayed ceiling
at higher cognitive interference values, which require more maximum power at the
secondary user (relay) to achieve the same capacity.

The outage probability for both the optimal power allocation and equal power
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Figure 3.3: P, versus average SNR showing the effect of the maximum power con-
straint on the performance.

transmission is represented in Fig. 3.6. Clearly, the optimal power allocation offers an
enhanced system performance. By allocating the power more efficiently to the source
and relay, we can get a coding gain improvement. The gain increases with the use of
more users at destinations, as the proposed power allocation scheme becomes more

efficient.

3.4 Conclusion

The investigation of the outage probability of dual-hop Multiuser mixed FSO/RF

relaying network that uses underlay secondary user as a relay for sending the source
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Figure 3.4: P, versus average SNR showing the effect of the cognitive interference
factor on the performance.

message to the destination was presented. The system model considered a DF relaying
scheme with two constraints on the cognitive scenario. The system was considered
as a Gamma-Gamma distributed channel model with the effect of pointing error to
represent the FSO link at the first hop with both IM-DD receivers, and cost-dependent
IM-DD. The RF link and the cognitive interference channel were assumed to follow
Rayleigh distribution fading model. A closed-form expression was derived for the
outage probability, in addition to studying the system performance at high SNR values,
where an approximate asymptotic expression for the outage probability was derived.
The results mainly showed that in weak atmospheric turbulence, the the RF links

dominate the system performance.

50



45

——1, =20dB

-1, =25dB

w
o

Arso =30 dB, K =2, (> =4

w

Ergodic Channel Capacity (bit/s/Hz)
N
[}

He He +
2 —
15 :
1 — — — #
0.5 :
0 Il Il Il Il Il
0 5 10 15 20 25 30

Maximum Power P (dB)
max

Figure 3.5: Ergodic channel capacity versus maximum cognitive power showing the
effect of the cognitive interference factor on the performance.

51



out

10

107

Outage Probability

Figure 3.6: P, versus total power

L

K=1
, K=3 ‘
[a=113,8=103,C = 1,7, = 0
| dB, I, =10 dB, P4, = 30 dB
—% - P, = Pr,/2
| —— Optimal P, 1
!
I Il | | | 1 | ]
10 15 20 25 30 35

Total Power PTot [dB]

for various number of users K.

52

IN
o

with optimal and equal power allocation schemes



CHAPTER 4

CONCLUSION AND FUTURE

WORK

In this chapter, we summarize the main contributions of this thesis and propose some

possible future research ideas.

4.1 Contribution Summary

The performance of a DF dual-hop mixed FSO/RF multiple relaying network with
multiple RF interferences was derived in a closed-from expression for the outage proba-
bility, considering Gamma-Gamma and Rayleigh fading models for FSO and RF links,
respectively. Moreover, the asymptotic analysis at high SNR values was obtained and
the diversity order and coding gain were determined for some special cases. The exact
and asymptotic results were verified by Monte-Carlo simulations. Using the asymp-
totic results, a power allocation scheme was introduced, where optimal powers for

the source and relays were provided. The results showed that for a weak turbulence
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condition, the RF link dominates the outage performance, and the system in this case
has a diversity order equal to K. However, the outage performance in severe weather
turbulences is dominated by the FSO links and the diversity order is a multiplication
of K and the minimum of «, 3, and (2. The interferers at the RF receiver are found to
be affecting the coding gain, and the effect is noticeable mostly when the RF part is
dominant. The suggested power allocation scheme improves the system performance,
this scheme is more efficient with the use of more relays.

We also contributed in the area of cognitive network by investigating the outage
probability of dual-hop Multiuser mixed FSO/RF relaying network that uses underlay
secondary user as a relay for sending the source message to the destination was pre-
sented. The system model considered a DF relaying scheme with two constraints on
the cognitive scenario. The system was considered as a Gamma-Gamma distributed
channel model with the effect of pointing error to represent the FSO link at the first
hop with both IM-DD receivers, Input-Independent and cost-dependent IM-DD. The
RF link and the cognitive interference channel were assumed to follow Rayleigh distri-
bution fading model. A closed-form expression was derived for the outage probability,
in addition to studying the system performance at high SNR values, where an ap-
proximate asymptotic expression for the outage probability was derived. The results
mainly showed that in weak atmospheric turbulence, the the RF links dominate the

system performance.
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4.2 Future Work

There are many further parameters and schemes that can be explored in the areas of
mixed FSO/RF and cognitive radio. Also an expansion of the proposed system can be
achieved by taking general cases of the system, although it makes the analysis much
complicated. Moreover, the closed form average BER has a complicated expression

that needs an alternative mathematical approach to solve the convergence issues.
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