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Abstract

To meet the demands of ever increasing wireless traffic, relay networks has been identified as a
promising solution. However, they are prone to co-channel interference which arises due to the
aggressive reuse of the available spectrum. Therefore, this project investigates the effect of
interference on the outage probability of a two-hop channel state information assisted amplify-and-
forward relay network. Three networks configurations are considered: (i) relay is subject to
interference while the destination is perturbed by additive white Gaussian noise, (ii) relay is under
additive white Gaussian noise while destination is subject to interference, (iii) both relay and
destination are subject to interference. In all three configurations, interference at each node was
assumed to be generated by a Poisson filed of interferers distributed over an annular region. All
channels are assumed be subject to exponential path loss and Rayleigh multipath fading. It is shown
that the effect of interference can be reduced by having an exclusion zone around the relay and
destination. Further, our study indicates that the path loss, which is expected to increase in
future generations of wireless systems due to the use of higher frequencies and lower antenna

heights, helps to ease the effect of co-channel interference.
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Chapter 1

1.1 Introduction

Wireless technologies have undergone a tremendous growth recently. Cisco forecasts the
number of mobile devices to exceed the global population in 2014 [1]. The mobile data traffic is
expected to reach 16 Exabyte per month in 2018 [1]. To meet these demands, future generations of
wireless systems must be more reliable, more power efficient (greener), and capable of providing
higher data rates over a large coverage area. To this end, relay communication has been identified as
one of the promising solution. The idea here is to use intermediate nodes to assist the source to
destination communication by relaying signals from one hop to the other. Due to shorter hops, a relay
network achieves broader coverage and enhanced throughput [2]. It can also provide network
connectivity to locations where the traditional single-hop architecture may not be able to reach. The
battery life of mobile devices may be prolonged due to lower power requirements. Furthermore, relays
can reduce the infrastructure cost and total power consumption of wireless systems. Due to those
immense benefits, relay networks are currently being studied for next generation wireless standards

such as Long Term Evolution-Advanced (LTE-A).

1.2 Motivation

The performance improvements achieved via relays can be greatly degraded by co-channel
interference. Co-channel interference, which arises due to the aggressive reuse of available frequency
spectrum, is a fundamental limiting factor in wireless networks. Therefore this project aims to
characterize the performance of relay networks in the presence of interference, which is essential for
system design improvements. The study will focus on two-hop relay networks (Figure 1.1) and
interference at relay and/or destination will be considered. Outage probability, which is an important
quality of service measure in any wireless communications system, will be used as the performance
metric.

In a two-hop relay network, a radio signal is transmitted from the source to a destination via a
Relay Station (RS). Depending on the operation performed at the relay, relay communication systems
can be divided into two main categories, namely, amplify-and-forward (AF) relaying and decode-and-

forward (DF) relaying. Due to the simplicity of its operation, in this study, AF relaying is considered.



In AF relaying, the received signal at the relay is amplified and forwarded to the destination.

MS

Figure 1.1:A Two-Hop Relay Network

In addition to co-cannel interference, impairments inherited in the wireless radio links also
affect the performance of relay networks. In this study two such impairments are considered namely,

multipath fading and path loss.

1.3 Background Theory

Co-channel interference, path loss, multipath fading, and shadowing are among the
performance limiting factors in wireless communications. Co-channel interference arises due to the
aggressive reuse of the frequency spectrum. Path loss reduces the received signal strength with the
transmitter-receiver distance. Shadowing and multipath fading creates random fluctuations in the

received signal strength. This section details these phenomenon and the associated concepts.



1.3.1 Co-channel interference

Frequency reuse plays a vital role in Cellular communication systems. Any cellular system
aims at establishing radio communication between a mobile station (MS) and a grid of base stations
(BSs) [2]. This grid of base stations is deployed on the coverage area, which is divided into small
hexagonal cells (Refer Figure 1.3). The efficiency of a cellular system depends on the size of the cell,
the ability of the link between BS and MS to withstand interference and the traffic in the

communication medium [2].

Frequency Reuse and the Cellular Concept
Cellular communication systems that are based on Time Division Multiple Access (TDMA)

and Frequency Division Multiple Access (FDMA) are based on frequency reuse, where users belongs
to geographically separated cells simultaneously use the same carrier frequency [2]. The cellular layout
of macro-cellular systems is often described by a uniform grid of regular hexagons. In practice cells
are not regular hexagons, but are distorted and overlapped areas [2]. Hexagons are mainly used as it
closely approximates a circle and offers a wide range of tessellating reuse cluster sizes [1, 2]. With the

hexagonal cell structure, a tessellating reuse cluster of size N can be constructed if

N=i+ij+j?

where i and j are non-negative integers, and i = j. Therefore, the allowable cluster sizes are N =

1,3,4,7,9,12 ... Examples of 3- and a 7-cell reuse clusters are shown in Figure 1.2.

Figure 1.2: 3-cell and 7-cell reuse clusters [2]

In cellular systems, each cluster is allocated a group of frequencies distributed among individual



hexagonal cells and the cluster is replicated through out the coverage area along with the allocated
frequency channels. The coverage area with replicated 7-cell reuse cluster is shown in the Figure 1.3.
Cells with the same letter are assigned the same carrier frequencies. With this configuration, after a
specific geographical distance the same frequency is assigned to another cell (Refer Figure 1.3) [2].
This distance is referred as the co-channel reuse distance. For a cellular system with cluster size of N,

co-channel reuse distance R is given by

Ry =R4/3N,
where R is the radius of a hexagonal cell. If S is the total number of duplex channels available for use

and if there are N cells in a cluster, the number of channels allocated for each cell is given by

k=—.
N
If M is the number of clusters in the system, the total number of users the communication

system can serve is given by

Figure 1.3 Frequency re-use concept [2]



When the cell radius is small, a given area can be fitted with a larger number of clusters, thus
higher the number of simultaneous users a cellular network can serve [2]. In other terms, it improves
the spectral efficiency of the system [2]. However, smaller cells reduce the reuse distance that can

detrimentally affect the performance of the system due to increased level of co-channel interference.

1.3.2 Path loss

The effect of path loss, shadowing and multipath fading on the normalized received power in a
wireless channel is shown in Figure 1.4. Path loss exponential decays the received signal power with
the transmitter-receiver distance. The variation in signal power occurs over a very large distance of

100 m to 1000 m. Path loss highly depends on the propagation medium [2, 11].

Path Loss Alone
manns Shadowing and Path Loss

K (dB LT
(dB) % mesass Multipath, Shadowing, and Path Loss

(dB)

| o

AN

= -

0 iog (d)

Figure 1.4: Path loss, Shadowing and Multipath fading [10]

1.3.2.1 Path-loss models

In a wireless environment, path loss can be modeled using empirical models for a specific
geographical area for a given transmitter-receiver distance and frequency. These empirical models can
be used for analyzing the performance of wireless communication systems [10]. Some empirical path

loss models are listed below [10].



e Okumura model
¢ Hata model

¢ Piecewise linear model

However, for general analysis of various system designs, a simple model named ‘the simplified path

loss model’ is used instead of complex empirical models [10].

Simplified Path loss model

In the simplified path loss model, the received power is given by

a1
o r 2

where , B, is the received power and P; is the transmitted power and K is a constant that depends on the

antenna characteristics and the attenuation caused by the channel. a represents path loss component

and d, is the reference distance for antenna far-field which is assumed to be 1-10 m for indoors and

10-100 m for outdoors [10]. Typical path-loss factor values are given below (Refer Table 1.1).
Converting to dB scale

d
Pr(agm) = Peasmy + K (dB) — 10a log,, [d_o]

Environment a Range
Urban macrocells 3.7-6.5
Urban microcells 2.7-3.5
Office building (same floor) 1.6-3.5
Office building (multiple floors) 2-6
Store 1.8-2.2
Factory 1.6-3.3
Home 3

Table 1.1 Typical path-loss factors [10]



1.3.3 Fading

Fading is the deviation of the attenuation of a radio signal arising due to multipath propagation in a
wireless communication medium (Refer Figure 1.4). Fading is modeled as a random process since it
can vary with time and geographical position. Fading can be classified into two types namely, fast
fading and slow fading [2, 11]. The rate at which the channel imposes magnitude and phase changes

on the radio signal determines the type of fading the signal undergoes.

1.3.3.1 Slow fading

Slow fading occurs when the coherent time of the channel is much greater than the delay factor
of the channel. The minimum time taken by the propagation channel to impose changes to the
magnitude by which the magnitude reaches a value completely uncorrelated to its previous value is
called the coherent time of the channel. Shadowing is produced by relatively large objects such as
buildings and mountains [2, 11]. In such a scenario, the magnitude and phase changes are imposed on
the radio signal by the propagation channel is almost constant over a particular period of time (Refer
Figure 1.4). The statistical model that represents slow fading is called the log normal distribution

model [2].

Log normal distribution model
The most common assumption for slow fading is lognormal distribution. This model has been

confirmed empirically to accurately model the variation in received power in both outdoor and indoor
radio propagation environments. Under this fading model the Probability Density Function (PDF) of

the squared envelope is given by

10 lo — 2
f(x) = _( 910X — Hdp ) ),X>0,

————ex
XOgp &V2T p( 204p°

1 . . .
where, § = nl_(1)o_ Kgp and o4p represent the mean and the variance of fading power in dB.



1.3.3.2 Fast fading

Fast fading is caused by multipath propagation and it creates rapid fluctuations in the signal
strength (Refer Figure 1.4). Unlike slow fading, fast fading arises when the coherent time of the
channel is larger than the delay constraint of the channel. Several statistical models have been
proposed to model slow fading. Some of the most common models are [2] listed below.

* Rayleigh fading

* Rician fading

* Nakagami—m fading

Rayleigh fading
Rayleigh distribution model represents the multipath fading with no direct line-of-sight (LOS)

whose channel impulse response can be represented using a Gaussian process with phase uniformly
distributed between 0 and 2n. A signal propagating through such a channel undergoes random changes
in its magnitude. These changes in magnitude cause the signal to fade rapidly. Under this model, the

probability density function (PDF) of the envelope of the signal can be represented by [2]

a a’
fa(@ = 2P| 53]« >0,

where g2 is the variance of in-phase and quadrature phase components. Then the PDF of the signal to
noise ratio (SNR) is given by

fi ! ( )/) >0
= :eXp — ,Y = )
y) 7 %

where ¥ is the average SNR.

Rician fading
Rician distribution model represents signal fading where the channel contains one strong/direct

line of sight (LoS) component with many reflected or scattered components. The PDF of the Rician

fading envelope is given by [2]



fa(a) = (%) exp (— a22:2A2> I, (%) ,a=0,

where o2 is the variance of in-phase and quadrature phase components and I, (.) is the zeroth order of
modified Bessel function of the first kind. The Rician distribution is characterized by Rician factor K,

which is defined as the ratio of the specular power A? to scattered power 2 o2. Therefore,

AZ
K=—7]).
=)
*  When K = 0, the channel exhibits Rayleigh fading [2].

* When K — oo, the channel does not exhibit any fading [2].

The PDF of signal to noise ratio (SNR) under Rician fading is given by [11]

K+1 (K+ 1)y 2./K(K + 1)y
fron = TeXp (_K Ty )Io< 7 v 20,

where, ¥ is the average SNR.

Nakagami—m fading
Nakagami—m fading model can be used to model multipath fading with a wide range of fading

severities. This model can be used in channels where the fading conditions are more or less severe than

Rayleigh fading [2]. The PDF of the Nakagami—m fading envelope is given by [2]

_2m™x (2m-1) mx? 1

* Whenm =1, Nakagami distribution becomes Rayleigh distribution.
* Whenm= %, Nakagami distribution becomes one-sided Gaussian distribution.

*  When m — oo, no fading is experienced.

Rician distribution can also be closely approximated by Nakagami—m fading model by using

following two identities



1.4 Relay Networks

In wireless communication, the distance between the transmitter and the receiver plays a major

role in path-loss and fading effects on the radio signal. This distance can be broken into shorter hops

using intermediate nodes called relays. A dual-hop communication system involving a relay is shown

below.
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Figure 1.5 A dual-hop relay communication system

Relays help in improving the overall throughput of the communication system by limiting the

effects of path-loss and fading on the radio signal and thereby increasing network coverage and

reduces power requirement. Based on the relaying operation performed at the relay, relays can be

mainly categorized into two, namely

1. Amplify-and-Forward Relays
2. Decode-and-Forward Relays

10



1.4.1 Amplify-and-Forward

In Amplify-and-Forward (AF) relaying, also referred to as non-regenerative relaying, the relay
amplifies the received signal and forwards it to the destination. Consider a two-hop relay network
(Refer Figure 1.6) where ygp is the signal received by the relay (R) from the source (S).
Mathematically, ysg can be given as [12, 13]

a

Ysr = +/Ps TSRZ hsgx + ngg,

where, x represents the transmitted signal from the source and hgy is the channel gain co-efficient of
the S — R channel. Ps is the transmit power at the source and ngg is the Additive white Gaussian

Noise (AWGN) of the source to relay channel with variance Ngp.

AT
—\A‘g DXL’., )
AL

s

/S
Relay (R)

Figure 1.6 Amplify and forward

During the second phase, the relay amplifies the signal received from the source by gain G. Therefore;
the signal transmitted by the relay is given by
Xg = G Ysg.
The received signal at the destination is given by
Yrp = hrp G Ysr + Ngp,

where hgp is the R — D channel coefficient and ngp is the AWGN at the destination.

11



1.4.1.1 CSI Assisted Relays

CSI Assisted relays are different from the other relays in the method of channel gain selection.
The Channel gain G is selected considering the channel conditions between the source and relay [14].
Sometimes the channel noise is also considered and hence it is called as channel-noise-assisted

amplify and forward relaying [15]. The gain of a CSI assisted relay can be expressed as

G = Pg Trp
Pg 155" [hsgl?® + Ngg’
where, Ey is the average energy per symbol transmitted at the relay. The end-to-end signal-to-noise

ratio (SNR) can be given by [12],

_ YsrYrD
Yset Yap + 1

Yr

When the channel noise is ignored, the channel gain G becomes

C = Pg Trp
Ps 1557 |hgg |

And the end-to-end SNR can be given by

Ve = YsrYRrD
R Ysr + Vep

Implementation of CSI assisted relays is difficult due to the need of continuous monitoring of

channel fading amplitudes [16].

1.4.1.2 Fixed gain relays

In fixed gain relays, the received signal at the relay is amplified by a fixed gain value

irrespective of the fading amplitude of the signal. When Py is the average energy per symbol

12



transmitted at the relay and Ngi is the AWGN in the source to relay channel, the fixed gain can be

P, %
FG — R 'RD :
CNgp

And the end-to-end SNR of fixed gain relays can be expressed as [16],

represented by the following expression

_ YsrYRrD
C+ )/RD'

Yr

where, C is a constant that varies when the fixed gain value F;; is to be varied.

1.4.2 Decode and Forward

In Decode-and-Forward relaying [12], there are two phases involved. In the first phase, the
relay decodes the entire signal received from the transmitter. In the second phase, the relay re-encodes
the signal before forwarding it to the destination. Decode-and-Forward helps to reduce noise at the
relay but there are possibilities of forwarding an erroneous signal to the destination [18]. Also, this
type of relaying requires more power when compared with Amplify-and-Forward for decoding and

encoding processes [17].

1.5 Spatial Point Processes for Modeling of Cellular Network

To meet the exponential growth in the demand of wireless traffic, day by day, different types of
BSs are added to the existing macro cellular networks. In these networks, macro BSs are expected to
provide the umbrella coverage while the deployment of small BSs such as pico-BSs, femto access
points (femto-APs), and relays are expected to provide coverage to dead spots and capacity demanding
hotspots. The moving towards heterogeneity has introduced additional randomness to the location of
BSs in wireless systems. It has been shown that spatial distribution of BSs of these emerging class of

wireless systems can be appropriately modeled by using Point processes [3, 4, 5, 6,7]. To this end,

13



Poisson point process (PPP) [8, 9] has extensively been used. In this study, homogeneous PPP [8, 9]
over 2-dimensional space (Refer Figure 1.7) is used to model the locations of interferers in two-hop

relay networks.

1.5.1 Homogeneous Poisson Point Process

In a homogeneous Poisson point processes over 2-dimensional plane, the number of nodes

N (A) reside within an area A that is Poisson distributed. N (A) nodes are uniformly distributed over A.

Figure 1.7 Homogeneous Poisson process over a 2-D plane

If the intensity (density) of the PPP is A, the probability mass function (PMF) of N(4) is given by
[Kingman Book]

(ﬂA)xe_AA

PIN() = x) =

,x =012 ..

In this study, interferers are assumed to be distributed over an annular region around the relay and/or
destination with constant density (Refer Figure 1.8)

For an annular region with inner radius R, and outer radius R,, the number of interferers is Poisson
distributed and its PMF is given by [Kingman Book]
(Am(Re* = Ry*))"e” R RaD)

P(N(A) = x) ~

,x=0,1,2..

14



Figure 1.8 Two-Hop Relay Network with Poisson field of Interferers

With this configuration, probability distribution function (PDF) of the distance between the
receiving node (either relay or destination) located at the center of an annular region and a typical
interferer is given by

2r

fre(r) = m

s Ry <1 <R,.

The angular position of interferers is uniformly distributed over [0, 2 7].

Simulation of a homogeneous PPP over an annular region is discussed in the Appendix.

15



Chapter 2

Relay Communication with Poisson Field of Interferers

In this chapter the outage probability of the downlink of a two-hop relay network is investigated.
The source, which is assumed to be a macro-BS, is located in a deeply shadowed environment, thus
there is no direct link with the destination. All the nodes are half duplex and therefore cannot transmit
and receive simultaneously. The communication is carried out in two orthogonal phases. In the first
phase of communication source transmits to the relay. The amplify-and-forward (AF) relaying is
assumed as it minimizes the complexity of the relaying process. Therefore, during the second phase,
relay amplifies the received signal corrupted by additive white Gaussian noise or interference and
forwards to the destination. All the radio channels are assumed to be subject to exponential path loss
with path loss exponent « and Rayleigh fading. We consider following three cases for the effect of

interference on the network.

* Relay is subject to interference while the destination is perturbed by additive white Gaussian
noise (AWGN)
* Relay is under AWGN while destination is subject to interference

* Both relay and destination are subject to interference

The outage probabilities of these networks were investigated using computer simulations written in
Matlab”®. A description on the steps followed to simulate the Poisson field of interferes is given in

Appendix I.

2.1 Two Hop Relay Networks with Interference at the Relay

In this section, the relay is assumed to be under the influence of Poisson filed of interferes

distributed over an annular region defined by inner radius Ry and outer radius R, (Refer Figure: 2.1).

In modern cellular networks with multiple tiers of BSs, interference from small BSs such as pico-BS,

femto-APs can be received at a relay. These interferers are represented by the Poisson field.

16
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Figure 2.1: Two-hop relay network with Interference at the Relay

The received signal at the relay after the first phase of communication can be represented as

_(% _
Yr = Ps1; (2) hsgr So + z \/FIHXH ahx,

X€E ¢

where ¢ represents the Poisson field of interferers and s, is the transmitted signal with E[S,] = 1
where E[.] is the expectation operation. Transmitted power at S and interfering nodes are given by
Ps and P; , respectively. The Euclidean distance between the interferers located atx € ¢ and R is
denoted by ||x||. hgr and h, are the channel gain coefficients of S — R link and the link between
interferer located at x € ¢ and the relay. The distances between S — R and R — D channels are
represented by r; and r,, respectively. Since CSI assisted variable gain relaying is assumed, the relay

amplifies the receive signal by the gain

In the calculation of the relay gain, it is assumed that the relay have no knowledge of the CSI of

interfering signals and their transmit powers. This will be the case in practice as measuring the CSI of

17



each channel is very difficult in large wireless networks. The received signal at the destination can be

written as

a
Yp =1, *hgpG yg + np,

where nj is the AWGN at the destination with variance N,. The end-to-end signal-to-interference plus

noise ratio (SINR) at D after two phases of communication can be derived as,

Psri *|hsg|? X(Per_a|hRD|2>
erd)PIrx_a |hx|2 NO

Yeq = _ -
“ ( Psr%|hgp|? >+(PRT2 alhRD|2>

-
erd) Plrx |hx|2 NO
Yoo = VYsrRYRD
eq — .
Ysr T VrD
Psri %|hgrl|? Prpry *|lhgp|? . .
where ||x|| =7, ysp = == and ygp = 2—="2 are the instantaneous signal-to-

Yxedp Prrc® |hyl? Ny

interference ratio (SIR) of the S-R channel and R-D channels.

2.1.1 Outage Probability Analysis

The outage P, probability is an important quality of service (QoS) measure in any

communication networks. It is defined as the probability that the instantaneous end-to-end SINR falls

below a give threshold y;,. Mathematically P, can be written as
Poyt = Pr (Veq < Ytn)

YsrYrD
P = pr (110
out Ysk T VrD Ven
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2.1.2 Numerical Results and Discussion

This section presents the outage probability of a two-hop relay networks with interference at the relay

for various networks configurations.
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Figure 2.2: Variation of Outage probability with relay power P; for various values of
source powers Ps, when a = 3, Rg =200m, A = 1><10_6,r1 = 200m,r, = 100m.

Figure 2.2 shows the variation of the outage probability with the transmit power at the relay Py for
different values of source transmit power. Initially as Py increases, the outage probability drops rapidly
(lower the outage probability, better the networks performance). However, as Py increases further, the
rate of the drop reduces. For example, when Ps = 30 W, increase of Pr from 2W to 10 W drops the
outage probability from 0.45 to 0.15. However, further increase of P from 10 W to 20 W only drops
the outage probability from 0.15 to 0.1. This is because, in relay networks, the end-to-end performance
is dominated by the performance of the worst hop. Therefore, when Py is smaller, the weak S — D hop
dominates the performance. Then a small increase in relay power improves the network performance

considerably. However, increase in Py also increases the relay gain. Higher relay gain detrimentally
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affects the network performance as at the relay not only the signal it receives but also the interference
gets amplified. Results also shows that a marginal improvement in the outage performance can be

achieved by increasing the source transmit power.
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Figure 2.3: Variation of Outage probability with intensity lambda (4) for various values
of relay powers P when a = 3, R, =200m,r, = 200m,r, = 100m,Ps = 30 W.

Figure 2.3 shows the variation of the outage probability with intensity of interferers A for the
various values of relay transmit powers P. Results show that the outage probability of the networks
increases a A increases. When A increases the total number of interferers residing in the annular region
increases. This increases the total received interference power at the relay. Therefore, the reliability of

the network reduces. Results also shows that the outage probability can be reduced by increasing the
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relay transmit power. The outage probability sharply drops when Py increases initially. However, the
drop in outage probability due to further increase of Py is marginal. For example, at A = 5 BSs per
km?, the outage probability drops from 0.48 to 0.17 when the Py increases from 2 W to 10 W.
However, further increase of Py by 10 W only drops the outage probability to 0.12. This is because in
AF relaying, both signal and interference get amplified and higher Py corresponds to increased

relaying gain.
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Figure 2.4: Variation of Outage probability P,,; with exclusion zone radius R, for various
values of relay power P when a =3,P; =30 W,1 = 1x107%,r, = 200m,r, = 100m.
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The variation of the outage probability with Rg is shown in Figure 2.4 for various values of
relay transmit powers Pg. R, defines an exclusion zone for interferers around the relay. Figure shows
that the performance of the network can be considerably increased by having a considerable exclusions
zone around the relay. For example, at 20 W of relay power, an exclusion zone of 200 m reduces the
outage probability from 0.22 to 0.12. This is because the path loss exponentially decays the
interference power with its distance to the receiver. Therefore, the total interference at the relay is
dominated by the few interferers located in the vicinity of the relay. Defining an exclusion zone around
the relay prevents these highly influential interferers from sharing the resource blocks (time-frequency
channel) with the S — R transmission. Because of this a decrease in the outage probability can be

observed. Figure also indicates that, when R, increases, the rate at which the outage probability drops
with R, decreases. Further, having large exclusions zone around relays can reduce the area spectral

efficiency and the capacity of the networks. Therefore, in conclusion, having a considerable exclusion

zone is important to maintain a lower outage probability. However, a large value of Rg is not required.

2.2 Two Hop Relay Networks with Interference at the Destination

In this section a two hop relay network is considered when the relay-destination transmission is
corrupted by interference from a Poisson field of interferes distributed over an annular region. The
source-relay communication is assumed to be perturbed by AWGN. Destination is assumed to be
interference-limited thus AWGN is not considered. Similar to in section 2.1, CSI assisted AF relaying
is considered.

In this network, after the first phase of communication, the received signal at the relay can be

written as

(ﬁ
Yr= Ps1; %) hsg so + g,

where ng is the AWGN at the relay and hgg and hyp are the channel gains of the source to
relay and relay to destination channels respectively. In the second phase of communication, relay
amplifies the received signal by gain G and forwards to the destination. This can be mathematically

expressed as
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Yp = \PrT, (Z)hRDGyR+ z \/P_,||x|| ahx.

XE @

Ps Pr

Figure 2.5: Two-hop relay network with Interference at the Destination

Therefore, the end-to-end SINR at the destination can be written as,

Py @ |hrp?
PSrl_athR|2< —-Qa R 2 2 )
_ Py %|hgr|? + Ny
Yeq = |hrp|?No !

( i1 ) + 3 Py by |2
Psr*|hsg|* + Ny e

< Psr{ *|hgg? )x Py *|hgp|?

_ \Psry *|hgg|® + No) = EPy1y |y |?

Yeq Prry %|hgp|?Ny +1 '
(Ps1y % |hsr|?) (EPi1y “|hy|?)
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Psr*|hsg|? % Py *|hgp?

Yoo = Ny LPr | hy|?
ed Pgrry “|hgp|? n Psr%| hgp|? 11 ’
Prry *|hgp|? Ny Ny
Yoo = VYSrRYRD
e -_ .
1 Yse+ Vrp T 1
h _ Pgry %|hggl d _ Prry%lhgpl? H s the i . 1 .
where, Ysp = e and ygpp = Sreg PE® I ere, ysris the instantaneous signal-to-noise
b

ratio of S-R channel while yyp represents the instantaneous signal-to-interference ratio of the R-D

channel.

Similar to Section 2.1.1, Pyt can be written as

YsrYrD

tat
Ysre +Vrp +1 th

PoutZPT<

2.2.1 Numerical Results and Discussion

This section presents the outage probability of a two-hop relay networks with interference at the

relay for various networks configurations.

Figure 2.6 shows the variation of the outage probability P,,; with source power Ps for various
values of relay power Pz. As Ps increases, P,,; decreases gradually resulting in better network
performance. For example, when P, = 2 W, an increase of Ps from 2 W to 10 W, decreases the outage
probability from 1 to 0.68. Further increase of Ps from 10 W to 18 W, decreases the outage
probability. Therefore, as Ps increases, P,,,; decreases gradually. Considering the plots for P, = 2 W
and P, = 10 W, there is a noticeable drop in P,,;. This drop is due to the Amplify-and-Forward
strategy used by the relay, where the relay gain G increases for increase in relay power P;. However,
further increase in relay power shows no dramatic improvement in the outage probability. This is
because higher relay gain affects the network performance as it amplifies the interference along with

the signal at the relay.
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Figure 2.6: Variation of Outage probability with source power P for various values of
relay power Py when a = 3Ry = 200m,A = 1x107%,7; = 200m,r; = 100m.

The variation of outage probability with the exclusion zone radius R, for various values of
source power Pg is shown in Figure 2.7. R, defines an exclusion zone for interferers around the
destination. This means there are no other base stations, relays, micro cells, pico cells and femto access
points are present within Ry. As R, increases, the outage probability Py, decreases which increases
the network performance. For example, when P; = 30 W, an increase of Ry from 0 to 10 W decreases
P, from 0.3 to 0.27. This is because the path loss exponentially decays the interference power with
its distance to the destination. Therefore, the total interference power at the destination is dominated by
the few interferers located in the vicinity of the destination. However, a large increase in Ry is not
required as it can reduce the capacity of the network. Defining an exclusion zone at the destination
reduces the impact of interference on signal propagation. However, implementing an exclusion zone

around the relay is crucial as the relay amplifies the interference along with the signal.
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Figure 2.7: Variation of Outage probability with Exclusion zone radius R, for various of
source transmit power P, when a = 3,1 = 1><10_6,PR =2W,r, =200m,r; = 100m.

Figure 2.8 shows the variation of outage probability P,,; with intensity of interferers A for
various values of source transmit power Ps. The plot shows that the outage probability of the network
increases as A increases. The increase in A increases the number of interferers residing in the annular
region. This increases the total interference at the destination caused by other relays, base stations,
micro cells, pico cells and femto access points. Interference degrades the signal quality at the
destination, thus reducing the reliability of the network. Consider Figure 2.8, when Ps = 30 W, an
increase of A from 1 to 5 BSs increases P,,,; from 0.23 to 0.27, thus reducing the performance of the
network. Results also show that P,,,; decreases with increase in Ps. Hence the network performance

can be improved by increasing the transmitted signal power at the source.
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Figure 2.8: Variation of Outage probability with intensity of interferers (1) for various
values of source transmit powers P when a = 3,R; = 200m,r, = 200m,r, = 200m.

2.3 Two Hop relay Network with Interference at Relay and Destination

In this section, both relay and destination are assumed to be under the influence of interference
from two independent Poisson field of interferers. The interferers are distributed over annular regions
as shown in Figure 2.9. Both source-relay and relay-destination channels are assumed to be
interference limited, thus AWGN is ignored. Similar to in Section 2.1, CSI assisted Amplify-and-

Forward relaying is assumed.
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Figure 2.9 Interference at both Relay and Destination

With this configuration, the received signal at the relay can be written as

_a _a
Yr = P5T12h5R50+ Z \/E“xl” Z hy, .

XE P

Transmit power of interfering nodes x € @ is denoted by Py; . The Euclidean distance between
interferer x € @ and the relay is denoted by |[x1||. Channel gain coefficients are denoted by hgr and
hy . Since CSI assisted variable gain relaying is assumed, the relay amplifies the receive signal by the

gain

The received signal at the destination can be written as,

_(&® _
Yp = \PrT, (2) hgp Gyg + Z VP ||x2|| ahxz.

XE @
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The end-to-end signal to interference noise ratio (SINR) at the destination after both phases of

communication can be written as

B X 3h -
Yea = Psr%|hsp|? * Prry “|hgpl? ’
Vou = YsrYRrD ]

e Ysr + Yo/t

Psri %|hsgl?

, and
Il

where, XI; = er<p \/P_Il ||x1||—0—’ hx1 , 2l = er<p \/P_IZ ||xz||_ahx1 > VYsrR =

Vep = Prry “|hgpl?
RD= T

Similar to Section 2.1.1, Pyt can be written as

YsrYrD
P = pr (110
out Ysk T VrD Yen

2.3.1 Numerical Results and Discussion

Figure 2.10 shows the variation of outage probability P,,, with relay power Py for various
values of source power Ps. Initially as Py increases there is a sharp drop in outage probability.
However, further increase in relay power, outage probability remains almost constant. Considering
Figure 2.10, when Ps = 10 W, an increase of relay power from 2 W to 6 W causes a sharp drop in the
outage probability from 0.19 to 0.14. This happens because, in relay networks, the performance is
dominated by the performance of the worst hop. However, for further increase in P, there is a
marginal decrease in outage probability until P, = 10 W and remains almost constant thereafter. This
is due to the Amplify-and-Forward strategy used at the relay, where the interference is also amplified
along with the signal. It can also be seen that an increase in source transmit power of 10 W does not
cause much reduction in outage probability. This is due to the transmitted signal undergoing the effect

of interference at both relay and destination.
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Figure 2.10: Variation of Outage probability P,,; with relay power Py for various values
of source transmit powers P; when a = 3,1 = 1><10_6,r1 = 200m,ry, = 100m, Rg = 200m.

The variation of outage probability P,,; with intensity of interferers A for various values of
relay power Py is shown in Figure 2.11. From the plot, it can be inferred that the outage probability
increases drastically as A increases. When A is increased, the total number of interferers in the annular
region around the relay and the destination increases. This causes degradation of signal quality and
reduces the network reliability. It can also be seen that, a small increase in Py increases the network
performance. However, further increase in P causes only a marginal reduction in outage probability.
This happens because, higher relay gain detrimentally affects the network performance as at the relay
not only the signal it receives but also the interference gets amplified. The degradation of performance
of the network is severe when interference is present at relay and destination when compared to
interference at relay or destination. This can obviously seen by comparing Figure 2.3 and Figure 2.8

with Figure 2.11.
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Figure 2.11: Variation of Outage probability P,,; with intensity of interferers lambda (4)
for various values of relay transmit powers P, when a = 3,1 = 1><10_6,Rg =200m,nr, =
200m,r, = 100m.

Figure 2.12 shows the variation of the outage probability P,,; with the exclusion zone radius
R, for various values of relay transmit powers Pg. In this case, exclusion zones are considered at both
relay and destination. It is assumed that no interferers are located within Ry; and Ry, (Refer Figure
2.9). Due to this design, the outage probability decreases as R, increases, resulting in a better network
performance. For example, in Figure 2.12, when P, = 2 W, there is a marginal decrease in P,,; for an
Increase in R, from 0 to 50 m. With further decrease in Ry, there is a constant reduction of outage
probability until R; = 200 m. The network performance is better when exclusion zones are

implemented at relay and destination. This can be obviously seen by comparing the drop of outage
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probability in Figure 2.4 and Figure 2.7 with Figure 2.12. However, as discussed before, increasing the

exclusion zone radius R, to a large extent is not required as it can reduce the capacity of the network.
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Figure 2.12: Variation of Outage probability P,,; with Exclusion zone radius R, for

various values of relay transmit powers Prwhen a = 3,4 = 1x107%, 1, = 200m,r, =
100m, P =30 W.
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Chapter 3

Conclusion

Relay networks have been identified as a promising cost effective solution to meet the demands
of ever increasing wireless traffic. However the performance of a relay network can be greatly affected
by co-channel interference arises due to aggressive frequency reuse. In this project, the effect of co-
channel interference on the outage probability of a two-hop channel state information (CSI) assisted
amplify-and-forward (AF) relay network was investigated. The effect of path loss and multipath are
considered. The following three cases for the effect of interference on the network were considered.

1. Case I: Relay is subject to interference while the destination is perturbed by additive white

Gaussian noise (AWGN).

2. Case II: Relay is under AWGN while destination is subject to interference.

3. Case III: Both relay and destination are subject to interference.

In all three cases, interference at each node was assumed to be generated by a Poisson filed of
interferers distributed over an annular region. The effect of having an exclusion zone (inner radius of
the annular region), transmit power of the source and the relay, intensity of interferes and path loss

exponent were investigate in details.

3.1 Summary and Conclusion

Exclusion zone for interferers: It was found that the effect of interference can be greatly reduced by
defining an exclusion zone for interferers around each receiver. It was also found that having a larger
exclusion zone is not required due to path loss, which exponentially diminishes the received
interference power with the distance. In future generations of wireless networks, path loss will be
higher due to the use of higher frequencies and lower antenna heights. Therefore, higher path loss in
those networks will ease the effect of interference.

Relay Transmit Power: It was found that relay transmit power increases the outage probability of the
network. However, this improvement diminishes as transmit power increases. The reason for this was

found to be the amplification of interference at the relay.
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Source Transmit Power: Source transmits power was shown to increase the performance of the
networks slightly. It was found that this increase in performance diminishes as transmit power
increases. This trend was found to be due to the fact that the end-to-end performance of a relay
networks is dominated by the performance of the worst hop. When source transmits at a higher power
level, the sour-relay hop performs better, however the performance of the network still can be lower
due to underperforming relay-destination hop.

Intensity of interferes: Due to increased number of interferers, intensity of interferes was shown to
detrimentally affects the outage probability of a relay network. However, it was found that more co-

channel users can be allowed when the path loss is higher and by defining exclusion regions.

3.2 Future work

* In this study only the Rayleigh fading and path loss were considered. A natural extension to
this work would be to study the performance under more general fading models such as
Nakagami-m, Rician, and lognormal shadowing.

* In this study, CSI assisted AF relaying was considered. However, situations can arise in
practical networks where the instantaneous CSI of the source-relay channel is unavailable.
Therefore, this work can be extended by adapting fixed gain AF relaying.

* This study primarily investigates the effect of co-channel interference on the outage probability
of a two-hop AF relay network. It would be interesting to investigate the effect of interference

on other performance metrics such as bit error rate, spectral efficiency.
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List of Abbreviations

AF Amplify-and-Forward

DF Decode-and-forward

AWGN Additive White Gaussian Noise

CSI Channel State Information

SIR Signal-to-Interference Ratio

SINR Signal-to-Interference plus Noise Ratio
PMF Probability Mass Function

PPP Poisson Point Process

PDF Probability Density Function
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Appendix

Appendix I: Simulation of Poisson Field of Interferers over an Annular Region

The following Matlab® codes were used to simulate the distribution of Poisson field of interferers over

the annular region defined by outer radius R, and inner radius R, with intensity A.

The number of interfering nodes N distributed over the annular region is given by

N = poissrnd(u)
where = Am (Re® — R}) is the mean measure of the PPP over the annular regions. ‘poissrnd ()’ is
the inbuilt Matlab® function to generate values from Poisson distribution.
The N x 1 vector 1, representing the distances from interfering nodes to the relay located at the
center of the annular region is given by

Tyec = Sqrt(R2 + (RZ — R2)rand (N,1)))

where ‘rand(,)’ is the Matlab® function to generate values form standard uniformly distribution on

the open interval (0,1).
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