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Abstract

Wireless relay technology is one of the most promising technologies for the future
communication systems which provide higher data rate and better quality of service
(QoS). Thanks to its advantages, it has been adopted in wireless standards such as
IEEE 802.16j and 3GPP LTE-Advanced. However, there are still many challenges to
be addressed for developing protocols of wireless relay networks. Especially, in multi-
tier cellular networks (e.g. small cell underlaid macro cell), cochannel interference
from multiple interferers in other macro cells and neighboring small cells is one of
the major limiting factors due to frequency reuse for high spectrum utilization. In
the full-duplex relay networks, cochannel loop interference from a transmit antenna
to a receive antenna of a terminal is an important limiting factor to determine the
performance of full-duplex relay networks.

The dissertation consists of three main results. First, we analyze the performance
of a two-way relay network experiencing cochannel interference from multiple inter-
ferers due to frequency reuse in cellular networks. In the two-way relay network, two
users exchange their information with the help of an amplify-and-forward (AF) relay.

We discuss two different scenarios: Outages are declared individually for each user



(individual outage) and an outage is declared simultaneously for all users (common
outage). We derive the closed-form expression for the individual outage probability
and the exact integral expression for the common outage probability of the two-way
relay network with multiple interferers. The validity of our analytical results is veri-
fied by a comparison with simulation results. It is shown that the analytical results
perfectly match the simulation results of the individual and common outage probabil-
ities. Also, it is shown that the individual and common outage probabilities increase
as the number of interferers increases.

Second, we investigate two-way full-duplex relaying with cochannel loop interfer-
ence. In the two-way full-duplex relaying, two full-duplex users exchange data with
each other via a full-duplex relay and each node attempts to subtract the estimate of
the cochannel loop interference from its received signal. We derive the exact integral
and approximate closed-form expressions for the outage probability of the two-way
full-duplex relaying in case of perfect and imperfect channel state information. Monte
Carlo simulation verifies the validity of analytical results.

Third, we investigate a cognitive small cell network which is overlaid with a cel-
lular network. We analyze the performance of the cognitive small cell network in the
presence of cochannel interference from the cellular network. Analytical results are
verified by Monte Carlo simulations. It is shown that the analytical results are in
complete agreement with simulation results. It is shown that the outage probability

increases as the number of cells increases.
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Chapter 1

Introduction

The next-generation wireless systems are required to support higher data rate and
better quality of service (QoS). In order to meet these requirements for the next-
generation wireless systems, the conventional approach is to increase the number of
base stations over a given area. However, it requires excessive cost for implementing
these base stations. As one of the attractive approaches, the relay technology has been
widely studied. It supports communication between the source and the destination
reliably and cheaply. Thanks to its advantage, there has been drawing interest from
both academia and industry. Also, its applications to wireless networks have been
studied widely.

In this chapter, Section 1.1 provides the background of the relay technology and
its application to the cognitive radio. Section 1.2 shows the outline of this dissertation.
In Section 1.3, we provide the notations, functions, and the list of abbreviations used

throughout the dissertation.



1.1 Background and Related Works

1.1.1 Relay Technology

Relay technology is one of most promising technologies for the next-generation wire-
less systems which provide higher data rate and better quality of service (QoS) [1]-[9].
In the relay communications, the source transmits its signal to the destination with
the help of one or multiple intermediate relays. As the distance between two adjacent
terminals decreases, the effect of channel impairments such as path-loss is reduced.
It enables to provide coverage extension and enhanced capacity.

The basic concept of the relay technology was firstly introduced by Van der Meulen
in 1971 by analyzing the upper and lower bounds on the capacity for the three terminal
network which consists of a source, a relay, and a destination [10]. In 1979, Cover and
El Gamal analyzed the capacity for degraded, reversely degraded, and feedback relay
channels [11].

After these early works, the relay technology did not have much attention for a long
time since it was hard to implement practically. However, it has been changed since the
concepts of the information theory were implemented successfully [12], [13]. In 1998,
Sendonaris et. al. introduced the concepts of two-user cooperation in the framework of
a code-division multiple-access system, where each of the two users is responsible for
transmitting not only their own signal but also the signal of other user [2]-[3], [14]. In
2000, Schein et. al. investigated a real, discrete-time Gaussian parallel network which

consists of a source, two relays, and a destination [15]. In 2002, Gastpar et. al. analyzed



the asymptotically capacity of the wireless network as the number of relays increases
[16]. In 2003, Laneman et. al. developed and analyzed space—time coded cooperative
diversity protocols where the relays that can fully decode the received signal from
the source in the first time slot utilize a space-time code to cooperatively relay to the
destination [17]. Also, in 2004, they introduced various cooperative diversity protocols
such as amplify-and-forward (AF), decode-and-forward (DF), selection relaying, and
incremental relaying [5]. All these works have assumed a unidirectional transmission
through relays, which is referred to as the one-way relaying.

Two-way relaying has been drawn much interest recently due to its capability
to further enhance the spectral efficiency by using either superposition coding or
physical-layer network coding at the relays, compared to one-way relaying [18]-[23].
In 2005, Rankov et. al. introduced and analyzed various bidirectional cooperative
relaying protocols where multiple terminals communicate with multiple partners via
multiple AF or DF relays [18]-[20]. In 2007, Popovski et. al. investigated the conditions
for sum-rate maximization of the two-way relaying [21]. In 2009, Koike-Akino et.
al. developed various modulation schemes to optimize two-way relaying systems, for
which network coding is employed at the physical layer [22]. All these works have
assumed a dual-hop transmission.

Multi-hop transmission has been extensively investigated in both academia and
industry in order to combat the performance degradation caused by propagation loss,
6], [24]-[29]. In multi-hop transmission, when the direct path between a source and a

destination is deeply faded, the source communicates with the destination via multiple



intermediate relays. In 2003, Hasna et. al. analyzed the end-to-end outage probability
of multi-hop relay networks with AF relays over Nakagami-m fading channels [24]. In
2004, Boyer et. al. developed four different multi-hop protocols: Amplified relaying
multi-hop protocol, decoded relaying multi-hop protocol, decoded relaying multihop
diversity protocol, and amplified relaying multihop diversity protocol [25]. In 2006
and 2008, Hossain et. al. investigated the multi-hop relay networks based on the
automatic repeat request [26], [27]. In 2012, Jang et. al. developed a DF-based multi-
hop transmission system where the relays forward the source data simultaneously and
derive a closed-form expression of the outage probability [30]. All these works have
assumed that a relay does not transmit and receive simultaneously, which is referred
to as the half-duplex relaying.

Full-duplex relaying, where the transmission and the reception occur at the same
time on the same channel, achieves up to double the capacity of a half-duplex scheme
[31]-[37]. Although the full-duplex scheme suffers from cochannel loop interference, it
has drawn attention due to recent advances on interference cancellation and trans-
mit /receive antenna isolation to mitigate the loop interference [38]-[40]. In 2006, Liu
provided a communication protocol for full-duplex relay and analyzed its performance
theoretically [31]. In 2009, Riihonen et. al. investigated a dual-hop full-duplex relay
network which consists of a source, a full-duplex relay, and a destination [33]. They
analyzed an outage probability by taking into account cochannel loop interference,
which covers both AF and DF protocols both in downlink and in uplink. Ju et. al.

analyzed the bit error rate and achievable rate of a dual-hop full-duplex relay network



where there is no direct path [32]. In 2012, Ng et. al. investigated a joint optimization
problem for resource allocation and scheduling in full-duplex multiple input multi-
ple output orthogonal frequency division multiple access (MIMO-OFDMA) relaying
systems with AF and DF [34]. Krikidis et. al. developed an optimal relay selection
scheme that maximizes the instantaneous full-duplex channel capacity and requires
global channel state information (CSI) as well as several sub-optimal relay selection
schemes that utilize partial CSI such as a) source-relay and relay-destination links,
b) loop interference, c¢) source-relay links and loop interference [35]. Tabataba et. al.
derived achievable rates for AF-based full-duplex analog network coding with chan-
nel estimation errors as well as information rate cut-set bounds in traditional routing

with channel estimation errors [36].

1.1.2 Cognitive Radio

According to surveys of spectrum utilization, it is found that some frequency bands
in the spectrum are largely unoccupied most of the time, some other frequency bands
are only partially occupied, and the remaining frequency bands are heavily used [41]-
[44]. In the conventional policy, those rarely utilized frequency bands are allocated to
specific services which cannot be accessed by unlicensed users, even if the transmission
of them does not cause any harmful interference to the licensed users. In order to
improve the spectrum utilization, cognitive radio (CR) has been recently proposed
as a key technology for the next-generation wireless systems, which allows unlicensed

users to utilize licensed frequency bands opportunistically [44]-[46].



There are two approaches in the CR network: Spectrum sensing and spectrum
sharing. In the spectrum sensing CR network, the unlicensed users are allowed to
utilize the licensed frequency bands if the licensed users do not utilize this frequency
bands [47]-[56]. In [47], Ghasemi et. al. provided an overview of the regulatory require-
ments and major challenges associated with the practical implementation of spectrum
sensing in cognitive radio networks. In [48] and [49], Ganesan et. al. analyzed the ben-
efits of cooperation in spectrum sensing in a multi-user network. In order to improve
the performance of the spectrum sensing CR network such as the missed-detection
probability and the false alarm probability, the relay technology has been applied to
the spectrum sensing CR network recently [48]-[53]. In [50], Letaief et. al. investigated
two cooperative spectrum sensing techniques: Decision fusion and data fusion. In the
decision fusion, each cooperative relay makes a binary decision based on the local
observation and then forwards 1 bit of the decision to the fusion center. At the fusion
center, all 1-bit decisions are fused together according to an OR logic. In the data
fusion, instead of transmitting the 1-bit decision to the fusion center, each cooperative
relay send its observation value directly to the fusion center, and then it makes a final
decision.

In the spectrum sharing CR network, the unlicensed users are allowed to utilize the
licensed frequency bands if the QoS of the licensed users is guaranteed [57]-[61]. The
unlicensed users in the spectrum sharing CR network use the licensed frequency bands
more often compared to that in the spectrum sensing CR network. However, since the

licensed users and unlicensed users use the same frequency bands, the licensed users



are affected by the interference from the unlicensed users, and vice versa. Recently,
the relay technology and the spectrum sharing are combined together to improve
the performance of the spectrum sharing CR network such as the data rate and the
outage probability. In [58] and [60], Zou et. al. and Li analyzed the outage probability
of a unlicensed user for the CR network with multiple relays. However, they did not
consider the interference from the licensed users. In [61], Xu et. al. investigated a

dual-hop DF CR network in the presence of the licensed user’s interference.

1.2 Outline of Dissertation

In this dissertation, we consider the wireless relay networks in the presence of cochan-
nel interference. In Chapters 2 and 4, each terminal is affected by the cochannel in-
terference which is caused by transmissions from adjacent cells. However, in Chapter
3, each terminal is affected by the cochannel loop interference which is caused by
transmission from its own transmit antenna.

In Chapter 2, we analyze the performance of a two-way relay network experiencing
cochannel interference from multiple interferers due to aggressive frequency reuse in
cellular networks. We discuss two different scenarios: Outages are declared individu-
ally for each user (individual outage) and an outage is declared simultaneously for all
users (common outage). We derive the closed-form expression for the individual out-
age probability and the exact integral expression for the common outage probability

of the two-way relay network with multiple interferers. The validity of our analytical



results is verified by a comparison with simulation results. It is shown that the ana-
lytical results perfectly match the simulation results of the individual and common
outage probabilities. Also, it is shown that the individual and common outage prob-
abilities increase as the number of interferers increases. In Chapter 3, we investigate
two-way full-duplex relaying with residual cochannel loop interference. In the two-way
full-duplex relaying, two full-duplex users exchange data with each other via a full-
duplex relay and each node attempts to subtract the estimate of the cochannel loop
interference from its received signal. We derive the exact integral and approximate
closed-form expressions for the outage probability of the two-way full-duplex relaying
in case of perfect and imperfect channel state information. Monte Carlo simulation
verifies the validity of analytical results. In Chapter 4, we investigate a cognitive small
cell network which is overlaid with a cellular network. We analyze the performance of
the cognitive small cell network in the presence of cochannel interference from the cel-
lular network. Analytical results are verified by Monte Carlo simulations. It is shown
that the analytical results are in complete agreement with simulation results. It is
shown that the outage probability increases as the number of cells increases. Finally,

in Chapter 5, the conclusions and future works are drawn.

1.3 Notations

We use the following notation: £71[-] denotes the inverse Laplace transform. Ex [-]
denotes the expectation with respect to the random variable X. Re[z] denotes the

real part of z. Im[z]| denotes the imaginary part of z. Also, we explain mathematical



functions and definitions used throughout the dissertation.

Definition 1 (Gamma Function [62]). The Gamma function is defined as

F(:C):/ e "t 1dt (1.1)
0
for Re[z] > 0.

As a special case of the Gamma function, the incomplete Gamma function is

defined as

I'(a,x) :/ et tdt. (1.2)
Definition 2 (Hypergeometric Function [62]). The generalized hypergeometric func-

tion is defined as

ZOO (ar)g(@2)y - (@), 2"
F(05170527'”704;617627"'76;z): k- (13)
e 3 ! —0 (Bl)k(/BQ)k"'(ﬁq)k k!
where p, q, a1,q0,-- 0, B1,P2,- -+, By are nonnegative integers, z is a complex

variable, and (a), is Pochhammer symbol defined as (a), =a(a+1)---(a+k—1).
As a special case of the hypergeometric function, the confluent hypergeometric

function is given by

az ala+l)z o 1 z
Fi(ayz) =14+ —=+ o+ FURRAE 1.4
1F (057:2) Y1 (1) 20 (v +1) (v +2) 3! o

A second notation is given by

O (o, 7;2) =1F1 (0575 2) . (1.5)

Using (1.4) and (1.5), the confluent hypergeometric function of the second kind is
defined as

['(1-79)

I'(y—1)
'ao—v+1)

U(a,7y;2) = O (a,7;2) + I (o) z1_7¢(a—7+1,2—fy;z). (1.6)



Definition 3 (Exponential Integral [62]). The ezponential integral is defined as

Fi (z) = — /Oo %dt (1.7)

T

for x > 0.

Definition 4 (Meijer’s G-Function [62]). The Meijer’s G-function is defined as

ST (b —5) ST (1—a; +5)

m,n al, - ,ap 1 ] S
G <x b b, > = _27ri/ Z 5 x°ds (1.8)
> T(L=bj+s) > I(a;—s)
j=m+1 Jj=n+1

for 0 <m < q and 0 <n < p. And the poles of I (b; — s) must not coincide with the
poles of T' (1 — ay + s) for any j and k where j =1,--- ,m andk=1,--- n.

Table 1.1 lists the abbreviations used throughout the dissertation.

10



Table 1.1. Table of abbreviations

AF amplify-and-forward

AWGN | additive white Gaussian noise

BC broadcast

CDF cumulative distribution function

CR cognitive radio

CSCG | circularly symmetric complex Gaussian
CSI channel state information

DF decode-and-forward

MA multiple-access

MGF moment generating function

MIMO | multiple input multiple output

OFDM | orthogonal frequency division multiple access
PDF probability density function

QoS quality of service

SER symbol error rate

SI self-interference

SINR | signal-to-interference-plus-noise ratio
SIR signal-to-interference ratio

SNR signal-to-noise ratio

11




Chapter 2

Two-Way Relay Network with

Cochannel Interference

In a two-way relay network, two users exchange information with each other via
a single or multiple relays [20]-[22], [63]. Compared to conventional one-way relay
networks [2], [5], the two-way relay network provides improved spectral efficiency by
using either superposition coding or physical-layer network coding at the relays [20].

The performance of the two-way relay network over fading channels has been
extensively analyzed [64]-[66]. In [64], the authors derive the individual outage prob-
ability, sum-rate, and bit error rate of a two-way relay network with multiple relays
over Rayleigh fading channels. In [65], the authors investigate the common outage
probability and symbol error rate (SER) of a two-way relay network with multiple
relays over Rayleigh fading channels. In [66], the authors derive the individual out-

age probability, SER, and sum-rate of a two-way relay network with a single relay

12



over Nakagami-m fading channels. Most previous works on two-way relay networks
are focused on wireless networks with no interference. However, in practical cellular
networks, cochannel interference from multiple interferers is one of the major limiting
factors due to aggressive frequency reuse for high spectrum utilization [67]-[70]. Espe-
cially in multi-tier cellular networks (e.g. femtocell underlaid macro cell), cochannel
interference from multiple interferers in other macro cells and neighboring femtocells
causes unacceptable outage probability [71]-[72]. Hence, it is important to study the
relation between signal-to-interference ratio (SIR) and outage probability.

Although the cochannel interference from multiple interferers affects the perfor-
mance of two-way relay networks, there have been few works on the two-way relay
network with multiple interferers. In [73], the authors derive the common outage
probability of a two-way relay network with multiple interferers. However, the ana-
lytical result for the common outage probability of the two-way relay network has no
closed-expression but does have a complicated integral expression, and the authors
assume no interference at the relay. In [74], the authors derive the individual outage
probability of a two-way relay network with multiple interferes. However, in order
to simplify the performance analysis, they obtain the individual outage probability
based on the upper bound of the signal-to-interference-plus-noise ratio.

In this chapter, we investigate the two-way relay network with multiple interferers
over Rayleigh fading channels. We consider the interference model where both the
users and the relay receive the interfering signals from multiple cochannel interferers.

We derive the closed-form expression for the individual outage probability and the

13



exact integral expression for the common outage probability of the two-way relay

network with multiple interferers. Analytical formulas are also verified by simulations.

2.1 System Model

Consider a two-way relay network with multiple interferers as shown in Fig. 2.1,
where the solid and dotted lines stand for the desired signal and the interference,
respectively. The users a and b exchange information each other by the help of a
relay r. Assume that there is no direct path between the users a and b, and the users
a, b, and the relay r receive the interfering signals from L,, Ly, and L, interferers,
respectively.

Assume that the channel from the node ¢ to the node j, i, € {a,b,r}, has
the channel coefficient h; ; which is an independent zero-mean circularly symmetric
complex Gaussian random variable with the variance ); ;. Assume that the variance
Aij is given by A; ; = dd; [ where ¢ is the attenuation parameter, d;; is the distance
from the node i to the node j, and v is the path loss exponent [75]. Similarly, the
channel from the [th interferer affecting the node i to the node i is characterized by
the channel coefficient g;; which is an independent zero-mean circularly symmetric
complex Gaussian random variable with the variance j; ;. Assume that the variance
i is given by py; = 5dl_’i” where d;; is the distance from the [th interferer affecting
the node 7 to the node 7. Assume that the channels are reciprocal, i.e., h; ; = h;; and
gii = Gi,l-

Assume that the users a and b communicate with each other in two phases:

14
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a) Multiple access phase

e o

) Broadcast phase

Figure 2.1. Two-way relay network with multiple interferers, where the users a and b
exchange information with each other by the help of a relay r.
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Multiple-access (MA) and broadcast (BC) phases. In the MA phase, to equalize the

channels h,, and hy,, the users a and b multiply their symbols with the equalization

h 10
e and Cb,r — |hr,b|2
b

coefficients ¢, , and ¢, respectively, which are chosen as ¢, , = e
r,a

[76]. And then, they transmit their symbols to the relay r simultaneously. The re-
lay r receives the transmitted symbols from the two users along with the interfering
symbols from L, interferers.

The received signal at the relay r is given by

Ly

Yr = ha,rca,’rl’a + hb,rcb,rxb + E 9irTir + vy
=1
Ly

=g+ Tp+ Z 9Ty + vy (21)
=1

where z;, i € {a,b,r}, is the transmitted symbol from the node 4, x;; is the interfer-
ing symbol from the [th interferer affecting the node 7, and v; is the additive white
Gaussian noise (AWGN) at the node i.

In the BC phase, the relay r amplifies and forwards its received signal to the users

a and b. The received signals at the users a and b are given by

Ly
Ya = hr,aarxa + hr,aa’r‘xb + h’/‘,aar E 9ir Ty
=1

La
+ hr,aarvr + Z 91,a1,a + Vq (22)
=1
and
Ly
Yp = hr,barxa + hr,barxb + hr,bar Z 9Ty
=1
Ly
+ hypa, v, + Z GpTrp + Uy, (2.3)
=1
16



respectively, where «,. is the amplification factor of the fixed-gain relay r [77]. Assum-

ing perfect self-interference cancelation at the users a and b, the users a and b extract

the symbols x; and z, from y, and y,, respectively [20].

The users and the relays are corrupted by cochannel interference and thermal

noise. However, the level of cochannel interference is high enough compared to the

level of thermal noise and so that the thermal noise is neglected as in all interference-

limited environments [78]-[81]. Thus, the SIR is used for the performance analysis.

After perfect self-interference cancelation, SIRs at the users a and b are given by

|yl a2 P,

L La
|hr,a|2a72« Z |gl,r|2Pl,r + Z |gl,a|2Pl,a
=1 =1

-1

b,r,a

L, Lg
Z |gl,r|2]jl7r Z |gl,a|2pl,a
=1 =1

_l’_
P, |hr7a]2a%Pb

- (Xb,r + }/b,r,a)_l

and
|hr,b ]2a§Pa

L. I
s ?a2 3 g * P + 3 |gis]” Pry
=1 =1

1—‘a,r,b —

-1

L, ) Ly ,
Yolg " P Y0 sl Pup
=1 =1

+
P, |hyo|?02P,

= (Xa,r + YZL,r,b)ila

17
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respectively, where P; and P; are the transmit power of the node ¢ and its [th inter-

2
. L lasl’Py
ferer, respectively, X;; => 7, ‘gl’]}’,f_”, and Y; j, = —5— for i,5,k € {a,b,7}.

)
_ 2
’hJ’k| &j

2.2 Outage Probability Derivation

2.2.1 Moment Generating Functions

From the probability density functions (PDFs) of the random variables X; ; and Y; ; 1,
we derive their moment generating functions (MGFs).
The PDF of X, ; is given by
P(S2i,5) Ti($2i

3 i e (1) g
e i) I'(m) Qi s

P
Lj gt Ljg
P

P P p
where €, ; = d1ag<““ Li F25725 ...

5 ), p(€2; ;) is the number of distinct

diagonal elements of €, ;, i, | = 1,2,---,p(€2;;), are the distinct diagonal ele-
ments of 2; ; in decreasing order, i.e., ;1) > Q0 > -+ > QL]"[p(QM)], (€2 ;) is
the multiplicity of €; ;y, I' (m) is the Gamma function defined as I' (m) = (m — 1)!
for a positive integer m, and the characteristic coefficient x;., (€2; ;) is given by [82],

[33]

1

Xim (§2i5) = )=
(72 (82i3) — m)I

dTZ(Q'L,J) m T(QL ) »
x {W(Hmi,jm)z 7 det (L, + 292,) H o

24,4,

(2.7)
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The Laplace transform of fx, (z) is given by

Bx, ()= [ ey, (@)
0

p(,5) 71(4,5) O™

2 ‘7[” * —sx m—1 _Q.z.
=D D um (i) 52 / e e i dg
=1 m=1 I'(m) Jo
p(4,5) 71(4,5) ! m
- Z Z Xum (i) 7y (S + Q—) (2.8)
=1 m=1 1,5,[1]

where the last equality follows from the fact that [~ e "t""te=P'dt = I (u)(v + p) *
in [84, eq. (4.5.3)]. The MGF of X ; is given by My, (s) = ®x,, (—s).
Define Z, ; 2 VYiie = |hj7k|20z§/Xi7k. The cumulative distribution function

(CDF) of Z; ;1 is given by

ZXi
~Ex,, {1 ~exp (_M;)]
IRy

P(sz) Tz(ﬂi,k) Q‘f:@[l]

=1~ Z Z Xtm (S 1) T (m)
=1 m=1

x/ooxm_lexp{—< : + L )x}dz
0 Aj,kaﬁ Qi,k,[l]

P(sz) T (sz)

O, -
=1- Y Xtom (Sir) (1 3 il z) (2.9)

. a'
=1  m=1 3,k

where the last equality follows from the fact that [~ ¢“ te™"'dt = =T (u) in [62, eq.

(3.381.4)].
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The PDF of Z; ;. is given by

fZi,j,k (Z) - #Zk
p(ﬂzk) Tl(ﬂi,k) —m—1
= Xmm(fhﬁ)———i%ﬂ(l—k——iﬂ%z) . (2.10)
=1 m=1 Ajik Aji kG

By using [85, Ch. 5.2], the PDF of Y] ; is given by

1 1
in,j,k (y) = ?fZi,M (g)
ﬂi T Q@ m o
Y Xim (384k) M — . )
y* =1 m=1 Qi g, v Qe

The Laplace transform of fy, , (y) is given by

(I)Ym,k (s) = / eisyf}/i,j,k (y)dy
0

P(sz) Tl(ﬂi,k) —m—1
Qi * e el Qi
= Mmdhwm( = / ey y+ dy
lzl et Ajke ) Jo Ajka
P(sz) Tl(ﬂi,k)
58k,
= Mmmmﬂﬁ@ww7m&7f7 (2.12)
=1 m=1 7k

where the last equality follows from the fact that [~ e " ¢"(t + &) dt =T (v + 1) Het!

XU (v+ 1,0+ p+2;uf) in [86, vol. 4, eq. (2.1.3.1)]. The MGF of Y ; is given by

MYi,j,k (8) = (I)Y”k <_S)'

2.2.2 Individual Outage Probability

We derive the outage probabilities of the users a and b using the MGF-based approach

87).

20



Define Wy, , 21 /Thra = Xpr + Yo,a Since X, and Yj,., are independent, the

MGF of Wy, , is given by
MWb,r,a <S) = MXb,T (S) MYb,r,a (S) ‘ <213)

By the integration property of Laplace transform [62], the CDF of W}, is given by

MmmFﬂ

Fi . (1) = £ | 220

p(ﬂb,r) Tz(Qb r) p(ﬂb a.) Tp(ﬂb a
= Xtom (,0) Xpig (.a)al (q) 2,1

=1 m=1 p=1 q=1

1 o SQb
-1 U (g 0 220kl ) | 9.14
o) vl 21

By combining [86, vol. 5, eq. (3.34.1.1)] and [86, vol. 5, eq. (1.1.1.12)], we obtain

L7 [s"(s = 0)"W (1, ws)]

@ n-1(g §—n—1
= /0 (¢ — t)_u_p_lwgt_lr((_:j)p) 0 VL (—py—u— p;v (o —t))dt.  (2.15)

where 1 F] () is the hypergeometric function defined in [86, vol. 3, eq. (7.2.2.1)]. From

(2.14) and (2.15), it becomes

p(ﬂbr () P(Ra) 7 (R0 —m
FW p X1, Qb X (Qb ) QQbm[l]Qb :
b,r,a m r p,q a 2
=1 m=1 p=1 q=1 Araci L (m +1)
—q—1

(w—1t)"1F, (m;m +1;— (w — t)) dt. (2.16)

b,r,[1]
Using 1 Fy (u;u + 1;v) = (_i—w{ —e' > 1 1! } in [86, vol. 3, eq. (7.11.1.13)]
and the binomial expansion, ie., (u+v)" = >7 (Z)vpu”_p, in [62, eq. (1.111)],

p=0

21



(2.16) is rewritten as

FWb,r,a (w> = Z Z Z Xim Qbr X;Dq(Qba) Qb,a,[P]

w Q b.a,p) a - 1)”w"_’“e Po.r (1)
x/ t9- 1(t—|— ) - - dt. (2.17)
0 )\raOC o=1 k=0

— QF, k! (0 = R)lt"

Using ifgt dt = (=1)"¢e ™™ > gw “(2) [ @ Perrdx for @ =t + € in [86, vol.

1 eq. (1.32.23)], [ Srdt = =" YU s am—= + ol (vt) in [86, vol.

1, eq. (1.3.2.11)], and [tuevtdt = e {t— Y ()Tl et W} in [86,
vol. 1, eq. (1.3.2.6)], (2.17) becomes
P(Qb 7‘) Tz(ﬂb 'r) P(ﬂb a) Tp(ﬂb a)
F = (Q Q = an
Wbra(w)_ le b?")qu( b(l) —P,q +)\ a
=1 m=1 p=1 q=1 7,a

where
a1 o+q—1 G—c
-1 | Q "
=,0(z) = (=1)""q ( b ,[pl) o (219
7 o=0 a! ((] —1- 0) (U - Q) >\r aOé%
Timpa(2) Sy Hil DS 1Q(/€+Q—1)( AT
e P R L I I e e SN
Qbam e 1 (Qap
e - » A 2.20
( a2 exp Qo) \ Araty o ot (). ( )
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1 f—q-1 &
Q - x l‘f7l171 . I3 qu;:l (f*lI*ﬂ))
e b,m,[1] {_(Qbﬂ"[l])l _'_ 52231 ( 1) (Qbyn[l])iailft_—f—"q*_l } ? f > q + 1

1
Qe orin, f=q+1

. 1 J—
Ei (Qb,r,[z] :(;) , f=q

1

_f 1—e S f—
e 5 (orw) o (Grn) g (le n I) L f<aq
3T

| = = (e f+1-9) (¢=1)!

Npg () =

(2.21)
By using the definition of the individual outage [88], the outage probability of the

user ¢ is obtained as

Pout,a(%‘/h) =Pr (Fb,r,a < %h)

1
(- )
Yih

1
=1— Fw,,, (-) (2.22)

Vih

where vy, is a SIR threshold. In (2.22), the outage occurs when the SIR at the user
a falls below a given ~;,. The outage probability of the user b can be obtained to be

the same as that of the user a.

2.2.3 Common Outage Probability

Let V; £ S5 [P Then, the PDF of V; is given by

E m
i1l v >
E E Xtm ( 7;— “Lexp (2.23)
) < 241

=1 m=1

where X; = diag (1, P1i, p2iPoi, -+ pr, i Pr.i), p(X;) is the number of distinct di-

agonal elements of X;, 3; py, [ = 1,2,---, p(3;), are the distinct diagonal elements of
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3 in decreasing order, i.e., ¥ > 30 > -+ > X [z, T1(2;) is the multiplicity

of ¥; ., and the characteristic coeflicient x;,, (2;) is given by [82], [83].

=) !
Xi,m i) = () —m
(7 () — m)IS T

dn(E )—m
X {M—Z)(1+UE [l) det (IL +UE ) } - ) (224)
TR
By integrating (2.11) over the interval [0, y], the CDF of Y ; ;. is given by
z .0,k / fY'L 0k
P(sz) ) y "
= > Z Xt (i) | —5—— (2.25)
=1  m=1 y+ pypws

where the last equality follows from the fact that f H“ dt = m(ﬁ—g)pﬂ in

86, vol. 1, eq. (1.2.6.5)].
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The common outage probability is given by [88]

Pout (’Yth)
=Pr (mln (’ya,r,by ’Yb,’r,a) < ’Yth)
=Pr (mln (7a,7",b7 /Yb,na) < 7th)

=1-—Pr (’Ya,r,b > Vih, Vo,r.a > %h)

1 V. 1 V,
=1-Pr(|Y,, <———r’YTa<___r
( i Y  Fa o Vih Pb>

1 v L %
—1—-FE, |F — =5 | B I
Vi { Yo, rb|Vr <%h Pa> YoralVe (’Yth Pb)]

1 V, 1 V,
1-E, |/ (—-2\p (—-&
Vr |: Yo rb ('}/th Pa) Yo, ra (f)/th Pb):|

p(na,b)Tl (Qa,b>ﬁ(ﬂb,a)7'l (nb,a)p(z )T (Er)
=1— IZ 2 < Xli,mq (QaJJ) Xia,mo (Qb,a) Xp.q (ET)
= q
l1=1 m1=1 lx=1 me=1 p=1 g¢=1 QT’[p]F (q)
in(Pa Po _ P \™ _ B \™
y /m1n<%h %h) v o v Yin Uq_leiﬁmd’l} (226)
0 v — ﬂl,ll v — /BQ,ZQ
P.Q P,Q
where [, = % + A:z,fiéll] and 2y, = % + %

2.3 Numerical Results

Consider a two-way relay network with multiple interferers where the users a, b, and
the relay r receive the interfering signals from L,, L, and L, interferers, respectively.
Suppose that \;; =1, 1y, =0.1,1, s =1, P, = P, B; = P;, and ( = Pr/P; for
i,j€{a,byr}andl =1,2,---,L;.

The main contribution of this chapter is the derivation of the closed-form expres-

sion for the individual outage probability and the exact integral expression for the
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common outage probability of the two-way relay network with multiple interferers.
To provide insights into the impact of { on these outage probabilities, we assume
that parameters except ¢ have simple values such as A\; ; = 1, p;;, = 0.1,1, and o; = 1
similar to [20], [64], [67], [69], [73], and [89]. Note that although these assumptions
seem not realistic, they do not affect the accuracy of the analytical results. And since
the analytical results are the function of the A;;, 1y, and «a;, we can obtain more
realistic results by changing the parameter values of \; ;, u;, and «; in (2.22) and
(2.26).

Fig. 2.2 shows the individual outage probability versus ( for the two-way relay
network in the presence of cochannel interference with L, = L, = L, =1,2,--- ;4 and
i = 1. It is shown that the analytical results perfectly match the simulation results.
It is shown that as ¢ increases the individual outage probability decreases. It is shown
that as =, increases the individual outage probability increases. Fig. 2.3 shows the
individual outage probability versus ( for the two-way relay network in the presence
of cochannel interference with L, = L, = L, = 1,2,--- ,4 and 4, = 0.1. It is shown
that the analytical results agree exactly with the simulation results of the individual
outage probability. It is shown that as ( increases the individual outage probability
decreases. It is shown that as 7y, increases the individual outage probability increases.
It is shown that the individual outage probability of Fig. 2.3 is lower than that of
Fig. 2.2. The reason is that the variance of the channel between the terminals and the
interferers become lower and the effect of the cochannel interference on the individual

outage probability is reduced.
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Fig. 2.4 shows the individual outage probability versus =, for the two-way relay
network in the presence of cochannel interference with L, = L, = L, = 1,2,--- 4
and py; = 0.1. As expected, it is shown that as 7y, increases the individual outage
probability increases. It is shown that as { increases the individual outage probability
decreases. It is shown that the analytical results and the simulation results are in
perfect agreement.

Fig. 2.5 shows the common outage probability versus ¢ for the two-way relay
network in the presence of cochannel interference with L, = L, = L, = 1,2,--- 4
and p;; = 1. It is shown that as ¢ increases the common outage probability decreases.
It is shown that as 7y, increases the common outage probability increases. It is shown
that the analytical results and the simulation results are in complete agreement. Fig.
2.6 shows the common outage probability versus ( for the two-way relay network in
the presence of cochannel interference with L, = L, = L, = 1,2,--- ;4 and p; = 1.
As expected, it is shown that the common outage probability decreases as ( increases.
It is shown that the common outage probability decreases as vy, decreases. It is shown
that the analytical results perfectly match the simulation results. It is shown that the
common outage probability of Fig. 2.6 is lower than that of Fig. 2.5. Since the variance
of the channel between the terminals and the interferers become lower, the effect of

the cochannel interference on the common outage probability is reduced.
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Fig. 2.7 shows the common outage probability versus v, for the two-way relay
network in the presence of cochannel interference with L, = L, = L, = 1,2,--- 4
and 1y, = 0.1. As expected, it is shown that as 7, increases the common outage
probability increases. It is shown that as ( increases the common outage probability
decreases. It is shown that the analytical results are in complete agreement with

simulation results.

2.4 Summary

In this chapter, we consider a two-way relay network with multiple interferersWe dis-
cuss two different scenarios: Outages are declared individually for each user (individual
outage) and an outage is declared simultaneously for all users (common outage). We
derive the closed-form expression for the individual outage probability and the exact
integral expression for the common outage probability of the two-way relay network
with multiple interferers. The validity of our analytical results is verified by compari-
son with simulation results. It is shown that the analytical results agree exactly with
the simulation results of the individual and common outage probabilities. In addition,
it is shown that as the number of interferers increases the individual and common

outage probabilities increase.
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Chapter 3

Two-Way Full-Duplex Relaying

with Cochannel Loop Interference

Relaying is an effective way to combat the performance degradation caused by fading,
shadowing, and path loss [2], [5]. Two-way relaying, where two users exchange infor-
mation with each other via a single or multiple relays, provides improved spectral
efficiency compared to conventional one-way relaying by using either superposition
coding or physical layer network coding at relays [20], [22].

A full-duplex scheme, where the transmission and the reception occur at the same
time on the same channel, achieves up to double the capacity of a half-duplex scheme
[32], [90]-[92]. Although the full-duplex scheme suffers from cochannel loop interfer-
ence, it has drawn attention due to recent advances on interference cancellation and
transmit /receive antenna isolation to mitigate the loop interference [38]-[40].

Relaying and full-duplex schemes are combined together to achieve higher data
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rates [32], [33]-[36]. In [32], the authors investigate one-way full-duplex relaying and
two-way half-duplex relaying in order to minimize/recover the spectral efficiency loss
associated with owe-way half-duplex relaying which requires additional resources (e.g.
time slots or frequencies) to transmit data. In [33] and [34], the authors present one-
way full-duplex relaying with multiple antennas in order to provide a solution to
overcome the spectral efficiency loss in one-way half-duplex relaying. In [35], the
authors investigate one-way full-duplex relaying with opportunistic relay selection in
order to enhance the performance of one-way half-duplex relaying. However, most
previous works are focused on one-way full-duplex relaying, and there have been few
works on two-way full-duplex relaying. In [36], the authors study two-way full-duplex
relaying with power allocation to maximize the average rate. However, they ignore
the cochannel loop interference at each node, which is one of the important factors
that should be considered in the performance analysis of the full-duplex scheme. They
leave it as an interesting open problem.

In this chapter, we investigate two-way full-duplex relaying in the presence of
cochannel loop interference. The performance of the two-way full-duplex relaying with
loop interference is analyzed in case of perfect and imperfect channel state information

(CSI). Analytical results are verified by Monte Carlo simulations.

3.1 System Model

Consider two-way full-duplex relaying, where the users a and b exchange information

with each other via an amplify-and-forward (AF) relay r as shown in Fig. 3.1. Assume
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Figure 3.1. System model for two-way full-duplex relaying with cochannel loop inter-
ference.
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that each of the users a, b, and the relay r has a transmit antenna and a receive
antenna, and there is no direct path between the users a and b. Assume that the relay
r is located at the middle between the users a and b.

All the channels are assumed to be block fading, i.e., the channel remains constant
over a block but changes independently from one block to another. Assume that the
channel from the node ¢ to the node j at the block k has the channel coefficient h; ;[k],
i,7 € {a,b,r}, which is a zero-mean circularly symmetric complex Gaussian (CSCG)
random variable with the variance 0}2“,],. We model the channel coefficient of loop
interference as a zero-mean CSCG random variable under the assumptions that the
line-of-sight component is effectively reduced by the antenna isolation/interference
cancellation but the scattering multi-path components still remain due to imperfect
cancellation [39], [68]. Assume that the channels are not reciprocal, i.e., h; k] #
h; k], since there are two different links, i.e., (i node’s transmit antenna, j node’s
receive antenna) link, (j node’s transmit antenna, i node’s receive antenna) link. We
model the channel &, ;[k] as the sum of the channel estimate h, ;[k] and the channel

estimation error Ah, ;[k], i.e., [36]
hijlk] = hi ;K] + Ah k] (3.1)

Assume that the channel estimate h, ;[k] and the channel estimation error Ah; ;[k]
are mutually uncorrelated, which is valid for minimum mean-square error estimation.

The channel estimate h, ;[k] and the channel estimation error Ah; ;[k] are zero-mean

2
h,

2 _ 2 2 :
) and oy, = 03, —0; , respectively.

CSCG random variables with the variances o sy
: i

Assume that the users a and b communicate with each other via the AF relay r.
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At the block k, the users a and b transmit their signals to the relay r simultaneously,
and, at the same time, the relay r broadcasts its signal to the users a and b. Then,
the relay r receives not only the transmitted signals from the users a and b but also
the loop interference from the relay r itself. Then, the received signal at the relay r

is given by

Yr[k] = v/ Eahap [K)ak] + v/ Eohy e[k k] + /Boh g [k, (k] + 0[] (3.2)

where x;[k] is the transmit signal from the node ¢ with unit power, F; is the transmit
energy from the node i, i € {a,b,r}, n.[k] is the additive white Gaussian noise
(AWGN) with zero mean and variance Ny at the relay r, and the third term in the
right hand side is the loop interference from the relay r itself. The relay r subtracts

an estimate of the loop interference from its received signal which yields
Grlk] = o [k] = V/Ephyy [k [R). (3:3)
From (3.1), (3.2), and (3.3), we have
Grlk] = v/ Euhas [K2alk] + /by Mo k] + v/ Ealha p [kl [K]
+ EyAhy [k k] + /B Aby [k, [k] + n, K], (3.4)

The transmit signal from the relay r is given by z,[k] = a[k — 1]§,[k — 1] where the
amplification factor is given by
alk — 1]

1
\/Ea’ila,r[k =12+ Ebmb,r[k — 1>+ EaUQAhW + Ebaihbm + ETU2AhM + No

(3.5)

23



The received signals at the users a and b are given by

Yalk] = V/Erhe o[k, (K] + \/ Eahaa[k]za[k] + na[k] (3.6)
k] = /Erhoy K]z, (K] + / Ephyp k][] + ny[k] (3.7)

where n,[k] and ny[k] are the AWGN with zero mean and variance Ny at the users
a and b, respectively. The user a subtracts the estimates of the self-interference (SI)

and the loop interference from its received signal which yields

Jalk] = yalk] — alk = UN/E, EBohyo[Klhay [k — za[k — 1] = /Eah olk]za[k]
= alk — U\/E, Eyhy o[kl o[k — o[k — 1]

+ alk — 1 E, EyAhyo[klh [k — 1k — 1]

+alk — 1/ Er EsAhy o[k ha [k — [k — 1]

+ alk — 1/ E,E hy o[k Ahg [k — 1)a[k — 1]

+ alk — N/ E oAy o[k b, [k — 1,k — 1]

+ alk — 1/ E, Eyhyo[K] Ay, [k — L[k — 1]

+ alk — VB, EyAhy o[k Ay, [k — 1k — 1]

+ alk — 1N/ E,Ehy o[k Ahy [k — 12, [k — 1]

+alk — UVEE.Ah, o[k Ahy [k — 1z, [k — 1]

+alk = WE bk, [k = 1] + alk — 1VEAhy o[k [k — 1]

+ v/ Eahg oKl aa[K] + na[K]. (3.8)

Similarly, the node b subtracts the estimates of the self-interference and the loop
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interference from its received signal which yields

Dlk] = wlk] — alk — N ErEyhy k)b [k — 1ap[k — 1] — /Eyhyp [k 2k
= alk = /B Eahyp k] [k — aa[k — 1]
ok = 1N/ E, By Ay Ko s [k — 1zalk — 1]
+ alk — 1/ E EyAhyy [k [k — 1]k — 1]
+ alk — 1/ E, Eyhyy [k Ahy [k — 1)z [k — 1]
+ alk — 1/ E, EyAhyy [k Ahy [k — 1)ap[k — 1]
ok = N/ E Eyhyp K] Al o [k — [k — 1]
olk = 1/ E,EoAhy p K] Ahg o [k — aa[k — 1]
[k = 1/ Er Byl [k Ahy o [k — 1 [k — 1]
alk — 1)/ E B, Ahyy[K] Ahy [k — 12, [k — 1]
[k — 1N/ E, by ylk]ng [k — 1] + alk — 1/ E,Ahy y[k]n. [k — 1]

+ VB Ay [Klalk] + 4 k] (3.9)

For the SI cancellation, each node has to obtain the necessary CSI. At the begin-
ning of each block (e.g., k), the CSI acquisition is achieved in four steps. In the first
step, the user a transmits its pilot signal to the relay r, and the relay r estimates
ha[k]. In the second step, the user b transmits its pilot signal to the relay r, and
the relay r estimates hy,[k]. In the third step, the relay r broadcasts the pilot signal,
and the users a and b estimate h, ,[k] and h,,[k], respectively. In the fourth step, the
relay r feeds back hg [k — 1], by, [k — 1], and a[k — 1] to the users a and b. In order

to reduce the feedback overhead, the relay r can feed back their quantized version
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to the users a and b [93]. In the following, we will focus on the node a since similar

approach and analysis can be applied for the node b.

3.2 QOutage Probability Derivation

3.2.1 Signal-to-Interference-plus-Noise Ratio

By dividing the desired signal power by the interference and noise power, the signal-

to-interference-plus-noise ratio (SINR) at the user a is given by

Yo = By Byl k] 2ok = 1) (B By, Vsl = 1 + By Eaoky, Jhaslk = 1]
+ B, ol iy ol K] ’2gihw + ETEGUQAhT,aJZha,T + E, Ey|hy,q[K] ‘QUZhM
+ ErEbUQAhr,aUQAhb,T + Eflflm[k] |202Ahm
+ EoAy, Oan,, + Ey|hralk]|*No + E,0,..No
+lalk = [ 2Eu0k,,, + ok —1[*N)

~ 2 ~
X1|hra K] X2l [k — 1]

2

- 2 - 2 " 2 (3.10)
X1|hr,a[k]| + X2|hb,r[k3 - 1” + X3|ha,r[k - 1” + X4
where
= =, (3.11)
X1 = ETUQAhm + Eaaihw + Ny '

Ey
— 3.12
X2 E.0%y,, + B0k, + Broky, + No (312)

E,
X3 (3.13)

= 2 2 2
EaUAha,r + EbUAhb,r + ErUAhm + No

26
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X4 - (ETE(ZO-ihT’ao-Zha,T + ETEbO_ZAhr,rO-ihb,r
2 2 2
+ E’I’E”'UAhr,aO-Ahryr + ETO-AhT,aNO
+ Eaan'Zhayao'QAha,r + EbEaO-QAha,aUQAhb,T‘
2 2 2 2
+ ErEaopp, ,OAn,, T EaOan, ,No+ Eaopp, No
+ Ebo-ihmeO _’_Ero-ihrmNO + N0N0>
—1
X (Eroihm + E.03,, + No)
~1
X (Eaaihw + Ebaihb,r + ETU2Ahm + N0> . (3.14)
Note that for perfect channel estimation, i.e., when UQA,W = 0 for i,j € {a,b,1},

(3.11)-(3.14) reduce to x1 = E, /Ny, x2 = Ey/No, x3 = E,/No, and x4 = 1.

3.2.2 Cumulative Density Function

The cumulative distribution function (CDF) of the SINR at the user a is given by

E ('7) — Pr Xl‘hr,aPXQ’hb,rP < ~y
Ya = - = -
Xl‘h 2 |2+X3|har|2+x4

= YX3Y + VXE + VX
/ / Pr <\hm|2 & : 4)f|h“2 (@) fij,..2 () dzdy

X1 (X2 —7)
/ / Pr ([ al? < ’VX3?J+’YX2SC+’VX4 fooo(@) fr () dad
i X1 (o — ) i r[2 \F) Tigp 2 \Y) ALY
(3.15)

where, for notational simplicity, the block indices k and k — 1 in hy.q[k], ha,[k — 1],
. S22 -
and hy [k — 1] are omitted. Since |h,4| , |har| , and ]hbm[? are independent, expo-

nentially distributed random variables with parameters 1 /0']% 1 /U}% ,and 1 /a}% ,
r,a a,r b,r
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S22 L2
respectively, the the probability density functions of |h,.,| , |ha| , and |k .| are given

by
I
f\ﬁr,aIQ (x) = PR hria (3.16)
hra
1 =
f|ila,r|2 (.]}') = 0_2—6 hav”, (317)
ila,r
1 2
f|i7'b,r‘2 (.’L’) = 0_2—6 b, (318)
hb,'r
respectively.
From (3.15)-(3.18), we have
& Yy aX3ytyxeTtuxg
o oo, U’%br cf%am meam(xzzfv)
F,.(y) =1 —/ / PR dxdy. (3.19)
0 );Yig ila,r Bb,r
Putting z = ><11xz (z + x17) into (3.19), we get
_ 0l _ Y
B U%LTGM U?lb X2 00— 00 axaytrixa —
, o 52 2 2 of  X1X
o) =1 [T [T R ey (320)
Uha,TUBMX1X2 0 0

Using [;~exp (=2 — qz)dx = 2\/§K1 (2y/Pq) in [101, eq. (3.471.9)] where Ky (-) is
the first order modified bessel function of the second kind in [101, eq. (8.407.1)], (3.20)

1s rewritten as

F, (v)

TG T [ 2 2
9y T hb,TXz/ . h\/ 74X3y2+72+ VX4 g (2\/%29 +27 +7X4> dy.
0

o~ 07 O35 os O3
ha,r hb,r hr,aXIXQ hr,a hb,rX1X2

(3.21)
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Combining [86, vol. 4, eq. (1.1.2.3)] with [86, vol. 4, eq. (3.16.2.4)], we have

/ exp (—Az)vkx + nK; (u/kx + n)dx
0
2 2
Kol Kl nA Kl
I ep (PR LA p (o, B
4)\2€Xp<4)\ * m) ( : 4)\)

Lo (@) /0" exp (_?) ViKy (py/z) do (3.22)

K

where I'(,-) is the incomplete gamma function in [101, eq. (8.350.2)]. From (3.21)

and (3.22), we obtain

F’Ya (7)
s+ 7
=1— e ilr,aX1 Ry rX2 i“ZVrXS { wl”Yewl'YF (_17 ¢17)
1 P2 oy
Y1y Jo .
2 5(y)
2
J— Uf’fa,'r 3 g MXL
where 1, = e and 1y = A

The evaluation of the integral in (3.23) is difficult due to the product of the first
order modified bessel function of the second kind and the exponential function. We
thus make an approximation. By the M-th order Taylor series approximation of the

exponential function e ~ Z%:o (_ﬂ?m for small = > 0, the integral in (3.23) is given

by

1

<_4w117>m/0w2 le (V) dy. (3.24)

m)!

(1]

QEDY

0
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Using the Meijer’s G-function [101, eq. (9.34.3)], the first order modified bessel func-

tion of the second kind of (3.24) is given by
1 gyl 1
Ki\(vy) =5G8 (515 -5 ) 2

From (3.24) and (3.25), we have

M 1
LA™ [y y|1 1
E(y) = - GO =5, —= | dy. 3.26
&) m( o) [ e () )
1 —m-2
Using [y *+2G39 (4|5, —1)dy = 2™ 2 G3} (g Ll 1>1n[86 vol. 3, eq. (1.16.2.1)],
22T M3

(3.26) is rewritten as

M m .
=)= (- ) et (2] (3.27)
=\ = My ) 2mlt2 T\ g |d-temed ) ‘

m=0

From (3.23) and (3.27), the CDF of the SINR at the user a is given by

~1_e hrat TRy, +(,2 " edmp —1,917) + i/[: L B 1 m+1
= 1 17) om! \ 4y
m=0

. ) } . (3.28)

m+5
4y% 4 dxay 21 7+ Xxay
X 2 2 Bl 52 52 viv,
An outage occurs when the SINR at the user a falls below a SINR threshold ~;;,. The

m

M\H |
w\w

ol |

o; O (o
hb,v‘ h'r,aX1X2 hbr hraX1X2

3.2.3 Outage Probability

outage probability of the user a is given by

Pout,a (’7th> =Pr (7(1 < /Vth>

= P\, (). (3.29)
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In the high signal-to-noise ratio (SNR) regime (E, = E, = E, = E — o0), the
diversity order determines the slope of the outage probability of the user a versus
E/Ny [2], [5]. From (3.20) and (3.29), using ¢* ~ 1+ z, I'(—1,z)/z7' ~ 1, and

Ki(x) ~ % as x — 0, the outage probability of the user a is approximated as

h Vth
Pout,a (’yth) ~ ;Yt + ) ! - 77Z)1’)/th
O-}Alr,aX1 O-]jbb,rXQ

Ve <E02Ahm + Eojy,, + NO) Veh (Eaiha,r+ Eoip,,+ Eoap,,+ NO)

~ +
2 2
UEME JEME
aiw <E02Ah LT Eo%, .t NO) (3.30)
- 2 2 . .
th,'r O-hr,a Efyth

When perfect channel estimation is available (UQA,W =0,4,5 € {a,b,r}), (3.30) is

rewritten as

Vi Vth gi?z EN!

t t a,r

Pout,a (’Yth) =~ ( 5 + 3 ) 3 ’Yth) (_) (331)
o NO

g3 o7 g% 2
hr,a hb,r hb,r hr,u.

which is a function of (E/Ny)~'. Therefore, the diversity order is one. When perfect
channel estimation is not available, we can expect that the error floor appears at high

E /Ny region.

3.3 Numerical Results

Consider two-way full-duplex relaying where users a and b exchange information with
the help of an AF relay r. Suppose that the transmit energy at the users a, b, and the

relay r is same, i.e., B, = F, = E, = E. And the transmit SNR is defined as SNR =
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E/N, [5]. For simplicity, we will use the notation (aih“, OAhyrs O Ay O A aihm>
in the figure to denote the variances of the channel estimation errors.

Fig. 3.2 shows the outage probability of the user a versus SNR for the two-way
full-duplex relaying when U%W = 0}2““ = U%m = U}QLM = J,%a’a = 10 and ~yy, = 1.
The analytical results are generated based on (3.28) and (3.29). It is shown that the
analytical results perfectly match the simulation results. In case 1, all variances of the
channel estimation errors are set to 0. In cases 2-6, one of the variances of the channel
estimation errors is set to 1. In case 7, all variances of the channel estimation errors
are set to 1. It is shown that the outage probability of cases 2-4 is lower than that of
cases 5-6. The reason is that, due to power normalization (3.5) at the relay, the effects
of 0y, OAp,,» and 04, ~on the outage probability are reduced. It is shown that,
as SNR increases, the difference in the outage probability between case 1 and cases
2-7 increases. The reason is that the outage probability of case 1 decreases as SNR
increases and that of cases 2-7 exhibits error floors at high SNR region. Fig. 3.3 shows
the outage probability of the user a versus SNR for the two-way full-duplex relaying
when o} =0} =0} =o0; =0 =10and 3, = 1. In case 1, all variances
of the channel estimation errors are set to 0.1. In cases 2-6, one of the variances of
the channel estimation errors is set to 0.1. In case 7, all variances of the channel
estimation errors are set to 0.1. It is shown that the outage probability of cases 2-4 is
lower than that of cases 5-6. Similar to Fig. 3.2, it is shown that the outage probability

of cases 2-4 is lower than that of cases 5-6. It is shown that the outage probability of

cases 2-4 are almost same and that of cases 5-6 are also almost same. Fig. 3.4 shows
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the outage probability of the user a versus SNR for the two-way full-duplex relaying
when a}%w = a,%b’r = a}%m = U?Lm = aiw = 10 and 7, = 1. In case 1, all variances
of the channel estimation errors are set to 0.01. In cases 2-6, one of the variances of
the channel estimation errors is set to 0.01. In case 7, all variances of the channel
estimation errors are set to 0.01. It is shown that the outage probability of cases
2-4 is lower than that of cases 5-6. It is shown that, as the variances of the channel
estimation errors decreases, the difference in the outage probability between case 1
and cases 2-7 decreases. Fig. 3.5 shows the outage probability of the user a versus SNR
for the two-way full-duplex relaying when o}, =oj =0} =o0j =03 =10
and vy, = 1. In case 1, all variances of the channel estimation errors are set to 0.001. In
cases 2-6, one of the variances of the channel estimation errors is set to 0.001. In case
7, all variances of the channel estimation errors are set to 0.001. It is shown that the
difference in the outage probability between case 1 and cases 2-7 becomes smaller.

The reason is that, as the variances of the channel estimation errors decreases, its

effect on the outage probability is reduced.
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Figure 3.2. Outage probability of the user a versus SNR for two-way full-duplex
relaying. Variances of the channel estimation errors are set to 0 or 1.
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Figure 3.3. Outage probability of the user a versus SNR for two-way full-duplex
relaying. Variances of the channel estimation errors are set to 0 or 0.1.
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Figure 3.4. Outage probability of the user a versus SNR for two-way full-duplex
relaying. Variances of the channel estimation errors are set to 0 or 0.01.
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Figure 3.5. Outage probability of the user a versus SNR for two-way full-duplex
relaying. Variances of the channel estimation errors are set to 0 or 0.001.
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Fig. 3.6 shows the outage probability of the node a versus ¢ for two-way full-
duplex relaying when SNR = 30 dB and a}%w = Oh,, = Oy, = Oh,, = Oh,, = 10.
In case 1, all variances of the channel estimation errors are set to w. In cases 2-
6, one of the variances of the channel estimation errors is set to & and the others
are set to w. The analytical results are generated based on (3.28) and (3.29). Fig.
3.6(a), 3.6(b), and 3.6(c) are set to w = 0.001,0.01, and 0.1, respectively. It is shown
that the analytical results perfectly match the simulation results. It is shown that
the outage probability of each case increases as ¢ and w increase. In addition, it
is shown that the outage probability of cases 2-4 is lower than that of cases 5-6
when w < £ and that of cases 5-6 is lower than that of cases 2-4 when w > &. The
reason is that, due to power normalization (3.5) at the relay, the effects of aihw,
aihm, and UQAhb,r on the outage probability are reduced. Fig. 3.7 shows the outage
probability of the node a versus ¢ for two-way full-duplex relaying when SNR = 25
dB and o}, =03 =o0; =0 =oj =10 In case 1, all variances of the
channel estimation errors are set to w. In cases 2-6, one of the variances of the channel
estimation errors is set to & and the others are set to w. Fig. 3.7(a), 3.7(b), and 3.7(c)
are set to w = 0.001,0.01, and 0.1, respectively. It is shown that our analytical results
and the corresponding simulation results are in excellent agreement. It is shown that
the outage probability of the node a decreases, as the SNR increases. Fig. 3.8 shows
the outage probability of the node a versus & for two-way full-duplex relaying when
SNR =20 dB and 0, =0}, =o0; =0 =oj =10 In case 1, all variances

of the channel estimation errors are set to w. In cases 2-6, one of the variances of the
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channel estimation errors is set to £ and the others are set to w. Fig. 3.8(a), 3.8(b),
and 3.8(c) are set to w = 0.001,0.01, and 0.1, respectively. As expected, it is shown
that the outage probability of Fig. 3.8(a), 3.8(b), and 3.8(c) is larger than that of Fig.

3.6(a), 3.6(b), and 3.6(c).

3.4 Summary

In this chapter, we examine two-way full-duplex relaying in the presence of cochannel
loop interference. In the two-way full-duplex relaying, two full-duplex users exchange
data with each other via a full-duplex relay and each node attempts to subtract the
estimate of the cochannel loop interference from its received signal. We derive the
exact integral and approximate closed-form expressions for the outage probability of
the two-way full-duplex relaying in case of perfect and imperfect channel state infor-
mation. Monte Carlo simulation verifies the validity of analytical results. It is shown
that the analysis of the outage probability well matches with simulation results. It is
shown that the outage probability decreases as the variance of the channel estimation

error decreases.
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Figure 3.6. Outage probability of the user a versus ¢ for two-way full-duplex relaying.
SNR = 30 dB.
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Figure 3.7. Outage probability of the user a versus £ for two-way full-duplex relaying.
SNR = 25 dB.
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Chapter 4

Multi-hop Cognitive Radio
Network with Cochannel

Interference

Cognitive small cell network is an effective way to meet the demands for frequency
spectrum in wireless communications [94]-[96]. If the quality of service (QoS) of li-
censed users in a cellular network is guaranteed, unlicensed users in the cognitive
small cell network are allowed to utilize the spectrum of the cellular network [57].

Multi-hop transmission is well known as a promising technique to combat the per-
formance degradation caused by propagation loss [1], [6]. In multi-hop transmission,
when the direct path between a source and a destination is deeply faded, the source
communicates with the destination via multiple intermediate relays.

The performance of multi-hop transmission for a cognitive small cell network
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has been analyzed [97], [98]. In [97], the authors derive the outage probability of a
cognitive small cell network over Rayleigh fading channels. In [98], the authors derive
the outage probability of a cognitive small cell network over Nakagami-m fading
channels. However, most of previous works have focused on the cognitive small cell
networks which do not consider the effect of interference from the cellular network.

In this chapter, we investigate a cognitive small cell network which is overlaid with
a cellular network. We analyze the performance of the cognitive small cell network in
the presence of interference from the cellular network.

This chapter is organized as follows. In Section II, we describe the system model.
In Section III, we derive the outage probability of the cognitive small cell network.

Numerical results are presented in Section IV, and conclusions are drawn in Section

V.

4.1 System Model

Consider an underlay cognitive small cell network which is overlaid with a cellular
network as shown in Fig. 4.1, where the solid and dashed lines stand for the data
and the interference, respectively. The cellular network consists of L cells each with
a source and a destination, where, in the cell [, the source P.S; sends its data to the
destination PD;. The cognitive small cell network consists of a source, K — 1 relays,
and a destination. The source 7 communicates with the destination 7% through K
hop transmission using relays 717, 15, - -+, Tx_1. Assume that each terminal has a

single antenna and cannot transmit and receive simultaneously.
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Figure 4.1. Underlay cognitive radio network which is overlaid with a cellular network.
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Let h;; denote the channel coefficient from the terminal 7 to the terminal j with
i,7 € {PS, lDDl}lL:1 U {Tk}kK:0~ Assume that h; ; is a zero-mean circularly symmetric

complex Gaussian random variable and its variance is given by [75]
)\i,j = Ud;]a (41)

where 7 is the propagation constant, a is the path-loss exponent, and d;; is the
distance between the terminal ¢ and the terminal j.

Assume that the cellular network and cognitive small cell network are synchro-
nized. In the cellular network, the sources PSy, PSs, - - -, and P.S}, transmit their own
signals to the destinations PDy, PDs, ---, and PDy, respectively. In the cognitive
small cell network, communication from the source Ty to the destination Ty is per-
formed in K phases. In the phase k, k =1, 2, ---, K, the terminal T},_; transmits its
signal to the terminal 7}, and then, the terminal 7} receives not only the transmitted
signal from the terminal Ty _; but also the interference from the sources PS;, P.Ss,
-+, and PSp. The terminal T} attempts to decode its received signal which is given

by

L

Yy, = th—l:Tk \/ Pqukaq + Z hPSth V PPSl‘%PSz + nr, (4'2)

=1
where P; is the transmit power of the terminal ¢, x; is the transmit signal of the
terminal 4, and n; is the additive white Gaussian noise (AWGN) with zero mean and
variance Ny at the terminal 7, i € {PS;}, U{Ti}i,.

Assume that there are two constraints on the transmit power of the cognitive

small cell network: maximum transmit power constraint and interference constraint
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to guarantee the QoS of the cellular network [99]. The transmit power at the terminal

T}, is given by

I I 1
Pr =min< P, .
' { R T R PN |th,PDL!2}

1
= min {Pmax, Z_Inin —} . (4.3)

=1L | hyy, pp, |

where P,y is the maximum transmit power at the terminal 7} and I is the threshold

of interference to the destination PD;.

4.2 QOutage Probability Derivation

4.2.1 Signal-to-Interference-plus-Noise Ratio

The signal-to-interference-plus-noise ratio (SINR) at the terminal T} is given by
2
_ PTk—l}th—lka}
S Peslhes,nl” + No

VT (44)

4.2.2 Cumulative Density Function

The cumulative distribution function (CDF) of the SINR at the terminal 7} is given

by
B ) =pr | — Pralinanl
T S Prsilhes.n]? + No
X
=P < 4.5
. [Y e w} (45)

where X = Pr,_,|hg, 1" and Y = Y1, Ppg,|hps, z,|”- Then (4.5) becomes

F, () = / " F (y (y + No))fy () dy. (4.6)
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The CDF of X is given by

Fx () = Pr[X < z]

_ , 2
= Pr |min ¢ Py, min —— = » |hp, <z
_ { a =1, L }th_l,PDl ‘2 } | Tk—1 Tk| ]
I 1 2
=Pr| min — 5 < Py, m1n—h77 <z
_[: o L |th717PDl‘2 = ’th 1PDZ|2’ T 1Tk’ ]
I 2
+P i —>PmaX7Pmaxh 1, S
| i ]
=A+B (4.7)
where
A=Pr [ min ;2 < Praxs mm ! 5 |th—17Tk}2 < ac] (4.8)
=1L ‘th,l,PDl‘ =L hy 1PDl‘
and
B=P i > P Poelhr 1 |? < 2| . 4.9
' [l—rgl,lr}l/ |th71,PDl ‘2 } b 17Tk} aj] ( )

After some manipulations, (4.8) is rewritten as

1 Pmax
A:Pr[min —2§min{ , * 2}]
=Ll hay L po| I Ilhg_, 1|
o L
:/ ll—H{l—Pr[ <m1n{ —= }] }] f|h |2(z)dz
0 =1 \ha_,.Py| Hem T
L
Pmax 1
—/ 1-— {1—exp( )} exp (— z) dz
0 =1 )\Tk 1, PDZ max )\Tk 1,1 ATk,th
L 1
1-— {1 — exp ( > } exp (— z) dz.
P [ ll_Jl: /\Tk 1,PDT >\Tk 1,k )‘Tk—th

(4.10)
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By the multi-binomial theorem, (4.10) becomes

L
T 1
A=1—-41-— - | | 1— -
{ P ( >‘Tk1,TkPmaX> } I—1 { P ( >‘Tk1,PDsz&X> }

L
x (1—ky)I
! ! eXp (_)\Tk_l Tkpmax o Z ATk 1s P;lpmax)
_ Z Z (—1)E ke he = (4.11)
— — Ay 1, (1= kl)f
Since |th7hle}2, l=1,2,---, L, and ‘ththk‘Q are independent, (4.9) is rewritten
as
B=Pr| min —————— > P | Pr [Pmax‘th,l,Tk‘Q < x]
=1L ‘th 1 PD1|
= Pr |: max‘h'Tk 1Tk <I HPI' Pmax
|th 1, PDZ
L I
=<l —-exp| ————F7~— 1 —ex _ . 4.12
{ b ( /\Tk_l,TkPmax) } g { b ( ATk_l,PDsza)} 412)
The probability density function (PDF) of Y is given by [82]-[100]
Qk) T,n Qk Q[ 7"1j y
X () =y Lexp | —="— (4.13)
TS e (o)
where Q. = diag (Pps, Aps, 1y, PPs,; Aps, 1> =+ Prs, Aps, 1), p () is the number of
distinct diagonal elements of Q, Qpn, m = 1,2, -+, p (), are the distinct diagonal

elements of €2 in decreasing order, i.e., Q> Qg > -+ > Qpa,); Tm () is the

multiplicity of €., and

1
Tm (Qr)—n
(T () — )1

Xm,n (Qk) -

dTm —n Tm(ﬂ ) 1
% {W(Hy%) *det (I, + y82) } (4.14)

Y=

[m]
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From (4.6), (4.7), (4.11), (4.12), and (4.13), the CDF of the SINR at the terminal

T} is rewritten as

F'YTk
ooP(Qk Tm (21) Q[—rﬁ y
Xm,n (Qk) = ?Jnil EXp| —~—
/ >3 L o
+No) (1—kp)
1 1 . N eXp (_)\Tk leTk}ODmmx Z )\Tk 1Pl;lpmax)
x{1- N dy.
klz_o kLZ:o 1+ Z Aty 1, (I=k)I
A1y, _,,PD;Y(y+No)
(4.15)

Using [;" 2" e "o dx = FF (v) for p > 0 and v > 0 in [101, eq. (3.381.4)], (4.15) is

rewritten as

FVTk (7)
() T () oo P(2k) Tm () Q[Ti y
Z Z an Qk / Z Z an Qk (m) exp (—m>

(y + No) exp<—M _EL: %)
d

>\ka1ka Prax =1 /\kalval Prax

1 1
B R e
> (=) L

k1=0 kr,=0 Y _|_ NO + Z
=1

Y.

ATy _1,PD;Y

(4.16)

From (4.16) and the fact that [~ £— 1:;”5 = B 1T (V)T (1 — v, Bu) for u > 0
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and v > 0 in [101, eq. (3.383.10)], we obtain

Ey (7)
p(Q) Tm () 1 1 (%) Tm () Q[frﬁ
m L—ky— - —k
S ey oy R
m=1 n=1 k1 k=0 m=1 n=1

=0
N L )T A )
xexp(— Y{Vo _Z ( >{N0+Z Tk — 1Tk l }

>\T,H Tkp max 11 >\Tk 1,PD; P max >\Tk ,.PD;Y

A1 T kl) I 1 i
X ex Ny + R +
p ({ 0 Z )\Tk 1y PDl’y Q[m] )\kal’TkPnlaX
A — kI
{N0+Z i (1~ K) }F(n—i—l)

/\Tk 1,PD;”Y

)\T T (]_ — kl) I 1 vy
x| =n,{ Ny + k—1,1% i
( { ' lz; )\Tk LPDY Q[m /\Tk—thPmax
Ay e (L —FKy) 1 1 v
+NoT'(n)I' |1 —n,< Ny + b Lok + '
0 ( ) ( { 0 Z >\Tk 1, le”}/ Q[m] )\Tk—lka Pmax

(4.17)

4.2.3 Outage Probability

The mutual information between the terminal T}_; and the terminal T} is given by

1
CTk = E 10g2 (1 + fYTk) . (4'18>

The mutual information between the source Ty and the destination Tk is given by

C:min{C’Tl,C'TQ, "',CTK}. (419)

An outage occurs when the mutual information between the source T and the desti-

nation Tk falls below a target rate R. The outage probability of the cognitive small

87



cell network is given by

Pout (R) =Pr (C < R)

= Pr(min{Cqp,Crp, ---,Cr.} < R)

K

—1-T[{1- Py, - 1)}. (4.20)

k=1

4.3 Numerical Results

Consider a cognitive small cell network which is overlaid with a cellular network with L
cells. Suppose that dgpyr, = 10, dpy,_, 1, = 10/ K, Apg,r, = 0.005, and Aqy,_, pp, = 0.005
forl=1,2,---, Land k=1,2,---, K.

The main contribution of this chapter is the derivation of the closed-form expres-
sion for the outage probability of the cognitive small cell network which is overlaid
with a cellular network. To provide insights into the impact of Py.x/Ny and the num-
ber of hops on the outage probability, we assume that parameters except Pyay/No
and the number of hops have simple values such as dr,r, = 10, dp,_, 7, = 10/K,
Apsr, = 0.005, and Ap,_,pp, = 0.005. Note that although these assumptions seem
not realistic, they do not affect the accuracy of the analytical results. And since the
analytical results are the function of the dgpr., dr,_ 7., Aps7., and Ap_ pp,, We
can obtain more realistic results by changing the parameter values of dp,r,, dr,_,1,,
Aps,1y,, and Ap,_ pp, in (4.17) and (4.20).

Fig. 4.2 shows the outage probability of the cognitive small cell network versus

Puax/No with L = 1,3,5,7, a = 3,4,5, R = 0.1, and [ = 0 dB. It is shown that
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the analytical results are in complete agreement with simulation results. It is shown
that the outage probability decreases as Ppax/No increases at the low and medium
Prax/No. It is shown that the outage probability exhibits error floors at high Pyax/No.
The reason is that although P,.. increases, the transmit power of T} is limited as
shown in (4.3) due to the interference constraint. It is shown that the outage prob-
ability increases as the number of cells increases. In addition, it is shown that the
outage probability increases, as the path loss exponent increases. The reason is that
the variances of the channels between two adjacent terminals decreases, as the path
loss exponent increases. Fig. 4.3 shows the outage probability of the cognitive small
cell network versus Ppax/No with L = 3, @« = 4, and R = 0.1. It is shown that
the outage probability decreases as the interference threshold increases. The reason
is that the terminals in the cognitive small cell network can use more power as the
interference threshold increases.

Fig. 4.4 shows the outage probability of the cognitive small cell network versus
Prax/No with L = 1,3,5,7, a = 3,4,5, R = 0.2, and I = 0 dB. It is shown that
the analytical results perfectly match the simulation results. It is shown that, as
Prax/No increases, the outage probability decreases at the low and medium Py,ax/ No.
It is shown that the outage probability exhibits error floors at high Py../Ny. The
reason is that although P, increases, the transmit power of T} is limited as shown
in (4.3) due to the interference constraint. It is shown that the outage probability
increases as the number of cells increases. In addition, it is shown that the outage

probability increases, as the path loss exponent increases. The reason is that the
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variances of the channels between two adjacent terminals decreases, as the path loss
exponent increases. As expected, it is shown that the outage probability of Fig. 4.2
is lower than that of Fig. 4.4 due to the target data rate. Fig. 4.5 shows the outage
probability of the cognitive small cell network versus Py.x/No with L = 3, « = 4, and
R = 0.2. It is shown that the outage probability decreases as the interference threshold
increases. The reason is that the terminals in the cognitive small cell network can use
more power as the interference threshold increases. As expected, it is shown that the
outage probability of Fig. 4.3 is lower than that of Fig. 4.5 because of the target data

rate.
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Fig. 4.6 shows the outage probability of the cognitive small cell network versus
the number of hops with L = 1, a = 3,4, 5, and P,/ Ny = 20,24, 28, 32. It is shown
that the analytical results and the simulation results are in excellent agreement. It
is shown that, as P.x/No increase, the outage probability increases. It is shown
that there is an optimal number of hops that minimize the outage probability of the
cognitive small cell network. It is shown that the optimal number of hops is 5 and
8 at @ = 3 and 4, respectively. It is also shown that the optimal number of hops
is larger than 10 at « = 5. As « increases, the optimal number of hops increases.
Fig. 4.7 shows the outage probability of the cognitive small cell network versus the
number of hops with L = 2, a = 3,4,5, and Ppax/No = 20,24,28,32. It is shown
that the optimal number of hops is 5 and 8 at o = 3 and 4, respectively. It is also
shown that the optimal number of hops is larger than 10 at o = 5. As « increases,
the optimal number of hops increases. Fig. 4.8 shows the outage probability of the
cognitive small cell network versus the number of hops with L = 3, a = 3,4, 5, and
Prax/No = 20,24,28,32. 1t is shown that the optimal number of hops is 5 and 8 at
a = 3 and 4, respectively. It is also shown that the optimal number of hops is larger
than 10 at o = 5. It is shown that the outage probability increases as the number of

cells increases.

4.4 Summary

In this chapter, we examine the cognitive small cell network which is overlaid with

a cellular network. We derive the closed-form expression for the outage probability
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of the cognitive small cell network in the presence of interference from the cellular
network. Analytical results are verified by Monte Carlo simulations. It is shown that
the analytical results are in complete agreement with simulation results. It is shown

that the outage probability increases as the number of cells increases.
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Chapter 5

Conclusions

5.1 Summary

In this dissertation, we have investigated the relay technology in the wireless networks.

In Chapter 1, we introduce the basic concept, history, and related works of the
relay technology and its application to the cognitive ratio. In addition, we describe
the outline of this dissertation and present the notation, abbreviations, and functions
used in this dissertation.

In Chapter 2, we analyze the performance of a two-way relay network experienc-
ing cochannel interference from multiple interferers due to aggressive frequency reuse
in cellular networks. We discuss two different scenarios: Outages are declared indi-
vidually for each user (individual outage) and an outage is declared simultaneously
for all users (common outage). We derive the closed-form expression for the indi-

vidual outage probability and the exact integral expression for the common outage
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probability of the two-way relay network with multiple interferers. The validity of
our analytical results is verified by a comparison with simulation results. It is shown
that the analytical results perfectly match the simulation results of the individual
and common outage probabilities. Also, it is shown that the individual and common
outage probabilities increase as the number of interferers increases.

In Chapter 3, we examine two-way full-duplex relaying over Rayleigh fading chan-
nels. Its outage probability is derived when the perfect CSI is not available. The
validity of our analysis is verified by Monte Carlo simulation. It is shown that the
analysis of the outage probability well matches with simulation results. It is shown
that the outage probability decreases as the variance of the channel estimation error
decreases.

In Chapter 4, we investigate a cognitive small cell network which is overlaid with
a cellular network. We analyze the performance of the cognitive small cell network in
the presence of cochannel interference from the cellular network. Analytical results
are verified by Monte Carlo simulations. It is shown that the analytical results are in
complete agreement with simulation results. It is shown that the outage probability

increases as the number of cells increases.

5.2 Future Works

The enormous potential of relaying for the next-generation wireless systems has been
revealed in the recent literature. However, there are still a lot of challenges to be

addressed on both the theoretical and practical aspects. The investigations on the
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implementation of two-way half duplex/full duplex relay networks have not been yet
carried out sufficiently. The future works for implementation of two-way half du-
plex/full duplex relay networks include: 1) optimal resource allocation (e.g., power,
frequency, time, etc.) of each user, 2) optimal placement of relay, 3) efficient strategy
for users to know the CSI, 4) performance analysis when a transmit antenna and
a receive antenna are not isolated well, and 5) suitable strategy of synchronization
between users in order to exploit the physical layer network coding. Also, the inves-
tigations on the implementation of multi-hop transmission for a cognitive small cell
network have not been yet carried out sufficiently. The future works for implemen-
tation of a multi-hop cognitive small cell network include: 1) suitable strategy that
each terminal of a multi-hop cognitive small cell network knows the channel from
itself to the destination of the cellular network, 2) optimal resource allocation (e.g.,
power, frequency, time, etc.) of each terminal in a multi-hop cognitive small cell net-
work, and 3) optimal routing for the multi-hop cognitive small cell network. Most of
previous works ignores the effect of cochannel interference because of the difficulty
and complexity in analysis. However, it affects the system performance (e.g., outage
probability, capacity, bit/symbol error probability, etc.) of wireless relay networks.
Therefore, the effect of cochannel interference should be carefully considered in the

above future works.
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