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Abstract

The cancellation of co-channel interference (CCI) is extremely vital in the next-
generation wireless systems, where universal frequency reuse is commonly used to
maximize the capacity. The implementation of CCI cancellation at the receivers
instead of the transmitters minimizes the additional overhead associated with CCI
cancellation. Optimum combining (OC) enables the cancellation of CCI in multiple-
antenna receivers. Cooperative relaying creates a virtual antenna array, which en-
ables the cancellation of CCI using OC in single-antenna receivers.

The cancellation of CCI in cooperative relay networks using OC is the main
focus of this thesis. More specifically, 1) the modeling and the application of op-
timum combining for cooperative relay networks 2) carrying out the performance
analyses in different system and channel models to obtain performance metrics and
3) the evaluation of the robustness and the feasibility of practical implementation of
OC in cooperative relaying, are carried out. The performance of OC in decode-and-
forward and amplify-and-forward relay protocols, and in opportunistic relay selec-
tion is studied. The deterministic interference model, which can be used to model
conventionally planned networks, and the random interference model, which can be
applied for fourth-generation adhoc and heterogeneous networks, are considered in
the performance analysis. The impact of imperfect estimations of the desired and
interferer channels on OC in cooperative relaying is analyzed.

Optimum combining improves the performance of cooperative relay networks
significantly with a minimum additional overhead, which allows the capacity to be

maximized using universal frequency reuse at each transmitter.
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Chapter 1

Introduction

Wireless communications has made connectivity cheaper and easier, compared to
wired communications. In December 2014, NASA e-mailed a three-dimensional
(3D) design of a wrench to the International Space Station via a satellite communi-
cation link, where the astronauts had printed it using a 3D printer [1], which pro-
duced a real wrench. This is one of many instances where wireless communications
have been used to save cost and lives.

Mobile wireless communications had improved the flexibility and the scalabil-
ity of communications significantly. The popularity of social networking, video
sharing and other data-intensive web applications, and the introduction of more
data-oriented mobile devices has triggered an explosive growth in the demand for
mobile data usage. In fact, the number of mobile devices exceeded the world popu-
lation by the end of year 2014 [2] and the mobile data usage is expected to increase
by 1000 between 2010 and 2020 [3]. Consequently, catering to the ever increas-
ing demand for high-speed data for a large number of users, while maintaining the
required quality-of-service levels for each user poses an enormous challenge for
the standardization bodies and the mobile operators, since conventional wireless
networks and standards are falling short of fulfilling these demands.

Fourth-generation (4G) or international mobile telecommunications-advanced
(IMT-A) is the latest set of mobile standards designed to meet the ever increasing
demand for mobile data. 3GPP Long Term Evolution-Advanced (LTE-A) [4] and
IEEE 802.16m [35]] are the candidate 4G wireless systems.



Fadin in wireless channels degrades the performance of wireless communica-
tions as it reduces the signal-to-noise ratio (SNR) at the receiver, which increases
the probability of error. In small-scale fading, if the signals coming via multiple
paths are added destructively, a deep fade occurs. Multiple-antenna receivers can
be used to combat the detrimental effects of small-scale fading, which reduces the
probability of a deep fade. Consequently, error rate and outage probabilityd] are re-
duced. However, it may not be feasible to equip most mobile devices with multiple
antennas while maintaining a sufficient separation between the antennas due to cost,
space and power constraints. Alternatively, cooperative relaying has been proposed
as an effective method to achieve diversity gaing without using multiple antennas

at the nodes.

1.1 Cooperative Communications

In cooperative relaying, one or more relay nodes relay the message they have re-
ceived from the transmitter (the source node) to the intended receiver (the destina-
tion node). A dual-hop cooperative relay network is shown in Fig.[I.1l Relay nodes
can be infrastructure-based relays (fixed) or mobile relays.

A typical relay communication takes place in two phases. During Phase 1, the
source node broadcasts its message to the relay nodes and to the destination node.
Phase 2 is the relaying phase where the relay nodes forward the message to the
destination node. In the scope of this thesis, it is assumed that the relays operate in

the half-duplex mode, where transmission and reception take place in separate time

!Please refer Section 2.1] for a detailed introduction into fading.
2Qutage probability is the probability of the capacity falling below the minimum desirable rate of
the communication R,bits/s/Hz. The SINR threshold corresponding to R, is found by,

’YT — 2Rmin _ 1

3Diversity gain is the number of independent branches that needs to be in deep fade in order to have
the entire link in deep fade. Analytically, the diversity gain can be obtained by

Go— — tim EP0) _ - Tog (Pou(p)

p=oc log(p) p=oo log(p)

where P, (p) and Py (p) are the average error probability and the outage probability corresponding
to the SNR p, respectively.



slots. Furthermore, time-division multiple access is used by multiple relay nodes to

forward the message to the destination node without encountering collisions.

&

Mobile Relay

Broadcast
() Relayed
Communication

Fixed Relay

PR

N

Source (Base Station)

Figure 1.1: A cooperative relay network.

Cooperative relaying gained prominence in wireless communication research
during the last decade [6-9] and features in both the LTE-A and IEEE 802.16m

standards [[10,/11]] due to its advantages, which include but are not limited to

1. Increased diversity gain
Using of relay nodes enables forming a virtual antenna array, which makes
achieving diversity gains possible without using multiple antennas at the nodes.
Furthermore, as the relays are geographically distributed, the fading coefficients
are spatially uncorrelated, which is a key advantage over multiple-antenna re-

ceivers with co-located antennas.

2. Mitigation of shadowing
Shadowing is the attenuation of signal power due to large obstacles (e.g. foliage,
buildings, etc). Having multiple antennas at the receiver does not mitigate shad-
owing as the distance between the antennas is small. Since the relay nodes are

geographically distributed in a larger area, at most one link is shadowed by a

Direct Communication Destination ( Mobile User)



single obstacle.

3. Coverage extension
In conventional cellular networks, cell-edge users generally experience a weak
signal reception since they are located farthest from the base stations. Relay

nodes can be used to improve the SNR of the cell-edge receivers.

The usage of relay nodes in the two 4G standards slightly differs from each
other. In LTE-A, the relay node is defined as a network node without a wired
backhaul, which is used to improve the coverage of cell-edge users [4]. Two types of
relay modes are defined in IEEE 802.16m [[10]]. In the transparent mode, relays are
used to improve the capacity within the same coverage area. The relays operating

in the non-transparent mode are used for coverage extension.

1.2 Cellular Networks and Co-Channel Interference

The licensed frequency spectrum is a very expensive and scarce resource, which
prompts the mobile operators to reuse the available spectrum. In order to facilitate
frequency reuse, the coverage area is divided into non-overlapping areas termed
as cells. The available frequency spectrum is allocated among a subset of cells
called a cluster. A particular geographical area may consists of several clusters.
Hence, the available frequency channels are reused by the cells in different clusters.
Therefore, the system capacity, which is the number of concurrent channels being
used in a given geographical area, can be increased by reducing the cell size and
deploying more sectors in the given area.

Fig[l.2ldepicts a large area divided into hexagonal cells. The number in each cell
corresponds to the frequency channels assigned to that cell. Each cluster consists of
the adjacent cells numbered from 1 to 7. The number of cells in a cluster is called
the frequency reuse factor. Universal frequency reuse, where each cell reuses the
complete frequency spectrum, is the ideal scenario in terms of the system capacity.
However, reducing the frequency reuse factor increases the co-channel interference
(CCI), which is the interference caused by the other cells using the same frequency

channels (co-channel cells). The users located at the edge of the cells are the most
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Figure 1.2: A large geographical area covered by hexagonal cells

vulnerable to CCI since compared to the other mobile users, they are located closer
to the co-channel base stations and farther from their own base stations. A user in a
given hexagonal cell is interfered by six co-channel cells in the first tier.

In fourth generation wireless systems, networks of cells of different sizes co-
exist to maximize the system capacity. Typical transmitter nodes found in LTE-A
heterogeneous networks [12]] are shown in Fig. Macro base stations are the
conventional high-power base stations with transmit powers varying between 5 W
and 40 W. Pico base stations are low-power base stations with the transmit pow-
ers between 250 mW to 2 W. Femtocells are consumer-deployed low-power access
points for indoor usage with transmit powers below 100 mW. Small-scale transmit-
ters use universal frequency reuse to maximize the capacity [13.,14]. Moreover, it
is not feasible to plan the deployment of all the nodes in heterogeneous networks.
Consequently, the impact of interference is far more severe in 4G heterogeneous

networks.
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Figure 1.3: Interferers in LTE-A heterogeneous networks

1.2.1 Techniques to mitigate co-channel interference

Co-channel interference is the principle barrier for improving the capacity in cel-
lular networks. Therefore, techniques to suppress the adverse effects of CCI have
been investigated for a long time. The most obvious solution for CCI is to increase
the frequency reuse factor. Nevertheless, this results in a reduced system capacity
as the number of concurrent users served is reduced. The following are some of the

techniques that are used / proposed to mitigate CCI.

e Using narrower beam antennas / sectorization
Sectorization has been used for a long time in cellular communications to reduce
CCI. With sectorization, the antenna beam is narrowed. Compared to isotropic
antennas, the number of co-channel interferers for a given user is reduced with

sectorization.

e Fractional frequency reuse

In fractional frequency reuse (FFR), the frequency spectrum of a given cell is

6



partitioned such that the interference at the cell-edge users of the adjacent cells
is minimized and the system capacity is maximized [15]. Hence, users located
closer to the base station use universal frequency reuse, while the cell-edge users
use a higher frequency reuse factor. However, FFR is a CCI mitigation technique:

It does not cancel CCI.

Coordinated multipoint (CoMP) transmission

In CoMP, several base stations coordinate to minimize the co-channel interfer-
ence for cell-edge users and to increase the capacity. CoMP is an integral com-
ponent in the LTE-A standard. Following types of CoMP can be identified in the
LTE-A standard [16].

1. Coordinated scheduling / beamforming
In this case, the user data is available to only one base station and the inter-
ference to the cell edge users is mitigated through coordinated beamforming

and scheduling among several co-channel base stations.

2. Transmission point selection
In transmission point selection (TPS), the data of a given user is available
for multiple base stations and a selected base station will transmit to the
user equipment at a given time. The serving base station of a given user
may change dynamically at the subframe level, based on the availability of

resources and channel state information.

3. Joint transmission
Here, similar to TPS, the data destined for a given user is available in mul-
tiple cells. Unlike TPS, the joint processing and transmission by multiple
base stations at a given time to a given user improves the diversity and mul-

tiplexing gains in Joint Transmission CoMP.

The major drawback of CoMP is the significant increase in system overhead and
complexity. A central station, which is connected to the base stations via high-
speed fiber optic links, is commonly used to compute the beamforming vectors

for user scheduling and joint processing. Furthermore, the mobile devices are



required to send the channel state information (CSI) feedback to the base stations
when frequency division duplexing (FDD) is used, which necessitates reliable

feedback links.

e Millimeter wave communications
Millimeter wave communications is a key technology in the so-called fifth -
generation wireless communications [[17,/18]. Theoretically, carrier frequencies
in the gigahertz range should reduce the CCI considerably as the propagation
loss is higher. Moreover, more spectrum resources are available in the gigahertz

frequency bands, which reduces the need for reusing frequency.

e Optimum combining
Optimum combining (OC) is used at receiver nodes with multiple antennas to
cancel the CCI component of the received signal using diversity combining [[19,
20]. Unlike the previously mentioned techniques, which seek to mitigate the
interference power received at the receiver, optimum combining suppresses the
interference power after the signal with interference is received. A detailed in-

troduction into OC is given in Section[2.4]

1.3 Motivation and Objectives

As the transmitters use universal frequency reuse to maximize network capacity,
the impact of co-channel interference in fourth-generation wireless systems gets
worsened. Therefore, the cancellation of interference is extremely vital for the per-
formance improvement in 4G wireless systems. However, most interference miti-
gation schemes proposed in the literature are implemented at the transmitter, which
requires the receiver node to feedback the channel state information of its interferers
to the transmitter when frequency division duplexing is used. Furthermore, a central
node may be necessary for interference coordination and cancellation, increasing
the overhead considerably. Moreover, these techniques may be less effective in un-
planned deployments of nodes, which is an important feature in fourth-generation

wireless networks. Hence, cancellation of CCI at the receiver nodes is paramount



to improve the capacity of wireless communications, while consuming a minimal
overhead.

The cancellation of co-channel interference at multiple-antenna receivers using
optimum combining has been extensively studied in the literature [19-24]. How-
ever, most mobile receivers cannot afford to have multiple antennas due to cost,
space and power constraints.

Cooperative relaying, which is a key component in both 4G wireless standards,
allows creating virtual antenna arrays at single-antenna receiver nodes with the aid
of mobile and/or fixed relay nodes. This feature can be exploited to implement in-
terference cancellation using optimum combining in cooperative relay networks,
which allows maximizing the capacity while consuming a minimum additional
overhead. This thesis analyzes the performance of optimum combining in coop-

erative relay networks. The key objectives of this research can be listed as follows.

1. To model and the application of optimum combining for cooperative relay net-

works

2. To carry out performance analyses of optimum combining across different relay
protocols and system/channel models which suit different applications to obtain

the performance metrics

3. To evaluate the impact of channel estimation imperfections on optimum com-
bining in cooperative relaying to ascertain the robustness and the practical feasi-

bility
1.4 Significance of the Thesis

Optimum combining enables the cancellation of co-channel interference in multiple-
antenna receivers and the performance OC has been studied in single-input multiple-
output (SIMO) systems comprehensively. However, due to the reasons discussed in
Section 2.5 of the thesis, the performance results available for OC in SIMO systems
cannot be directly applied for cooperative relaying. To the best of our knowledge,

this is the first research that provides a comprehensive performance analysis of OC



in cooperative relaying. The performance results obtained in this research can be
applied in a wide variety of cooperative relay systems.

The performance results of this thesis suggest that OC in cooperative relaying
results in a significant reduction of call-drop rates and increased data throughputs
for the users, while consuming a minimum overhead. Moreover, the outcomes
of this thesis enable implementing universal frequency reuse at each transmitter,
thereby maximizing the system capacity. Thus, 4th generation wireless communi-
cations will be immensely benefited. Furthermore, a special attention is given to
identifying the robustness of optimum combining to the channel estimation imper-
fections that exist in practical environments, in order to evaluate the feasibility of

practical implementation.

1.5 Thesis Outline

In Chapter 2, a technical background of the main concepts studied in the thesis is
provided. Furthermore, related state-of-the-art research contributions in the litera-
ture are briefly presented and their limitations are discussed. Chapters 3 to 8 contain
the main contributions of this research and are written in the publication-based for-
mat. Each one of these chapters is a peer reviewed conference or a journal paper
with its own introduction, literature review, system model description, conclusions
and a list of references. The concluding remarks and the future research avenues

generated by this thesis are presented in Chapter 9.

1.6 Novel Contributions of the Thesis

The major contributions and the insights of each contribution chapter can be sum-

marized as follows.

e The performance of optimum combining in decode—and—forwarcH (DF) relay-
ing in the presence of CCI at the destination node is analyzed in Chapter 3.
Closed-form expressions for the probability density function (PDF) of signal-to-

interference-plus-noise ratio (SINR) and the outage probability are derived for

“Please refer Section 23] for relay protocols.
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the case of Ny < M + 1 where N is the number of interferers and M is the
number of relay nodes. Moreover, a tight approximation for the average symbol
error rate (SER) is derived. It is shown that OC results in a diversity gain of M,
which is a significant advantage over MRC, where the diversity gain reaches zero

with CCL

The performance of OC in DF relaying is studied in Chapter 4 for Nakagami-m
fading with CCI present at all the relay nodes and the destination node. A closed-
form expression for the outage probability is derived. It is shown that OC cannot
be used to achieve diversity gains, if CCI present at the relays as the single-
antenna relays with CCI act as a bottleneck for the end-to-end performance im-
provement. However, OC still achieves a significantly better performance than
MRC and the performance gap between OC and MRC increases with the increase

of the number of relay nodes.

In Chapter 5, the impact of imperfect channel estimations on the performance
of OC in DF relaying is investigated. The outage probability when the source-
destination and relay-destination channel (desired channels) estimations are cor-
rupted by a Gaussian error is derived. The diversity gain of OC is lost if the error
variance of the desired channels is not changed with the source and relay power.
Moreover, the impact of imperfect interferer channel estimations is studied and
it is shown that if the destination node estimates only the variance of the inter-
ferer channel state information (CSI), instead of instantaneous interferer CSI, no
performance loss is observed. This is a remarkable result as it reduces the addi-
tional channel estimation overhead associated with OC significantly, facilitating

the practical implementation of OC.

A solution for the problem raised in Chapter 4 when CCI present at the relay
nodes is provided in Chapter 6. In the proposed system, multiple antennas are
used at the relay nodes to cancel CCI. In Phase 2 of the communication, joint re-
lay and antenna selection is used to transmit to the destination node. It is shown
that the combination of OC with joint relay and antenna selection achieves pos-

itive diversity gains if n > 0, where n is the number of relays having N; < T;,

11



where N; and 7; are the number of interferers and the number of antennas at relay

1, respectively. Furthermore, the diversity gain increases with increases in n.

e Amplify-and-forward (AF) relaying is more simple and secure than DF relay-
ing. In Chapter 7, the performance of OC in AF relaying is analyzed using an
approximation for SINR of the OC receiver. Two types of relaying schemes are
considered: all-relay transmission and best-relay transmission. An approxima-
tion for the outage probability is derived and the diversity gain is obtained. It is
shown that when CCI present at the destination, both relaying schemes achieve
a diversity gain of M, which is a significant gain over MRC. Best-relay trans-
mission maximizes the spectral efficiency as only two time slots are needed for a
single communication. Furthermore, the performance of best relay transmission
is studied when interference is present at both the relay nodes and the destination

node using an approximation for SINR.

e The analyses in Chapters 3 to 7 are based on the deterministic interference mode]H,
where the number of interferers and their locations are assumed to be determin-
istic. A random interference model, which is more suitable to describe the more
random nature of 4G network deployments, is adopted in Chapter 8 and the in-
terferer distribution is assumed to follow a homogeneous Poisson point process.
The performance analysis is carried out for both AF and DF relaying protocols.
Tight approximations for the outage probability of each relay protocol are derived
for both multi-relay transmission and relay selection. Moreover, an approxima-
tion for the outage probability of DF relaying with the limited estimation of the
NICM, where the destination estimates only the CSI of the closest interferer, is
obtained. When the relays are noise-limited and the destination is interference-
limited, OC results in positive diversity gains in both protocols, provided that
the destination node is able to estimate the noise-plus-interference correlation
matrix (NICM) perfectly. Furthermore, relay selection outperforms multi-relay
transmission in both relay protocols. Moreover, OC with limited estimation of

the NICM outperforms MRC, though it fails to achieve diversity gains.

SPlease refer Section 2.2 for co-channel interference models

12



References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

(2014, Dec.) BBC News - NASA emails spanner to space station. British
Broadcasting Corporation. London, United Kingdom. [Online]. Available:

http://www.bbc.com/news/science-environment-30549341

“Cisco visual networking index: Global mobile data traffic forecast update,

2013-2018,” Cisco, Feb. 2014.

I. Hwang, B. Song, and S. S. Soliman, “A holistic view on hyper-dense het-
erogeneous and small cell networks,” IEEE Commun. Mag., vol. 51, no. 6, pp.

20-27, Jun. 2013.

Overview of 3GPP Release 10, 3GPP, Jun. 2014, v0.2.1. [Online]. Available:
http://www.3gpp.org/ftp/Information/WORK_PLAN/Description_Releases/

IEEE 802.16m System Description Document (SDD), Jul. 2009, IEEE
802.16m-09/0034. [Online]. Available: http://ieee802.org/16/tgm/docs/
80216m-09_0034.pdf

J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in

wireless networks: Efficient protocols and outage behavior,” IEEE Trans. Inf.

Theory, vol. 50, no. 12, pp. 3062 — 3080, Dec. 2004.

M. O. Hasna and M. S. Alouini, “End-to-end performance of transmission
systems with relays over Rayleigh-fading channels,” IEEE Trans. Wireless
Commun., vol. 2, no. 6, pp. 1126-1131, Nov. 2003.

G. Farhadi and N. Beaulieu, “On the ergodic capacity of multi-hop wireless
relaying systems,” IEEE Trans. Wireless Commun., vol. 8, no. 5, pp. 2286—
2291, May 20009.

13


http://www.bbc.com/news/science-environment-30549341
http://www.3gpp.org/ftp/Information/WORK_PLAN/Description_Releases/
http://ieee802.org/16/tgm/docs/80216m-09_0034.pdf
http://ieee802.org/16/tgm/docs/80216m-09_0034.pdf

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

G. K. Karagiannidis, T. A. Tsiftsis, and R. K. Mallik, “Bounds for multi-
hop relayed communications in Nakagami-m fading,” IEEE Trans. Commun.,

vol. 54, no. 1, pp. 18-22, Jan. 2006.

V. Genc, S. Murphy, Y. Yu, and J. Murphy, “IEEE 802.16J relay-based wire-

less access networks: an overview,” IEEE Wireless Commun. Mag., Oct. 2008.

“3rd generation partnership project-technical specification group radio access
network-evolved universal terrestrial radio access (E-UTRA)-relay architec-
tures for E-UTRA (LTE-advanced)(release 9),” 3GPP TR 36.806 V9.0.0, Mar.
2010.

A. Damnjanovic, J. Montojo, Y. Wei, T. Ji, T. Luo, M. Vajapeyam, T. Yoo,
O. Song, and D. Malladi, “A survey on 3GPP heterogeneous networks,” IEEE
Wireless Commun. Mag., vol. 18, no. 3, pp. 10-21, Jun. 2011.

J. G. Andrews, H. Claussen, M. Dohler, S. Rangan, and M. C. Reed, ‘“Femto-
cells: Past, present, and future,” IEEE J. Sel. Areas Commun., vol. 30, no. 3,
pp- 497-508, Apr. 2012.

D. Lopez-Perez, I. Guvenc, G. de 1a Roche, M. Kountouris, T. Q. S. Quek, and
J. Zhang, “Enhanced intercell interference coordination challenges in hetero-

geneous networks,” IEEE Wireless Commun. Mag., vol. 18, no. 3, pp. 22-30,
Jun. 2011.

T. D. Novlan, R. K. Ganti, A. Ghosh, and J. G. Andrews, “Analytical eval-
uation of fractional frequency reuse for OFDMA cellular networks,” IEEE

Trans. Wireless Commun., vol. 10, no. 12, pp. 4294-4305, Dec. 2011.

D. Lee, H. Seo, B. Clerckx, E. Hardouin, D. Mazzarese, S. Nagata, and
K. Sayana, “Coordinated multipoint transmission and reception in LTE-

Advanced: deployment scenarios and operational challenges,” IEEE Com-

mun. Mag., vol. 50, no. 2, pp. 148—155, Feb. 2012.

14



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soong,
and J. C. Zhang, “What will 5G be?” IEEE J. Sel. Areas Commun., vol. 32,
no. 6, pp. 1065-1082, Jun. 2014.

T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N. Wong,
J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave mobile commu-
nications for 5G cellular: It will work!” Access, IEEE, vol. 1, pp. 335-349,
May 2013.

V. M. Bogachev and I. G. Kiselev, “Optimum combining of signals in space-
diversity reception,” Telecommun. Radio Eng., vol. 34/35, pp. 83-85, Oct.
1980.

J. Winters, “Optimum combining in digital mobile radio with cochannel in-
terference,” IEEE J. Sel. Areas Commun., vol. 2, no. 4, pp. 528 -539, Jul.
1984.

M. Kang, L. Yang, and M.-S. Alouini, “Outage probability of MIMO optimum
combining in presence of unbalanced co-channel interferers and noise,” IEEE

Trans. Wireless Commun., vol. 5, no. 7, pp. 1661-1668, Jul. 2006.

R. K. Mallik, M. Z. Win, M. Chiani, and A. Zanella, “Bit-error probability
for optimum combining of binary signals in the presence of interference and

noise,” IEEE Trans. Wireless Commun., vol. 3, no. 2, pp. 395-407, Mar. 2004.

R. Mallik and Q. T. Zhang, “Optimum combining with correlated interfer-
ence,” IEEE Trans. Wireless Commun., vol. 4, no. 5, pp. 2340-2348, Sep.
2005.

P. D. Rahimzadeh and N. C. Beaulieu, “Limits to performance of optimum

combining with dense multiple correlated antennas,” IEEE Trans. Commun.,

vol. 58, no. 7, pp. 2014 -2022, Jul. 2010.

15



Chapter 2

Background

This chapter provides an overview of the subject matter and concepts investigated
in this thesis. In Section 2.1, the characteristics of the mobile radio channel are
discussed and Section 2.2 describes the cooperative communications protocols con-
sidered in the thesis. An overview into the co-channel interference models used is
provided in Section 2.3. An introduction to optimum combining, the main interfer-
ence cancellation technique used in this thesis, is given in Section 2.4 and a concise

literature review of the related work is presented in Section 2.5.

2.1 Mobile Radio Channel

The mobile radio channel is the transmission medium of electro-magnetic waves
between the transmitter and the receiver. Impairments that exist in the mobile ra-
dio channel cause variations and degradations in the signal power received. One
can categorize these impairments into path loss, large-scale fading and small-scale

fading.
Path loss

Path loss is the attenuation of signal power with the distance traveled by the wave-
form. In this thesis, following log-distance path loss model is frequently used [1} eq.
(2.39)]

do

Py — P (E) @.1)
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where Py is the received power, Pr is the transmitted power, d is the transmitter-
receiver separation, d is a reference distance, « is the path loss exponent, which
determines the rate of decay of the signal power, and K is a constant. For free space
propagation, v = 2, but for practical wireless environments, « varies between 3
and 6. Typical values of « for different types of environments can be found e.g.

in [1, Table 2.2].

Large-scale fading

In large-scale fading, the variations of the received signal power occur over larger
distances compared to the wavelength of the signal. Shadowing, which is the at-
tenuation of signal power due to large obstructions (e.g.: buildings, mountains and
foliage), is the main source of large-scale fading. In this thesis, the effects of shad-

owing is not considered for simplicity.

Small-scale fading

The root cause of small-scale fading is the multipath propagation, where the same
signal reaches the receiver in multiple paths with different delays / phases due to
reflection, diffraction and scattering from the objects located in the signal’s path.
In fact, a line-of site path between the transmitter and the receiver does not exist
in most urban environments and multipath propagation enables communication.
These multipath components add together constructively or destructively depending
on the phase of each multipath component, which results in rapid variations in the
received signal power over very short distances, which is termed as small-scale
fading.

Probability distributions are used to model the magnitude and the phase of the
channel gain accounting for small-scale fading. Rayleigh distribution is commonly
used to model the magnitude of the channel gain in the absence of a line-of-site
path between the transmitter and the receiver. For Rayleigh fading, the probability

density function (PDF) of the magnitude of the channel gain is

i

2x 2
flgl(z) = P (—5) , 0<z <00 2.2)
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where (2 is the mean signal power (envelope power) at the receiver, which is de-
termined by large-scale fading. The Rayleigh fading model is advantageous due
to its simplicity. However, this model may not be adequate to describe the small-
scale fading in most environments. Alternatively, Nakagami-m fading model is a
more general fading model. The PDF of the magnitude of the channel gain for
Nagamami-m fading is

figl(z) = %exp (—%ﬁ) , 0<zr<o (2.3)
where m is the parameter that determines the severity of fading and 0.5 < m < oo.
The severity of fading reduces with the increase of m. Note that for m = 1 this

distribution reduces to Rayleigh distribution, and when m — oo there is no fading.

2.2 Modeling of Co-Channel Interference

In order to analyze the impact of co-channel interference (CCI), the interference
signal has to be mathematically modeled. Based on the number of interfering nodes
and the node distribution, the co-channel interference models used in the literature
can be divided into two main categories: the deterministic interference model and

the random interference model.

2.2.1 Deterministic interference model

In this model, the number of interferers and the location of interferers are assumed
to be deterministic. For this model, the aggregate interference power at the receiver

node can be expressed as
Ny
Ip =Y Pri°|fi (2.4)
i=1

where N; is the number of interferers, F; is the transmitted power of the -th inter-
ferer, r; and f; are the distance and the fading channel coefficient between the ¢-th
interferer and the receiver, respectively, and « is the path loss coefficient. In the
deterministic interference model, /N; and r; are assumed to be deterministic and f;

is random. This model has been widely used to analyze the impact of co-channel
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interference. Chapters 3, 4, 5, 6 and 7 of this thesis are based on the deterministic
interference model.

The deterministic interference model is more suitable when the placement of
the transmitters is well-planned. A conventional cellular network is an example of

a well-planned wireless network, where this model can be applied.

2.2.2 Random interference model

As explained in Chapter 1, fourth generation wireless networks are heterogeneous
in nature and the arbitrary deployment of transmitters by the operators and the con-
sumers is common. Therefore, it is impractical to plan the whole network. Due
to the adhoc / unplanned nature and the complexity of fourth-generation wireless
networks, the deterministic interferer model is inadequate to model the interference.

Spatial point processes are used to model the node distribution due to the ran-
domness of node locations in heterogeneous wireless networks. The most popular
spatial point process used to model interference is the homogeneous Poisson point
process (PPP) [2], since homogeneous PPP leads to more mathematically tractable
expressions. Furthermore, this model accurately describes the interference in ad-
hoc wireless networks when the node distribution is completely random. For this

model, the aggregate interference power is

In =Y Pri°[fi (2.5)
i€
where ® is a homogeneous PPP with node density A\. The probability of having n

interfering nodes in area A is

P(n nodes in A) = (A);) exp(—AN),i=0,1,2,... (2.6)
n!

and the distribution of interferers over the area A is assumed to be uniform (constant

node density \). If A is a circle with radius R, the PDF of the distance r; is

2 0<r<R
o R2
Jr(r) = { 0, otherwise ° 2.7)

The PDF of the distance R; to the i-th closest interferer can be found as [3]]

futr) = 200 )

77‘1“(@’) exp(—Amr?). (2.8)
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It should be noted that the heterogeneous networks consist of multiple tiers of
nodes, where the nodes with comparable transmit powers belong to a single tier [4].
The node distribution in each tier is modeled by a spatial point process. In the scope
of this thesis, the analysis is confined to single-tier networks.

Since cooperative relaying involves transmission in orthogonal time slots, the
temporal correlation of the interferer distribution is an important factor to be con-
sidered. In [3]], it was shown that the temporal correlation factor of a Poisson field of
interferers is greater than zero since the members of the interferer set of each time
slot share the common randomness of ®. Moreover, the interference at different
relay nodes are spatially correlated due to the same reason.

Even though modeling of interfering nodes as a homogeneous PPP simplifies
the analysis considerably, it has several drawbacks. For example, the distance be-
tween any two interfering nodes may then be arbitrarily small, which is not realistic.
Furthermore, the node distribution in practical networks is not purely random [6].
Moreover, in practical networks, it is not always correct to assume that the location
of each transmitting node is independent of each other. Consequently, more general
spatial point processes have been considered in the literature. A summary of spatial
point processes used to model the network interference can be found in [/, Table
1]. Unfortunately, most of the general spatial point processes result in less mathe-

matically tractable expressions.

2.3 Cooperative Communication Protocols

Two main types of cooperative communication protocols can be identified: amplify-
and-forward (AF) and decode-and-forward (DF) [8]. In AF relaying, the relay
nodes simply amplify the received signal by an amplification factor and forward to
the destination node. The relay nodes decode, re-encode and forward the received
signal to the destination node in DF relaying.

In AF relaying, the amplification gain can be either fixed or variable. In variable-
gain (VG) AF relaying, the amplification factor is the inverse of the instantaneous

received power. Another variant of VG AF relaying is channel state information
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(CSI) assisted AF relaying, where the amplification factor is the inverse of the mag-
nitude of the source-relay channel coefficient. Hence, the relay nodes are required
to estimate the corresponding source-relay channel coefficient to implement the
CSlI-assisted AF relaying. Compared to DF relaying, AF relaying is simple to im-
plement as the complexity at the relay nodes is minimal. Furthermore, AF relaying
is more secure than DF relaying as the relay nodes do not decode the data. How-
ever, the noise and the interference at relay nodes are also amplified and propagated
to the destination, thus degrading the performance.

Selection DF relaying is a variant of DF relaying, where the relay nodes are able
to decode the received signals if the received SNR/SINR is above a given threshold
~r. The threshold v corresponds to the minimum desirable rate of the communi-
cation R,,;, [8]. This selection criterion ensures that the symbols transmitted by
the relay nodes to the destination node are error-free. DF relaying is advantageous
as noise and interference are not propagated towards the destination, at the expense
of increased complexity at the relay nodes.

In dual-hop cooperative communications with multiple relay nodes, the relay-
destination communication takes place in orthogonal time slots to avoid collisions,
i.e., at a given time, the destination will receive a signal replica transmitted by
only one relay node. The destination node uses diversity combining (e.g. selection
combining (SC) [9], maximal-ratio combining (MRC) [10]) to combine the received
signals in multiple time slots and to achieve receiver diversity. Diversity combining

techniques are discussed in detail in Section 2.4

Relay selection

The main drawback of cooperative relaying in orthogonal time-slots is the degra-
dation of spectral efficiency as a single complete communication consumes up to
M + 1 time slots, where M is the number of relay nodes. Alternatively, relay
selection algorithms [[11], [12] use only one relay for the communication. Relay
selection significantly improves the spectral efficiency as only two time slots are
required for a single communication, instead of M + 1 time slots.

The relay selection criterion varies with the relay protocol. In DF, the relay node
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with the best relay-destination SNR is selected for transmission and relay selection
achieves a diversity gain of M + 1, similar to relaying in orthogonal time slots [13]].
Furthermore, the overhead associated with DF relay selection is minimal as the
destination node conveys only the selected relay index to the relay nodes, instead
of channel state information.

For AF relaying, two types of relay selection schemes can be identified, 1) op-
portunistic relay selection [11], and 2) partial relay selection [14]. In opportunistic
relay selection, the relay node with the best end-to-end SNR is selected for the
communication, and it achieves a diversity gain of M + 1. The main drawback
of opportunistic relay selection is the increased system complexity as the instanta-
neous channel state information of both source-relay and relay-destination channels
is required for the selection process. Furthermore, the performance of opportunistic
relay selection is highly vulnerable to feedback delays [15], [16]. Hence, high-
speed feedback links are required to achieve the performance advantages promised
in opportunistic relay selection.

In partial relay selection, based on the relay selection criterion, the relay node
with the best source-relay or relay-destination link amplifies the received signal and
forwards to the destination node. Therefore, the overhead associated with partial
relay selection is considerably reduced. Nevertheless, the diversity gain of partial
relay selection is limited to one for Rayleigh fading [17] and m for Nakagami fading

[18]], where m is the Nakagami factor, regardless of the number of relays used.

2.4 Optimum Combining

As explained in Chapter 1, cooperative relaying enables creating virtual antenna
arrays. For multiple-antenna receivers, optimum combining can be used to cancel
co-channel interference. In this section, optimum combining is explained using a
multiple-antenna receiver.

Fig. 2.1l shows a multiple-antenna receiver or a single-input multiple-output

(SIMO) receiver with My receiver antennas using diversity combining, where wy, ws, . . .

, Wy, are the combiner weights, which are complex numbers. In the presence of
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Figure 2.1: Structure of a diversity combiner.

CCI, the received signal vector is

Ny
Yy = \/PThl’()—'—Z\/ijkak—i‘n (29)
k=1

where Pr is the transmitter power, /N is the number of interferers, h is the transmitter-
receiver channel vector, x, is the transmitted symbol, P;, are the interferer pow-
ers, f;, are the interferer-receiver channel vectors, x; are the interferer symbols and
n ~ CN (0, NoI,,) is the noise vector. The receiver node performs diversity com-

bining and obtains the estimation of the transmitted symbol as

io = wily (2.10)

where w is the combiner vector. Selection combining (SC), equal-gain combining
(EGC) and maximal-ratio combining (MRC) are some of the well-known diversity
combining schemes. MRC, where the combiner vector is obtained by w = NLO, is

the optimal diversity combining technique when AWGN is the principle limiting
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factor. However, MRC is sub-optimal in the presence of co-channel interference
since it does not suppress CCI. Therefore, diversity gains cannot be achieved using
MRC in the presence of CCI.

When CCI present, optimum combining (OC) [19], [20] is the optimal diversity
combining technique that maximizes the SINR at the receiver nodes. The combiner

vector of OC is computed as

w = Ry'h (2.11)
where Ry is the noise-plus-interference correlation matrix, which is given by

Ny
Ry = Nolus, + Y Prfifl!. (2.12)
k=1

Note that the combiner vectors of MRC and OC are the same in the absence of

CCI. It can be easily proved that the resulting SINR of OC is

v = PrhR'h (2.13)

If multiple antennas are used at the transmitter as well, the SINR at the output

of the optimum combiner can be given as [21]]

Pr

)\mam
Mp
where M7 is the number of transmitter antennas, \,,,, is the largest eigenvalue of

. _ P
the matrix HY R\, H, Ryy = Noly,, + Z]kvil le FF# and My, are the number
k

YMIMO = (2.14)

of transmit antennas at the k-th interferer.

2.5 Related Work and Limitations

2.5.1 Optimum combining for SIMO receivers in the presence
of co-channel interference

Deterministic interference model

The performance of optimum combining (OC) in multiple antenna receivers has

been extensively studied in the literature. In [19], it was shown that an interference-
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limited OC receiver with My + 1 antennas and a single strong interferer always out-
performs a noise-limited MRC receiver with My antennas, which emphasizes the
importance of using OC in the presence of CCI. The average bit error rate (BER)
of OC was derived in [22] for N; = 1 and 2, where N; is the number of co-channel
interferers. The outage probability of OC with an arbitrary number of equal-power
interferers was derived in [23]. For this system model, approximations for the SER
were derived in [24]] when N; < Mg, where My is the number of receiver anten-
nas. The results further confirm the advantage of OC over MRC in the presence of
interference.

Closed-form expressions for the average bit error rate (BER) of OC were de-
rived for binary phase shift keying (BPSK) signaling in [25] and [26] for an ar-
bitrary number of interferers with equal power and arbitrary powers, respectively.
Performance analyses were carried out for both the underloaded (/N; < Mpg) and the
overloaded (IN; > Mp) systems. Accordingly, OC results in diversity gains only
for underloaded systems in multiple antenna receivers. This work was extended for
general PSK signaling in [27]].

The above results were obtained based on the assumption that the interferer
channel gains for different antennas of the same receiver are independent. How-
ever, due to the limited space between the antennas, independent channels are prac-
tically not realizable. In cooperative communications, even though the gains of
desired channels are independent due to the geographical distribution of nodes, the
interferer channel gains in different time slots are highly correlated. Hence the per-
formance analysis of OC with correlated interferer channels is vital for cooperative
communications.

In [28]], the performance of OC with correlated fading of interferers was ana-
lyzed for an interference-only environment, assuming the same correlation matrix
for the interferer and the desired channels. The impact of Gaussian noise was ne-
glected. This work was generalized for different correlation matrices for the desired
and the interferer channels in [29]. Both analyses were carried out for the case of
N; > Mp, since the interference correlation matrix is rank-deficient for N; < M.

In [30], the average SER was derived for OC with a single correlated interferer,
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considering both interference and Gaussian noise. A closed-form expression for
the outage probability of OC with multiple equal-power interferers with the same
correlation matrix for the desired and the interferer channels was derived in [31]] for
both interference and Gaussian noise. For a single interferer, the asymptotic perfor-
mance of OC with the increase of the number of antennas was studied in [32] using
an average SINR analysis. The effects of spatial correlations on the performance
of multiple-input multiple-output (MIMO) OC was analyzed in [33]]. It was shown
that the performance of OC improves with the increase of the interferer correla-
tion factor and this effect gets more significant with the increase of the number of

receiver antennas.

Random interference model

The outage probability of a multiple-antenna receiver using optimum combining in
a homogeneous Poisson point process (PPP) was derived in [34]. The desired and
the interferer channel gains were assumed to be spatially uncorrelated, separately.
Furthermore, the receiver was assumed to be able to estimate the complete noise-
plus-interference correlation matrix (NICM) perfectly. The performance of OC in a
non-homogeneous PPP was studied in [35]], where an expression for the cumulative
distribution function was derived.

In a random field of interferers, the receiver may not be able to estimate the
NICM perfectly. However, performance metrics of OC with the partial estimation

of the NICM are not available in the literature.

Differences between the analyses of OC in SIMO and DF relaying

Since multiple relays create a virtual antenna array, decode-and-forward relaying
is analogous to a distributed SIMO receiver. However, the performance metrics
derived in the literature for SIMO receivers cannot be directly applied to DF coop-

erative relay networks due to the following reasons.

1. The majority of the general results derived for OC in SIMO systems are based
on the assumption that the interferer channel gains of different antennas are in-

dependent. Even though the desired channel gains in cooperative relaying can
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be assumed to be independent, the interferer channel gains in different time slots
(equivalently, different antennas in SIMO) are highly correlated, unless the des-
tination node is moving very fast with respect to the interferers. For SIMO
systems with correlated interferers, the available results are mostly for specific
cases (e.g. single interferer [30,32], interference-only systems [28,29,33]], the
same correlations matrix for the desired and the interferer channels [31]], etc.).
Hence, it is necessary to derive performance metrics for a general system model
with correlated interferer and uncorrelated desired channels, to be applied for

cooperative communications.

2. For the performance analyses of OC in SIMO systems, it is commonly assumed
that the desired channel coefficients are independent and identically distributed,
which is not an accurate assumption for distributed antenna systems due to the
large-scale fading effects (path loss and shadowing). Hence, fading of the de-
sired channels should be independent and non-identically distributed (INID).
In [36]], the outage probability was derived for a SIMO system with an INID
desired channel. However the interferer channel coefficients were also assumed

to be independent, which is not the case with cooperative communications.

3. For multi-relay networks, the opportunistic relay selection improves the spectral
efficiencies while maintaining diversity gains. For SIMO systems, the perfor-
mance with antenna selection and OC has not been studied. Hence, the perfor-
mance analysis of the joint effect of relay selection and OC is a novel and an

important research area.

Furthermore, AF relaying is not analogous to a SIMO receiver and the perfor-
mance of AF relaying with OC has not been studied in the literature. Compared
to DF relaying, AF relaying is simple and more secure, which emphasizes the im-
portance of studying the performance of OC in AF relaying. Consequently, the
performance analysis of optimum combining in DF and AF cooperative relaying is

a novel research area.

27



2.5.2 Cooperative communications in the presence of co-channel
interference

Deterministic interference model

The performance of cooperative communications in the presence of interference
has been investigated only for a limited number of system configurations. In [37],
the outage performance of DF relaying was analyzed for interference-limited relay
nodes and a noise-limited destination node with Nakagami-m fading. The perfor-
mance of MRC in DF relaying was analyzed for Rayleigh fading in [38]. CCI was
assumed to be present at both the relays and the destination. The effect of imper-
fect channel estimations on MRC was also analyzed. However, the effect of large
scale fading was not considered and fading of all the links were assumed to be
independent and identically distributed (IID). The outage performance DF relay-
ing with MRC in the presence of CCI at both the relay nodes and the destination
node was analyzed in [10] for Nakagami-m fading. Accordingly, in the presence of
CCI, MRC results in positive diversity gains only if the interference-to-noise ratio
(INR) remains constant. If the interferer powers increase with the source power, the
diversity gains are lost.

The performance analyses of dual-hop AF relaying in the presence of CCI have
been confined to single relay systems due to the complexity of the analysis. Fur-
thermore, the direct link between the source and the destination has always been
assumed to be shadowed. The performances of variable-gain (VG) and fixed-gain
(FG) AF relaying in the presence of CCI were studied in [39-43] and [44,435], re-
spectively, for different channel and interferer configurations. However these con-
figurations fail to achieve diversity gains in the presence of CCI.

In [46-48]], the performance of AF relaying in the presence of CCI was ana-
lyzed for a relay network with multiple-antenna source and destination nodes and a
single-antenna relay node. VG AF relaying with maximal ratio transmission (MRT)
at the source node and MRC at the destination node was considered in [46]. The
performance of VG AF relaying with transmit antenna selection at the source node,
and MRC and SC at the destination node was studied in [47]. An FG AF relay net-

work with MRT/MRC was studied in [48]. However, these systems are vulnerable
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to shadowing as the multiple antennas are co-located. Furthermore, diversity gains

cannot be achieved using MRC or SC in the presence of CCI.

Random interference model

In [49]], the performance of a dual-hop AF relay network was analyzed with the
interferers at the destination node distributed according to a two-dimensional (2D)
Poisson point process (PPP), where the outage probability and the average SER
were derived. The performance of an N-hop AF cooperative relay network in a
Poisson field of interferers was studied and the performance metrics were derived
in [50] and [51] for Rayleigh and Nakagami-m fading, respectively. The direct link
between the source node and the destination node was assumed to be shadowed in
all these works, resulting in zero diversity gains. In [52]], the direct link is present
and MRC is used at the destination node to combine the signals received via the
direct link and the relay-destination link. Nevertheless, interference cancellation
was not applied.

The performance of DF relay network in a Poisson field of interferers was stud-
ied in [S3]] for SC and MRC at the destination. The spatial and temporal correlations
of the interference in a Poisson interference field were considered here. However,
the interference cancellation using OC was not considered. In [54], the performance

of multihop DF relaying was studied for the same interference model.

2.5.3 Relay selection in the presence of co-channel interference

Deterministic interference model

The performance of opportunistic relay selection for DF relaying in the presence
of CCI was analyzed in [55]], where maximal-ratio combining (MRC) was used
to combine the signals received from the source-destination link and the selected
relay-destination link. The relay was selected based on the SINR of the relay-
destination link. However, MRC is sub-optimal in the presence of CCI and does
not cancel interference.

The performance of relay selection in the presence of CCI was analyzed in

[56559] for AF relaying. In [56] and [57], interference is present only at the relays.
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In [58], both the relay nodes and the destination node are affected by CCI and
the direct link between the source and the destination nodes was assumed to be
shadowed. The direct link is available in [59] and interference is present only at the

destination. However, the cancellation of CCI was not considered.

Random interference model

In [60], the outage performance and diversity gain of opportunistic relay selection
in AF dual-hop relaying was analyzed in the presence of a Poisson field of interfer-
ers using an approximation for the instantaneous SINR expression of each source-
relay-destination link. The authors of [61] used the exact instantaneous SINR ex-
pression of each source-relay-destination link to obtain the outage probability of
AF opportunistic relay selection. The direct link was assumed to be shadowed in

both these analyses and the interference mitigation was not considered.

2.5.4 Cooperative relaying with optimum combining

Deterministic interference model

A multiuser DF cooperative relay network was considered in [62], where intra-cell
interference was assumed to be the main source of interference. Here, the SINR at
output of the optimum combiner is

Ps|hsp? Ps|hrp|?
No No + Pslhsp|?

Yoc = (2.15)

where Pg is the source and relay power, and hgp and hgp are the source-destination
and relay-destination channel coefficients, respectively.

Eq. is different from the conventional SINR expression of OC as the two
terms in the sum are not independent, resulting in a zero diversity gain. Further-
more, the practical cellular communications with the frequency reuse are limited by
the inter-cell interference rather than the intra-cell interference. The performance
further degrades if the inter-cell interference is also considered.

For AF relaying with a one multiple-antenna relay, the outage and capacity per-

formances of CCI suppression at the relay node using OC were analyzed in [63]]
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and [64], respectively. Here, the direct link is shadowed and the destination is inter-
ference free. For the same system model, the outage performance with CCI present
at both the relay and the destination nodes was analyzed in [65]]. Interference can-
cellation at the destination node was not considered here. Extending these results
to multi-relay networks with a direct link is non-trivial and demands a separate

analysis.

Random interference model

The performance of DF relaying with OC and MRC in a Poisson field of inter-
ference was studied in [66l]. However, the interference cancellation capability of
OC was not taken into consideration. Hence, the results obtained in this work are

sub-optimal.
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Chapter 3

Optimum Combining in
Decode-and-Forward Relaying

The performance of optimum combining in a decode-and-forward relay network
with N equal-power interferers is analyzed. The probability density function of the
output signal-to-interference-plus-noise ratio is obtained and a closed-form expres-
sion for the exact outage probability is derived for N > M + 1, where M is the
number of relay nodes. An approximation for the symbol error rate (SER) is pre-
sented. The performance results and closed-form expressions for outage probability
and for SER suggest that the asymptotic diversity gain of OC is equal to M, which
is a significant improvement over maximal-ratio combining, whose asytotic di-
1

versity gain is equal to zero when operating with co-channel interference

3.1 Introduction

The advantages of cooperative relaying over non-cooperative wireless communica-
tions include increased diversity, coverage extension and mitigation of shadowing.
Cooperative relaying protocols can be mainly divided into two categories: amplify-
and-forward (AF) and decode-and-forward (DF) [1]]. One can identify a wide rage
of publications analyzing the performance for DF relaying in noise-limited envi-

ronments for different channel and system models [2-4]. Maximal-ratio combining

'A version of this chapter was presented in the IEEE International Conference on Communications
(ICC 2013), Budapest, Hungary.
N. Suraweera and N. C. Beaulieu, “Performance analysis of decode-and-forward relaying with
optimum combining in the presence of co-channel interference,” in Proc. IEEE Conference on
Communications (ICC 2013), pages 4968—4972, Jun. 2013.
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(MRC) is the diversity combining technique that maximizes the signal-to-noise ra-
tio (SNR) at the receiver in additive white Gaussian noise (AWGN) [5]. However,
the performance of spectrally efficient practical wireless communication systems is
limited by the co-channel interference, rather than by noise.

When co-channel interference is present, optimum combining (OC) is the di-
versity combining technique that maximizes the signal-to-interference-plus-noise
ratio (SINR) [6]]. Unlike MRC, OC reduces the interference power component at
the receiver, enhancing the diversity gain. Bounds to the performance of OC for
multiple-antenna receivers were analyzed in [[7-9] and the references therein.

The outage and symbol error rate (SER) performance of DF cooperative re-
lay networks using MRC were analyzed for an arbitrary number of equal-power
Rayleigh fading interferers in [10]. The effect of imperfect channel estimation at
the receiver on the performance was also studied. In [11], a detailed analysis of
a DF relay system with non-identical Nakagami-m fading interferers with MRC
at the receiver was carried out and a closed-form expression for the exact outage
probability was derived.

In this chapter, we investigate the performance of OC in a DF relay network
with co-channel interference and Rayleigh fading. The probability density function
(PDF) of the output SINR of the optimum combiner is derived for the scenario
where N > M + 1, where N is the number of interferers and M is the number of
relay nodes. Moreover, a closed-form expression for the exact outage probability
is derived and an accurate approximation for the SER is derived for the binary
phase shift keying (BPSK) modulation scheme. The outage and SER expressions
show that the asymptotic diversity gain of OC is equal to M, which is a significant
improvement in performance compared to MRC.

The remainder of this chapter is organized as follows. Section 3.2 describes
the system and channel models used for the DF relay network. In Section 3.3, we
analyze the performance of DF relay networks with OC, where SINR PDF, exact
outage probability and approximate SER are derived. In Section 3.4, numerical

results are presented and discussed and Section 3.5 concludes this chapter.

41



3.2 System and Channel Models

A DF cooperative relay network with a source node (S), a destination node (D)
and M relays (R;,i € {1,..., M}) is considered. It is assumed that the co-channel
interference is present only at node D, which is interfered by N signals with equal
average power (Fig.[3.1). It is assumed that source-destination, source-relay, relay-
destination and interferer-destination links are frequency-flat Rayleigh faded with
go ~ CN(0,02), hi ~ CN(0,03), gi ~ CN(0,07) and f; ~ CN(0,07) where
i€ {1,2,...,M}and j € {1,2,...,N}. We assume that the destination node
is equipped with the exact channel state information of the relay-destination and

interferer-destination links.

Figure 3.1: Decode-and-forward cooperative relay network with co-channel inter-
ference at the destination node.

During the first phase of the communication, the source node broadcasts its data
symbols to the destination and to all the relays. The signal received at D in phase 1

is given by

N
ys,p = V Psgoxo + \/FIZ fizi +nsp 3.1
=1
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where Pg is the transmitter power and F; is the interferer power, z is the data
symbol transmitted by node S and z; (i = 1,2,..., N) are the data symbols trans-
mitted by the interferer nodes. ng p is the noise at node D in the first phase and

ng.p ~ CN (0, Ny). The signal received at relay R; in phase 1 is given by

Ys,r; =\ Pshjzo + ns g, (3.2)

where ng p, ~ CN(0, Np).

In the second phase, the relay nodes that correctly detect the transmitted data
symbols will forward the data symbols to the destination in orthogonal time slots,
i.e. at a given time, the destination will receive a signal replica transmitted by only
one relay node. It is assumed that error detection coding is utilized to detect errors
at relay nodes. The relays that encounter errors in decoding inform the destina-
tion node about the failure using a pre-defined sequence. Therefore, the destination
node can identify the relay nodes that decoded the message correctly. We assume
that interferer-destination channel states do not change during the second phase.
Assuming that C' relays out of M decode the symbols received from node S cor-
rectly, the received signal at the destination in the j-th time slot in phase 2 is given

by

N
yr,.0 =V Psgito+/Pr Y fiwi+np,p,  jE{L,....C} (3.3)
=1

The optimum combiner at node DD combines the received signals at C' + 1 time
slots to obtain the decision variable x = w!’y. The weight vector w is given by

w = R~ !g, where R is the noise+interference correlation matrix, which is defined
by [6]

N
R = Nolo + Pr Y _|filPlenaldy, (3.4)
i=1
where 1 is the (C' + 1)-dimension vector consisting of all ones.

The resulting SINR at the receiver is given by [12]]
7|0 = Psg"R™'g (3.5)
which can also be expressed as
7|C = Psa" @ 'a (3.6)
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where o = Ug in which U is the matrix consisting of the eigenvectors of R and
® is the matrix of eigenvalues of R. Since U is a unitary matrix, o has the same

statistics as g. Hence, the output SINR given C' can be reformulated as

a2 i |
v|C = Ps
No+ P (C+1) Zf\il|fz|2 = No
X
:p%?+4. (3.7)

3.3 Performance Analysis

3.3.1 Probability density function of the SINR at the destination
after optimum combining

The conditional moment generating function (MGF) of ~ can be expressed as
NEY 1 1
C+1 c-
(Ug) <3 + UL;) (s + %)
g9

Hence, the conditional probability density function f.(v|Y, C') can be given as

exp () S (1) exp (22

Myyc(s) = (3.8)

f’Y\Y7C(7) = K, C 7 . (39)
() (=) -
where K| = #@H The conditional PDF of Y is given by
(y — No)V~Texp (‘702 o )
Frie) = Al (3.10)

N
(2P (C+1)N (N = 1)
Therefore, the PDF of « conditioned on C' can be written as
(02)Cexp (_Nozéryv)

—yC

frc(y) = / K(No + )

c (o e ()

+2 yi(C — i)

N-1
v exp (~ i)

(02Pr(C + 1)) (N — 1)
(3.11)

From , we can observe that if NV — 1 < M we are unable to obtain a closed-

form solution for the PDF as the power of y in the integral becomes negative for
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some values of C'. In order to perform further analysis we assume that N —1 > M.

The conditional PDF f () for the scenario when N — 1 > M can be presented

as
fro(y) = Kaexp (; Oz) (g1(7) + g2(7)) (3.12a)
50'9
where
K, = St . (3.12b)
Ps (o3P (C+1))" (N —1)!
C .
g1(7) =Y A T Ks(i) (3.12¢)
‘=1
d2No(N —1 - (C)! a?(N —O)!
ga(7) = (~1)7 | 2 L ; __
(v o) (o )
PSO'?] O'J%(C—‘rl)P] Pso'g 0—?(C+1)PI
(3.12d)
and K3(i) is defined as
—1)02 i
K3(i) = c(_l—)g, < (o3P (C + )Y (N —i = 1)
Fye—an (3.12¢)

+ (2P(C+ 1) T (N — i)!).

Based on the principle of total probability, the PDF of SINR at the output of the

optimum combiner is expressed as [10]

f(y) = Z frm(MP(C = m)

R

=2 ( % ) PM=m(1 = P)"™ fym(7) (3.13)

m=0
where P, is the probability of error at a given relay station. For BPSK modulation
with Rayleigh fading P, = % [1 — \/%] [S] where ¥ is the average signal-to-
noise ratio (SNR) at a given relay given by ¥ = ]I\D,—(S). Fig. shows the PDF of the
output SINR of the optimum combiner, obtained using (3.13) for M = 2,4 and 8
for ten co-channel interferers with P = 10 dB, P; = 0 dB and N, = 0 dB.
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Figure 3.2: The PDF of the output SINR of the optimum combiner with M = 2,4
and 8.

3.3.2 Outage probability

The outage probability is defined as P, = P(y < 77) = [ f,(7)dy where v
is the SINR threshold. The resulting P,,; can be given as

M o
Pa=1=3 ()= ny [ fuin. G
m=0 YT
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The solution of the integral f;; f~(y|m)d~ can be found as [13], 3.353.1]

(m —i);

i=1 k=0 k!

Novr

m—i—k+1
Pso'g )

x (exP (_%) g (-

Pgo? k
k=1 (N — m)‘ (’}/T + O’?(T—il)PI>

_ (_P]S\[‘(%) ) exp( No )
(N —m)! o (m+1)P;

)]

Ej + Psoy
X J— - oz
! T U?(m + 1)P]

(3.15)

where Ei(z) is the exponential integral function defined in [13} 8.211.1].

By examination of the expression for P,,;, we can deduce that the asymptotic di-

versity gain of the optimum combiner is equal to M, which is a significant improve-

ment compared to MRC, where the asymptotic diversity gain equals zero when the

signal-to-interference ratio (SIR) remains constant.

3.3.3 Average symbol error rate

For BPSK modulation, the average symbol error rate at the receiver can be approx-

imated as [[12]]

SER ~ 79 (\/ﬂ) f(n)dy.
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However, a closed-form expression for the SER based on the exact SINR PDF
in (3.13)) is difficult to obtain. Instead, we use an approximation for the SINR PDF,
which is confirmed to be accurate for all values of Ps.

Recall f,(v|C) can be given as in (3.12a). Here, ¢1(y) >> g¢2(y) for v > 1.

Furthermore, the term Kyexp ( }]SV;);
g

) g2(y) does not contribute to the diversity gain

of the optimum combiner as the power of Ps in this term is equal to zero. The

—Noy
Psog

diversity gain is determined by the term Ksexp ( ) g1(7y). Consequently, the

approximate SINR PDF can be given as

M
M —N,
NS < ) PM="Koexp ( Pg;g) (7). (3.17)

m
g

m=1
Fig. 3 shows comparisons between exact PDFs and CDFs and approximate
PDFs and CDFs for transmit power levels of 5 dB and 10 dB with M =2, 4 and
8 and SIR of 10 dB. The results confirm that the approximation is accurate for all
values of Pg considered.
Based on the approximate SINR PDF given in (3.17), the asymptotic SER can
be solved as [[12]

M m i—1_2 .
M . . (=1)"tozK3(1)
SR~ 3 () P R Y
m=1 i1 (3.18)

% ( 2(721—_;&1)'

It is apparent from (3.18) and (3.12)) that the maximum power of 1/Ps is M in

the average SER expression. Hence, the asymptotic diversity gain of the optimum

combiner is M.

3.4 Numerical Results and Discussion

In this section, we compare numreical results obtained from the analytical expres-
sions derived for the outage probability and SER with simulation results. There
are 10 interferers at the destination each having P; = 0.1Ps. It is assumed that

2 _ 42
oy =0

= 012[ = 1. The source and relay nodes are assumed to use BPSK modu-

lation. Simulations are carried out until 10® outages / errors are obtained for each

SNR value.
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Figure 3.3: Comparison between exact and approximate SINR for [(a)] PDFs and [(b)|
CDFs.

The outage probability performance results are shown in Fig.[3.4{for v = 5 dB
and in Fig. for yvp = 3 dB, 5 dB and 10 dB. One sees that the analytical ex-
pression derived for the outage probability coincides with the simulation results.
Observe that a diversity gain of M is achieved using OC. As expected, the outage
performance deteriorates with increase of the SINR threshold in Fig. However,
for a given number of relays the slope of the curve, which is the diversity gain of
the system, does not change with the SINR threshold.

In Fig. we investigate the accuracy of the approximation for the average
SER by comparison with precise simulation results. It can be observed that the
approximation for the average SER is accurate for M = 4 and 8. Furthermore, for
M = 2, the approximated average SER is about 50% larger than the exact value.

This is acceptable for system design, where a factor of 2 in the raw SER is tolerable.
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Figure 3.4: Outage performance of the optimum combiner for M = 2,4 and 8.

Figure 3.5: Outage performance of the optimum combiner for M = 2,4 and 8 with
variation of ~y.

We compare the average SER performance of OC with MRC in Fig. 3.7l Ac-
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Figure 3.6: Average SER performance of the optimum combiner for M = 2,4 and
8.

cordingly, we can observe that OC shows a significant performance gain over MRC.
It is evident that MRC reaches an error floor, which can be explained using the
instantaneous SINR expression for MRC, which is the sum of the SINR of each

branch [10]. Importantly, OC always shows a positive diversity gain.

3.5 Conclusion

In this chapter, we studied the performance of optimum combining in DF relaying.
We derived exact expressions for the PDF of the output SINR and outage probability
for N > M+1. It was shown that the asymptotic diversity gain of OC is equal to M.
Moreover, we derived an accurate approximation for the average symbol error rate
for BPSK modulation. Furthermore, we compared the average SER performance
of OC with MRC. It was shown that OC provides a significant performance gain
over MRC, whose asymptotic diversity gain reduces to zero in the presence of co-

channel interference.
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Figure 3.7: Comparison of the SER performance of the optimum combiner (OC)
with that of maximal-ratio combiner (MRC) for M = 2,4 and 8.
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Chapter 4

Decode-and-Forward Relaying with
Optimum Combining in Nakagami
Fading

The performance of optimum combining (OC) used in a decode-and-forward relay
network over Nakagami-m fading channels in the presence of co-channel interfer-
ence at the relay nodes and at the destination is analyzed. A closed-form expression
is derived for the exact outage probability. It is found that OC cannot be used to
achieve end-to-end diversity gain when interference is present at single-antenna re-
lays, but the outage probability floor at the destination receiver is lowered by the
OC. If the interference is present only at the destination, diversity gains can be
achieved using OC. The performance of OC is compared with maximal-ratio com-
bining (MRC) and OC achieves diversity gain if interference is present only at the

destination node, whereas MRC does no .

4.1 Introduction

The performance analysis of decode-and-forward (DF) relaying has been carried
out for a wide range of system and channel models [[1,2]]. However, the majority of
these studies are confined to a system model where thermal noise is the dominant

limiting factor. Yet, in practical wireless communication networks with frequency

A version of this chapter was published in IEEE Wireless Communications Letters,
N. Suraweera and N. C. Beaulieu, “Outage Probability of Decode-and-Forward Relaying with Op-
timum Combining in the Presence of Co-Channel Interference and Nakagami Fading”, IEEE Wire-
less Communications Letters, vol. 2, no. 5, pp. 495-498, Oct. 2013.

55



reuse, co-channel interference is the dominant limiting impairment.

When co-channel interference is present, optimum combining (OC) is the diver-
sity combining technique that maximizes the signal-to-interference-plus-noise ratio
(SINR) at the receiver [3]. In OC, higher diversity gains are achieved by suppress-
ing the co-channel interference power component. The performance of OC with
multiple-antenna receivers was analyzed in [4H6] and the references therein.

In this chapter, the outage performance of DF relay networks with OC in the
presence of co-channel interference is analyzed. All the channels are subject to
slow Nakagami-m fading. A closed-form expression is derived for the exact outage
probability when interference is present at the relays and at the destination. Results
indicate that, compared to the maximal-ratio-combiner (MRC) receiver, higher di-
versity gains are achieved using the OC receiver when the interference is present
only at the destination node. When the interference is present at the relay nodes,
the performance of both combining techniques degenerate to zero diversity gain,
but OC outperforms MRC, resulting in lower outage probability floors.

The remainder of this chapter is organized as follows. Section 4.2 describes
the system and channel models used for the DF relay network. In Section 4.3,
a closed-form expression for the outage probability of the OC receiver is derived.
Numerical results and simulation results are presented and discussed in Section 4.4,

and Section 4.5 concludes this chapter.

4.2 System and Channel Models

See Fig. A DF cooperative relay network with a source node (.5), a desti-
nation node (D) and M number of relays (R;,i € {1,...,M}) is considered.
Each node is equipped with a single antenna. R; is interfered by Np, number
of co-channel interferers and the destination node is interfered by Np interfer-
ers. The source-destination, source-relay, relay-destination, interferer-relay and
interferer-destination links are slow Nakagami-m faded with m-factors mg, my,
mg, my and my, respectively. All the m factors are assumed to be integers. The

source-destination, source-relay, relay-destination, interferer-relay and interferer-
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destination channel coefficients are marked for each channel in Fig. In this
chapter, only slow small-scale fading is considered and pathloss and shadowing are
ignored. It is assumed that the destination node is equipped with the exact channel

state information of the relay-destination and interferer-destination links.

fi2
Jia fl,NRl

Figure 4.1: The decode-and-forward cooperative relay network with co-channel
interference at the relay nodes and the destination node.

During the first phase of the communication, the source node broadcasts its data

symbols to the destination and to all the relays. The signal received at D in phase 1

is given by
Np
ys,p = \/ Psgozro + Z Prp,ljz; +nsp 4.1)
j=1

where Py is the transmitter power, { Prp, } are the average powers of the inter-
ferers at the destination, z is the data symbol transmitted by node S and z; (j €
{1,2,..., Np}) are the data symbols transmitted by the interferer nodes. The noise
at node D in the first phase, denoted by ng p, is complex and ng p ~ CN (0, Ny),
where CN (0, Ny) denotes complex normal with mean zero and variance Ny. The

signal received at relay R; in phase 1 is
Ng,
ys,r, = \/ Pshizo + Z Prr, ; fijtij +nsr 4.2)
j=1
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where Prg, ; is the average power of the j-th interferer at the i-th relay, ng r, ~

J

CN (0, Ny) and t; ; is the symbol transmitted by the interferer j at R;. The SINR at

RZ’ is
Ps|hy|? Xr,

- = —- 4.3)
S Pr gl + No Yot No
In the second phase, the relay nodes that successfully decode the transmitted

YR;

data symbols will forward the data symbols to the destination in orthogonal time
slots, i.e. at a given time, the destination will receive a signal replica transmitted by
only one relay node. It is assumed that the data symbols received at ?; are success-
fully decoded when vr; > 77, where ~y7 is the SINR value which corresponds to
the minimum desirable rate R,,;, [7]. The interferer-relay and interferer-destination
channel states are assumed to be unchanged during the second phase as the fading
is assumed to be slow. Assuming C' number of relays out of M decode the symbols
received from node S correctly, the received signal at the destination in the i-th time

slot in phase 2 is given by

Np
YR;,D = \/Psgil'o—l—z PIDjljui,j+nRi7D, 1 € {1,,0} (44)

j=1
where u; ; is the symbol transmitted by interferer j at the destination node in time
slot 7. The OC receiver at node D combines the received signals in C' + 1 time slots
to obtain the decision variable * = w'y, where y = [ys.p,Yr,.0,- - > Yre.D)"
The weight vector w is given by w = R™!g, where g = [g0, 91, - - ., 9c|” and R is

the noise+interference correlation matrix, which is defined by [3]]

Np

R = NoIci + Y Prp, |Li* 118 . (4.5)

j=1
The resulting SINR of the OC receiver is given by [8, eq. (11.2)]

7p|C = PsgfR™'g = Psa’® ' (4.6)

where a = Ug in which U is the matrix consisting of the eigenvectors of R and &
is the matrix of eigenvalues of R. Since U is a unitary matrix, the elements of «

have the same statistics as the elements of g [18, eq. (11.44)]. Since ® is a diagonal
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matrix, for the R defined in (.3)) the inverse of the eigenvalue matrix ® can be

given as

&' = diag

1 1 1
— 4.7
(C"—l)z P[D |l ‘2+N0 NO NO] ( )

where diag(v) represents the diagonalization of the vector v. It should be noted
that the only non-zero eigenvalue of the matrix Z ' Prp,|l; ?1o118, is equal to
(C+1)3n 2 Prp; |1;]*. Hence, the output SINR of the OC receiver given C relays

successfully decode the message, can be reformulated as

o — Jo] Xp
C = Pg + Zp.
) (C+ 1) 22 Pro, [P + N ;No Yo+ Ny P
(4.8)
4.3 Exact Outage Probability
4.3.1 Outage probability at R;
From (4.3)), the outage probability at R; can be given as [9]
Pori <) =P =1- [ [ fa@hlddy  @9)
0 y+No

where Zp = Xp / vr and Zg is a gamma distributed random variable (RV) with
scale parameter ——— and shape parameter my,. Assuming the interferer powers are

distinct, the probablllty density function (PDF) of Y5, can be found as [9,/10]

Ng. -1 mry
Ry My Amnyn eXp (— W)
i,m

m=1 n=1

(4.10a)

Prr, | %
_ n T~Mf Z mf+Qk_1 <mf>

Amn - (_]-) (P . ) H ( ) Prg. mys—+q
T Rim T(m,n) k=1,k#m (1 — PIR—Zk>

i,m

(4.10b)

and where 7(m, n) denotes the set of Ng, -tuples, such that

Ng, .
T(m7n) = {(qla' . 'aQNRZ.)|Qm = 07 iji g = My _n} and (C]1>- . aQNRZ.) e L.
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The outage probability at 1; can then be expressed as [11, eq. (3.351.2)]

k
Ngr, my m lAmn mpYT
PRizl—exp( thTNo)ZZhZ ( )
m=1n=1 k=0
(k)]\fk "(n—1+4r)! 11

— n—+r
h T
<PIR T Ps >

4.3.2 Conditional outage probability of optimum combining

XZ

We use the SINR expression derived in (4.8)) to determine the outage probability

of OC at the destination, where Xp is a gamma RV with scale parameter & and

shape parameter m,, shape

parameter C'my,. Similar to (4.10a)), the PDF of Y}, in (4.8)) can be expressed as

No m B oy"~ exp( 7PID::E%+1)>

P =YY" CERICEST (4.12a)

m=1 n=1

PIDm

oo (2 5 0 () 2

7(m,n) k=1,k#m 1-— Pro,,

(4.12b)
and 7(m, n) is defined as in (4.10D), but with m and Np, replaced by m, and Np,
respectively.

For C =0

If none of the relays decodes the received symbols successfully, Pr(yp > v7|C =

0) is determined similar to (4.9) and can be expressed as

Py ="P(vp > vr|C =0)

k
Np my mg=1 B (mg’YT ( )Nk “n—1+4q)!

k
_ exp( mgWTNo) ZZ Z ) Z —
m=1n=1 k=0 q=0 (Pmm +}{1,—S>
(4.13)
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ForC >1

For this scenario, the output SINR is given in (4.8]). Hence,

Xp

Po=P > C>1)=Pr| ——
(] (yp = yr|C > 1) T<YD+NO

+ Zp > WT) . (4.14)

Based on the theorem of total probability, P can be expressed as

ro- | / / Freo (@) frop (4) f 2 (2)ddydz + / fup(2)dz (4.15)

0 0 (y+No)(vr—=2)

A closed-form expression for P is derived as [12, eq. (1.2.4.3)]

k _
Np m mg—1 (?_;z)kﬁJrCmg k ( . )NSC “g+n—1)!
- ZZKl(m,n) Z A Z o Ko (m) T
m=1 n=1 k=0 q=0 (QT>
S
k
- ( ) (_1)t T
F t t 1:
th t+0mg —_—— 1<q+n, +Cmg, +Cmg+ ;K2<m)>
k
Cmg—1 mg Noyr
’YngNO < Ps >
+ exp (—TS) > S
k=0
(4.16a)
where o, Cm, oo
K an( s ) o <_ s ) 4.16b
) = T () T (O (4.160)
P
Ky(m) = yp + ——1° 3 (4.16¢)

mgPIDm (C + ]‘)
and 5 F (a, b; ¢; d) is the Gauss hypergeometric function defined in [13} eq. (15.1.1)].

4.3.3 Outage probability of optimum combining

Based on the principle of total probability, the outage probability at the destination

after optimum combining can be expressed as,

M
Pup=1-Y > J[a-Prr) [[ Prb (4.17)

k=0 VT C S, vieT Vie(S\T)
T| = Fk
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where S = {1,2,..., M} and T are the unique k-tuples which consist of the in-
dexes of the nodes that successfully decode the message when C' = k. P is found
in for k = 0 and in for k > 0. For the special case of all the relays hav-
ing the same outage probability (Pr, = --- = Pg,, = Pr), the outage probability

at the destination can be given as

M M
Poutp=1- ( 3 ) (1= Pr)" PR P (4.18)

k=0
4.4 Numerical Results and Discussion

In this section, numerical results obtained from the closed-form expression for the
exact outage probability of the OC receiver in (8.23) are compared with simulation
results. In the examples, there are 5 distinct-power interferers at each relay node and

at the destination node, having the power ratios % = {0.01,0.02,0.05,0.08,0.1}.

b
Ps —

Here, 0.01 and 0.1 correspond to a high frequency reuse factor (e.g. 7) and
universal frequency reuse factor, respectively. It is assumed that my = m; = 1 and
yr = 5 dB.

The outage performance of the optimum combiner when interference is present
at the relays and destination is shown in Fig. 4.2l for m, = m;, = 2. Accordingly,
we can conclude that the overall diversity gain is equal to zero, irrespective of the
number of relays used. The OC receiver can be used to suppress the interference
component at the destination node only, as a virtual antenna array of M antennas
is created at the destination node only. The interference at each relay node cannot
be suppressed when each relay node only employs a single antenna. Therefore, a
single-antenna relay node represents a bottleneck for improving the diversity gain
of the overall system using optimum combining, forcing the overall diversity gain
to zero.

Fig. shows the performance when the interference is present only at the
destination node. It is evident that the outage probability floors of the previous

instance disappear as the relay nodes become free of interference and the end-to-end

diversity gain of the optimum combiner increases as the number of relays increases.
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Figure 4.2: The outage performance of OC when interference is present at the relays
and the destination.

Figure 4.3: The outage performance of OC when interference is present at the des-
tination only.
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In Fig. the outage performance is compared for MRC and OC when in-
terference is present at the relays and at the destination for m, = m; = 2 and it
can be seen that both combining techniques suffer outage probability floors when
the SINR is increased. Even though there is no diversity gain, OC shows superior
performance over MRC in lowering the outage probability floor. In the presence of
interference, the performance of MRC is weakened as the output SINR is the sum
of the SINRs of each branch. MRC fails to mitigate the co-channel interference at

the destination, whereas OC does.

=MRC

10 L L L L L
0 5 10 15 20 25
P (dB)

Figure 4.4: Comparison of the outage performances of OC and MRC when inter-
ference is present at the relays and destination.

The outage performances of MRC and OC are compared when interference is
present only at the destination for m, = m,, = 2 in Fig. It can be observed that
the overall performance shows a significant improvement when co-channel interfer-
ence is present only at the destination. Furthermore, the outage probability floors of
OC disappear and the end-to-end diversity gain of OC increases as the number of
relays increases while the outage probability floors of MRC are lowered. This can
be explained by interpreting the instantaneous SINR expressions for OC given in

(.8)) and the interference cancelling behaviour of OC. For a DF relay network with
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M relays and my = my, = 1, the end-to-end diversity gain is equal to A/ when OC
is used and interference is present at the destination node only. The diversity gain

further increases with the increase of m,.

10
107" ;
&
10
a
510 \
o 1
-4
104 0c M=2
+0C M=4
-5
10 "f|l=MRC M=2
AMRC M=4
10° ‘ ‘ |
0 5 10 15 20 25 0
P, (dB) 3

Figure 4.5: Comparison of the outage performances of OC and MRC when inter-
ference is present at the destination only.

4.5 Conclusion

A simple closed-form expression was derived for the exact outage probability of the
optimum combiner in DF relaying in the presence of co-channel interference at the
relay nodes and at the destination. All the channels were subject to Nakagami-m
fading. It was evident that, when interference is present at the relays, end-to-end
diversity gain cannot be achieved using the OC receiver. Nevertheless, the perfor-
mance of OC is superior to MRC in this scenario lowering the outage probability
floors. Moreover, it was shown that OC achieves end-to-end diversity gain while
MRC does not achieve any diversity gain when the the co-channel interference is

present only at the destination.
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Chapter 5

The Impact of Imperfect Channel
Estimations on the Performance of
Optimum Combining

Optimum combining (OC) in cooperative relaying enables achieving a diversity
gain of M in the presence of co-channel interference (CCI), where M is the num-
ber of relay nodes. The additional performance overhead of OC is the need for
estimation of interferer channels. The impact of imperfect channel estimation on
the performance of OC with decode-and-forward relaying is analyzed. When the
source-destination and relay-destination channel estimations are imperfect, the di-
versity gains of OC deteriorate and the performance further degrades with increase
of the error variance. When the destination node accurately estimates the variances
of the interferer channel state information (CSI), instead of instantaneous CSI, no
performance loss is observed. Thus, the overhead associated with the interferer

channel estimation in OC can be significantly reduce.

5.1 Introduction

Due to frequency reuse, the performances of cellular wireless communication sys-
tems are primarily limited by co-channel interference (CCI). The performance of

decode-and-forward (DF) relaying with maximal-ratio combining (MRC), in the

A version of this chapter was published in IEEE Wireless Communications Letters,

N. Suraweera and N. C. Beaulieu, “The Impact of Imperfect Channel Estimations on the Perfor-
mance of Optimum Combining in Decode-and-Forward Relaying in the Presence of Co-Channel
Interference”, IEEE Wireless Communications Letters, vol. 3, no. 1, pp. 18-21, Feb. 2014.

68



presence of CCI has been thoroughly analyzed in the literature [[1,/2]. However, in
the presence of CCI, MRC is suboptimal and the diversity gains disappear when the
interferer powers scale with the source and relay powers.

In the presence of CCI, optimum combining (OC) [3] is the optimal diver-
sity combining technique that maximizes the signal-to-interference-plus-noise ratio
(SINR). The performance of OC with DF relaying in the presence of CCI at the
destination node was analyzed recently in [4] and [S]], where it was shown that OC
enables achieving a diversity gain of M with Rayleigh fading, where M is the num-
ber of relay nodes. In OC, the destination node is required to estimate the channel
state information (CSI) of interferer channels, in addition to source-destination and
relay destination channels (user channels), which is the main additional overhead
of OC over MRC. The above mentioned work all assumes that the destination node
is provided with instantaneous CSI of the interferers.

In this chapter, the impact of imperfect CSI estimations on the performance
of OC with DF relaying is analyzed. To the best of authors’ knowledge, this has
not been investigated in the existing literature. The novel contributions and the

important results of this chapter can be listed as follows.

1. The effect of the estimation errors of the user channels on the performance
is investigated using an outage probability analysis. In the presence of user
channel estimation errors, the diversity gains of OC disappear and the perfor-

mance further degrades with the increase of the estimation error variance.

2. The performance is studied when the destination node accurately estimates
the variances of the interferer CSI, instead of the instantaneous interferer CSI.
Using an approximation to the SINR of the OC receiver, it is shown that
there is no loss in the diversity performance when the destination node is
only provided with the variances of the interferer CSI. Hence, the channel

estimation overhead of OC is significantly reduced.

The chapter is organized as follows. Section 5.2 explains the system and channel
models used and in Section 5.3, the impact of user channel estimation errors on

the outage and diversity performances is analyzed. Section 5.4 investigates the
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outage performance when the destination node is only aware of the variances of
the interferer CSI. Numerical and simulation results are presented Section 5.5, and

Section 5.6 concludes this chapter.

5.2 System and Channel Models

A DF relay network similar to Fig 3.1]is considered. The destination node is as-
sumed to be located at the edge of the cell and is affected by N; number of co-
channel interferers with different average powers. The relay nodes are assumed
to be located well inside the cell, such that the effect of CCI is negligible. The

source-relay, relay-destination, source-destination and interferer-destination chan-

J:/

;@‘{’2
/ '

N

I

nel coefficients are given in Fig.[3.1l

Figure 5.1: A decode-and-forward cooperative relay network with co-channel in-
terference at the destination node.

The cooperative communication protocol consists of two phases. During the
first phase, the source node broadcasts its data symbols to the relay nodes and to the

destination node. The signal received at each relay node is

Ys R, = \/Psihillj'o —l—nRi 1€ {1, .. ,M} (51)
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where P, is the average power received from the source at relay 4, h; ~ CN (0, 0,2”),
T is the transmitted data symbol and the noise at relay node i, n; ~ CN(0, Np).

The signal received at the destination node in Phase 1 is

Ny
ys,p = v/ PspgoTo + Z Py, fito;, + np, (5.2)
=1

where Pg,, is the average power received from the source at the destination node
and P, is the average power of interferer j at the destination node. The interferer
channel coefficients f; ~ CN (0, O'chj), to; are the interferer symbols in Phase 1 and
np, ~ CN(0, Np).

In the second phase, the relay nodes that successfully decode the received sym-
bols will forward the data symbols to the destination node in orthogonal time slots.
It is assumed that each relay node correctly decodes its received symbols if v ; >
~vr.r, Where v ; is the signal-to-noise ratio (SNR) at relay ¢ and 7  is the SNR
threshold corresponding to the minimum desirable rate of the communication R,,;,
[6]. Assuming the interferer-destination channels remain unchanged during a single
cooperative communication, the received signal at the destination in time slot k is

given as

Nr
YR,,,D = \/PRk,ngxO + Z Pljfjtkj + Np, k € {]_, ey C} (53)
j=1

where C' is the number of relay nodes that successfully decode the received sym-
bols. If C' = 0, there is no transmission in the second phase. Pr, p is the average
power of the Ry, — D link, g, ~ CN(0,07, ) and np, ~ CN (0, Np).

The OC receiver at the destination node combines the signals received in C' + 1
time slots to obtain the decision variable £, = w'’y, where
Y = [Ys.0,YR,.Ds - - - Yre.p)” - The combiner weight vector w = R™'g, where
R = Nologi + Mol Bl A = Zj—vzll Pp|fil* and g = [go, 91, -, 9¢]"
Hence, two types of channel estimations are involved in OC, interferer channel
estimations and user channel estimations.

In the performance analysis that follows, the imperfections of these two types of

channel estimations are considered separately. First, the user channel estimations
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are assumed to be described by a complex Gaussian error. In the latter part of the
analysis, the destination node is assumed to be capable of estimating the variances
of the interferer CSI accurately, but not the instantaneous interferer CSI. In order
to simplify the analysis, it is assumed that the user channels are independent and
identically distributed (IID), i.e. 0, = -+ - = 04, = Oy, gy = 0g, =+ - = 0y, =
o4, P, = --- = Psg,, = Pgand Ps, = Pg, = --- = Pg,, = Ps. Thus, the
effect of large-scale fading of user channels is not considered. However, it should
be emphasized that the main insights derived in this work are directly applicable to

independent and non-identically distributed (INID) user channels as well.

5.3 Performance Analysis with User Channel Esti-
mation Errors

In this section, the effect of imperfect estimation of source-destination and relay-
destination channels on the performance of the OC receiver is analyzed. It is as-
sumed that the source-destination and relay-destination channel estimations (g)
are described by a complex Gaussian error vector, i.e. g = g + g, where g ~
CN(0,0%1c41). Hence, the actual channel vector g is expressed in terms of the

estimated channel vector [7]]

g=pg+8§ (5.4
0'2 ’ 0'20'2 . A~ ’
where p = 25 and § ~ CN(0, rerlega). It is assumed that g and g are
g € g e

independent, which is true for minimum-mean-square estimation (MMSE) of the
channel vector. Based on (3.4)), the expressions for the conditional SINR for the

cases of C'= 0 [8] and C' > 0, in terms of g and o2 can be derived as

2 (C=0) = Pldoloy (5.5a)
) (02 1 02) [Pso20? + (02 + 02) (No + V)] '

Psp? (8"R7'g)

Vel(C > 0) = ——5— S - (5.5b)
Psorz8" (R71) g+ g"R™g
1 X .
- Psp*g"R™'g _ NN +Z (5.5¢)
Pscfégfi +1 v(og +0?)
g e
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Pso o’ +o +o2 5

where v = <, Xp is an exponential random variable with parameter

1
9g

P, = Pg(ag + 02) and Zp is a gamma random variable with scale parameter £

and shape parameter C'. Note that the expression in (3.5d) is a tight approx1mat10n
for 7. |(C > 0).
The probability density function of A can be given as [9]

- )\l 1 A
Z % <_Fk) 5.6)

k=1 1=1
where Py, ..., P, are the distinct values of the average interferer powers
Pnoj,, ..., Pr NIO']%NI, with multiplicities vy, . .., v, respectively and > ;_, v, =

N;. The partial fraction coefficients ¢y, are given in [9, eq. (10)].
The values % . and Pc . are defined as Pp . = P (7. > v7|(C' = 0)) and Pc, =
P (Y. > v7|(C > 0)), respectively. Following the analysis in [3], these values are

derived as

2 2, 2
ro Uk ¢klexp (_“{TUe _ NO’YT(Ug-i-cre))

o2 Pgot
g g

Piyr(oZ+o2)
k=1 =1 (1 + ~ Psol

(5.7a)

c

T Vg ¢kleXP (_NO’YTV> (NO’YTV>
s s 1 2F1 <l7070+17

== 1(0)C (D )
S

c—1 [ Noyrv ‘
N ( )
+ exp ( WTV) .

=0

’YTVPk(C+ 1)
’VTVPR(C -+ 1) -+ Pg

PC,e%
k

(5.7b)

The end-to-end outage probability is found as [1]]

out ~ Z < ) - out R)CPOA;[t Rc(l - PC',E) (58)

—T,R

where F,,; r 1s the outage probability at each relay node with F,,; p = 1—exp ( oo

Diversity Gain

Here, the asymptotic diversity gain of OC with DF relaying is derived based on the

approximate outage probability expression given in (5.8]) for the case of imperfect

73

)

)



estimation of the source-destination and relay-destination channels. The interferer
powers are assumed to scale with the source and relay powers.

Using the power series expansion of the exponential function, the asymptotic
value of 1 — P is expressed as

ro Vg

1- P& ~ (1+0(P5Y) (K + 0 (P5h)) Z G+ Ko+ O (Pg?)
k=1 =1

(5.9)

where K, K5 and Gy are constants, which can be determined from (5.7b). Us-
ing the power series expansion of the exponential function, the asymptotic outage

probability can be given as

M M o r M-C
rred (0 ) aror)’ (G ror)
=0

(1+0(Pg") (K1 + O (Ps) 3D Grit K>+ O (P5)

k=1 l=1

X

(5.10)

From (5.10), it is evident that the asymptotic diversity gain with any user chan-
nel estimation errors is equal to zero. Hence, the destination node should be pro-

vided with perfect CSI of the user channels to achieve diversity gains with OC.

5.4 Performance Analysis with Only the Knowledge
of Interferer CSI Variances at the Destination Node

When the destination node is provided only with the variances of the interferer CSI
instead of the instantaneous CSI, the noise-plus-interference covariance matrix [3,

eq. (8)] can be expressed as
R = Noloyt + Ao, (5.11)

where A\ = SN Pp,| f;]? and f; ~ CN(0, 07,) are complex Gaussian random vari-
ables generated at the destination node, which are independent of the interferer
channel coefficients. The combiner vector is now w = R‘lg. Hence, the resulting

conditional signal-to-interference-plus-noise ratio (SINR) at the destination node
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can be derived as )
("R e)
g"R-'RR-'g

v|C = Pg (5.12)

Theorem 5.1. For high interferer powers, a tight approximation for the conditional
SINR ~|C' can be given as
v|C = Psg"R'g. (5.13)

The proof is given in Appendix 5.A.

The approximate conditional SINR expression with only interferer CSI statistics
at the destination node given in (3.13) has the same statistical properties as the
conditional SINR expression with instantaneous interferer CSI at the destination
node v,|C' = Psg”R g [3]] since A and X have the same distribution. This result
is directly applicable for both IID and INID user channels. The conditional outage
probability expressions can be easily obtained by substituting o2 = 0 in (3.7).

Importantly, the performance results given in [4] are achievable even when the
destination node is only aware of the variances of the interferer CSI. Thus, the in-
terferer channel estimation overhead of optimum combining can be significantly
reduced without a loss of outage or diversity performance, which enables the prac-

tical implementation of OC in cooperative networks.

5.5 Numerical Results

In this section, the insights derived in Sections 4.3 and 4.4 are further confirmed
using numerical and simulation results. There are 5 interferers at the destination
node with the power ratios % = {20,15,10,5,3} dB and 0, = 0} = 0} = 1. The
SINR threshold v, = 5 dB

The effect of the user channel estimation error is demonstrated in Fig. for
M = 4. Tt can be observed that the SINR expression derived in (5.3d) is a very tight
approximation for the exact conditional SINR expression given in (3.5b). Moreover,
it can be concluded that the diversity gains of OC disappear in the presence of

user channel estimation error. As expected, the outage performance degrades with

increase of the error variance.
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Figure 5.2: Outage performance with user channel estimation error at the destina-
tion node for M = 4.

The outage performance when the destination node is only aware of the vari-
ances of the interferer CSI is illustrated in Fig. [5.3] and in Fig. [5.4] for the noise
variances of 0 dB and 20 dB, respectively. It is evident that the SINR expression
(5.13), is a very tight approximation for the exact conditional SINR given in (8.16).
Furthermore, there is no diversity loss resulting from using only the knowledge of
interferer CSI variances at the destination node, instead of values of instantaneous
CSI. The outage performance loss resulted in using only the variance of interferer
CSI is negligible for the case of Ny = 0 dB and is very small for NV, = 20 dB.

Based on these results, it can be seen that the destination node only needs to
estimate the statistics of the interferer CSI, which change slowly compared to the
instantaneous CSI. This reduces the performance overhead of OC considerably, sig-
nificantly furthering the practical implementation of OC with cooperative relay net-
works, which results in significant performance advantages over MRC [4], with a

minimal additional performance overhead.
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Figure 5.3: Outage performance of OC with knowledge of instantaneous and statis-
tical CSI of the interferers at the destination node for Ny = 0 dB.

L8107

eWith only interferer channel statistics

107 (Exact-Simulation)
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Figure 5.4: Outage performance of OC with knowledge of instantaneous and statis-
tical CSI of the interferers at the destination node for Ny = 20 dB.
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5.6 Conclusion

The impact of imperfect channel estimations on the performance of OC with DF
relaying was analyzed. Tight approximations for the outage probability were de-
rived for the cases of 1) the user channel estimations are corrupted by errors and
2) the destination node is only provided with the variances of the interferer CSI. It
was shown that the diversity gains of OC disappear with the user channel estima-
tion errors. However, the diversity and outage performances of OC are preserved
when the destination node is only aware of the variances of the interferer CSI, in-
stead of instantaneous CSI. This reduces the channel estimation overhead of OC

significantly, furthering the practical implementation of OC with DF relaying.
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5.A Proof of Theorem 4.1

Using the matrix inversion lemma [[10, eq. (2.1.4)], it can be shown that

\11H
R1- (1 AAH . (5.14)
No No+ AC +1)

Hence, the product R 'R can be found as

A 1
R'R=—
No

. (5.15)

NoI + A117 — \117 (NO +AC 1)>

No 4+ MC +1

When the noise power is insignificant with respect to the interferer powers, R 'R~

I, which completes the proof.
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Chapter 6

Optimum Combining With Joint
Relay and Antenna Selection

The performance of optimum combining (OC) with joint relay and antenna selec-
tion is analyzed for decode-and-forward (DF) relaying when co-channel interfer-
ence (CCI) is present at the relays and the destination. The combination of OC with
joint antenna and relay selection results in positive diversity gains if at least one
relay has T; > N;, where 7; is the number of relay antennas and NN; is the number
of interferers at the relay, when the interferer powers are scaled with the source and

the relay powers.

6.1 Introduction

In the presence of co-channel interference (CCI), optimum combining (OC) is the
optimal diversity combining technique that results in diversity gains when interferer
powers are scaled with the desirable signal powers [1]. For decode-and-forward
(DF) cooperative relaying with CCI at the destination, OC results in a diversity
gain of M for Rayleigh fading, where M is the number of relay nodes [2], [3].
However, the capacity of relaying in orthogonal time slots is degraded with M as
M + 1 time slots are used to complete a single transmission.

Opportunistic relay selection [4] achieves the same diversity gains as conven-

'A version of this chapter was published in IEEE Communications Letters,

N. Suraweera and N. C. Beaulieu, “Optimum Combining With Joint Relay and Antenna Selection
for Multiple-Antenna Relays in the Presence of Co-Channel Interference”, IEEE Communications
Letters, vol. 18, no. 8, pp. 1459-1462, Aug. 2014.
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tional relaying in orthogonal time slots, while improving the capacity, since a sin-
gle transmission uses only two time slots. The performance of opportunistic re-
lay selection for DF relaying in the presence of CCI was analyzed in [5], where
maximal-ratio combining (MRC) is used to combine the signals received from the
source-destination link and the selected relay-destination links. However, MRC is
sub-optimal in the presence of CCI and suffers from error floors.

The performance of OC in cooperative relaying when CCl is present at both the
relays and the destination analyzed in Chapter 4. It was shown that if interference
is present at the relays, OC fails to achieve diversity gains at the destination, since
single-antenna relays with interference act as bottlenecks for performance improve-
ment.

This chapter seeks to provide a solution for the above problem, highlighted
in Chapter 4, by using multiple-antenna relays and using OC to suppress CCI at
the relays. Furthermore, multiple-antenna relays enable using the combination of
transmit antenna selection and opportunistic relay selection (termed joint relay and
antenna selection), which further increases the diversity gain [6]].

In this chapter, the performance of a multiple-antenna DF relay network using
OC with joint relay and antenna selection is analyzed. When the source-destination
and relay-destination links are independent and non-identically distributed due to
path loss, an approximation for the outage probability of OC with joint antenna and
relay selection is derived and the exact outage probability is expressed in terms of
a single numerical integration, which can be solved very fast, compared to simu-
lations. Accordingly, OC with joint antenna and relay selection achieves diversity
gains if at least one relay has 7; > N;, where 7; and /N, are the number of antennas
and the number of interferers at relay ¢, respectively, and the diversity gain linearly
increases with the number of relays having 7; > N;.

This chapter is organized as follows. The system and channel models are pre-
sented in Section 6.2 and the performance analysis of joint relay and antenna se-
lection is carried out in Section 6.3. In Section 6.4, the impact of feedback delay
is analyzed. The numerical results are presented and discussed in Section 6.5 and

Section 6.6 concludes this chapter.
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6.2 System and Channel Models

The DF cooperative relay network with single-antenna source (S) and destination
(D) nodes and M multiple-antenna relays (R;,7 € Q = {1,..., M}) in Fig.
is considered. The channel coefficients are marked on each link. CCI is present at
the relays and at the destination. R; has 7; number of antennas and is affected by
N; number of equal-power co-channel interferers. Np arbitrary-power interfering

signals are present at ). All the channel coefficients are Rayleigh faded.

Figure 6.1: A decode-and-forward cooperative relay network with multiple-antenna
relays and interference at the relays and at the destination.

In Phase 1 of the communication, the source broadcasts its symbols to all the

relays and the destination. The signal received at the destination in Phase 1 is

Np
ysp = v/ Pspgoxo + Z Pp,ljui; +np, (6.1)
=1

where, Psp is the average desired signal power at the destination in Phase 1, gy ~
CN (0, O’;), T is the transmitted symbol, /Pp, are the average interferer powers
at the destination, [; ~ CN/(0, alzj), uy; are the interferer symbols in Phase 1 and

np, ~ CN (0, Ny) is the noise at the destination in Phase 1.
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The signal received at 1?; in Phase 1 is
N;
Yr, = V Pshizg + /P, Z fi pvip + 1y (6.2)
p=1

where Ps is the average power of the desired signal at R;, h; ~ CN(0,0717,), P,
is the average power of each interferer, f;, ~ CN'(0,0?1r,), v;, are the interferer
symbols and, n; ~ CN(0, NoIr,) is the noise vector. R; performs OC on yg, to

estimate x(. The signal-to-interference-plus-noise ratio (SINR) at R; after OC is [[1]
Vr, = Psh{’R;'h; (6.3)

where R, = Nolr, + P, E L f pfff) It is assumed that the data symbols received
at R?; are successfully decoded if vz, > -y, where yp is the SINR value correspond-
ing to the minimum desirable rate R,,;, [7]. For N; = 1,Vi € (), the SINR at the

relay ¢ can be reformulated as [8, eq. (11.5)]

_p. | Jearl = (6.4)
TSN A No '
k=2
where, \; = f/ifi1, a; = (1, .. 0], o = ®h;, and P, is the unitary matrix

consisting of eigenvectors of R}}il.

The outage probability at R; for V; = 1is [2, eq. (13)]

N, Ny)Ti—15
o 0) OrNo) ™ s —F (Ti,ﬂ—l;ﬂ;%)
Ys F(TZWZT (’YT X z_s> YrYi + Vs

. Z_ (NMT)‘“]

where o F (-, -;-, ) is the Gauss hypergeometric function [9, eq. (9.100)], 7s =

Por, =1—exp (‘

(6.5)

Pso? and 7; = P02, For N; > T; with equal-power interferers, the outage prob-
ability is given in [10, eq. (39)]. For 2 < N; < T;, a closed-form expression
for the outage probability at the relay node is very difficult or impossible to derive
when both noise and interference are considered. In [11], the eigenvalues of the
matrix Rp, were derived for N; = 2 and 7; > 2, which can be used to derive the

cumulative distribution function using a double numerical integration.
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The decoding set C'is defined as C' = {i € Q : vz, > y7}. The corresponding

joint relay and antenna set is
Ac={(a.k): (k€ C),(1<q¢<Tk), (¢ Z")}. (6.6)

In the second phase, only the n-th best antenna in set A forwards the received

symbols to the destination. The received signal at the destination node in phase 2 is

Np
YrD = V PrYrmTo + Z Pp ljus; + np, (6.7)
j=1

where P is the average power received by the destination from the selected relay,
r and m are the antenna and the relay indexes of the n-th best antenna of Ac,

respectively, which are obtained by

(r,m) = arg  (max Ac(m,k) (6.8)

where vp,, = 8 R 80k 8ok = [VPsngo, VPrygx])” and g is the channel
gain between the ¢-th antenna of the k-th relay and the destination. Furthermore,
Rp = Noly + A1,1%, where A = Z;V:DI Pp,|1;]?. The probability density function
(PDF) of \is [12]

P Y t—1
DA A
HN) = g —exp | —— (6.9)
= = T )
where 7, . . ., 1, are the distinct values of the average interferer powers PDlalz1 yeees
Ppy, U?ND, with multiplicities vy, ..., v, respectively and Z;’:l v;j = Np. The

partial fraction coefficients ¢;; are given in [12, eq. (10)]. It is assumed that the
powers received by the destination from the source, from the relays and from the
interferers are scaled with Pg, i. e. Pg = 01 FPs, Psp = 0,Ps and 0, = 0, Ps, k €
{1,2,...,p}, where 6, 6, and 6;, are positive constants. Hence, the interferer

powers increase with an increase of the source and the relay powers.

6.3 Performance Analysis

For |C| > 1, using the approach given in [13], the conditional characteristic func-

tion of vp,_, is found as

No +2)

10, M) = 1B, + a(D) (10
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where D = diag [(1 — J“T?D) , <1 — Jﬁj’*)], Ysp = Pspoz, 7r = Pro, and
J =V-1.

For ¥sp # 7r, i.e. source-destination and relay-destination links are indepen-
dent and non-identically distributed due to path loss, the conditional PDF of vp,_,

is found as

No(No + 2)) [exp(—7f3) — exp(—ya)]

= 6.11
where o = 01 + 02, 8 = 01 — 02, 01 = (AE—NO) <%LD+%) and
1 1 1\?  4Ny(Ny+2)
52:—\/()\+N0)2 <_—+_—) —M- (6.12)
2 Ysp VR YSDVR
Hence, the conditional outage probability is found as
aexp(— — Bexp(—yra
2

Due to the complexity caused by the square root operation in d, (6.12)), a single

numerical integration is used to find Po p,_, -

6.3.1 Large interferer power approximation for o p,_,

From (6.12), it can be observed that 6, ~ 3 <L + %) for high interferer powers.

Ysp

Hence, an asymptotic approximation for Fp p_, can be derived as

N, 1 1
Pop,, ~1—exp|— AERY
2 Ysp VR

il (L i
: {U—jlog <1 o (731:) - 'YR)) * Z:: (t—1) (6.14)

t=2
1 i1 1
X? nj = R ) ) t—1 }]
’ (%*W (TDM—R))

For 7sp = Jr, Po,p,,, 18 obtained in a manner similar to that leading to [2, eq.

87



(13)] and can be expressed as

Novr P Y ¢jt Noyr
(PQDq’) —1—exp< ) 1+ZZ%
TR =1 t=1 <1 + —Z;"J>

2
X 2F1 <t7 1727 %)
VR + 2770

(6.15)

6.3.2 Outage probability for n-th best antenna selection

Without loss of generality, consider that only the first |C'| number of relays decode

the received symbols successfully. The conditional SINR PDF for the selection of

the n-th best antenna out of jic = Z‘Zi'l T; antennas is

(1-Pop,, )"
(Po,quk)"_“C

Hence, the conditional outage probability for the selection of the n-th best an-

FoG1C) = et ) (407} 6.16)

n—1

tenna is derived as [9, eq. (8.391)]

Pop|C = ( nlu—cl ) PaDq,kZFl(“v 1-n;s+1,FPop,,) (6.17)

where K = uc — n + 1. For |C| = 0, the outage probability can be given as [2, eq.
(1D)]

YsD i

Pop|(|C|=0)=1—exp ( NOWT) ZZ ( . mw) (6.18)

The end-to-end outage probability is expressed as
M
Por=2, 2. 1l0-Por) I] Por
CI=0 O Viel Yie(S\C) (6.19)
X (PO7D|C).
where C' are all the unique |C|-tuples with the indexes of the decoding relays.

For the special case of all the relays having the same outage probability (Pp g, =

- = Po r,, = Po.r), the outage probability at the destination can be given as

M
M _
Pop= Y _ ( %l ) (1 — Po,r) 1 P)“ (Po,p|C). (6.20)

|C|=0
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6.3.3 Diversity gain

Here, the diversity gain of joint relay and antenna selection with OC is obtained by
finding the minimum exponent of PLS in the outage probability expression given in
(8.23)) for large Ps values. The asymptotic outage probability for large Ps can be

approximated as

M
PEp~ Y. > I Por,(PonlC). 6.21
(6.21)

ICl=0 YO  Q ViE(S\C)

It is assumed that each relay is equipped with 7T'antennas. Moreover, the first m
number of relays have N, < T' interferers and the remaining M — m relays have
N, > T interferers. Hence, from [14], the diversity gain of OC at each multiple-
antenna relay R; can be given as

{T—Na for ie{l,....,m}

Gpy, = '
Pr =g for ie{m+1,...,M}

(6.22)

By applying the infinite series expansion of the exponential function in (6.14]),
it can be easily shown that the minimum exponent of PLS in Po p,, is equal to 1.
Hence, from (6.17), the minimum exponent of PLS in Py p|Cisequalto |C|T—n+1.
Furthermore, by observation, the minimum exponent of Pis is equal to zero in (6.18)).
By applying these exponent values of Pis in (6.21)) and after simple manipulations,

it can be easily shown that

M
K¢ 1
oo ~o
PO,D ~ Z W +0O <W) (6233.)
|Cl=0" 5 S

where K¢ is independent of 5~ and

TN, No—n+1 if
A :{m( o) ICINe =+ 1 it O] <m (6.23b)

IC|T —n+1 if |C|>m’
It can be observed that the minimum exponent of Pis in Pg°p is equal to m(T —
N,) —n+ 1 for all values of |C/|, which is the diversity gain. Hence, OC with joint
relay and antenna selection achieves diversity gains for m > 0, which is the number
of relays with fewer interferers than the number of antennas. Extending this result
to unequal numbers of interferers and antennas at different relays is straightforward.

For m = 0, the diversity gain is zero.
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6.4 Numerical Results

Here, the outage probability expressions derived in Sections III and IV are verified
using simulations. For all simulations, n = 1 (i.e. best relay selection), Ps = Pk,

T, =2 YieQy =5dBando; =0, =0f =07 =1 ViecQVje

{1,...,Np}. There are 5 independent interferers at the destination with signal-

to-interference ratios (SIR) % = [20, 15,10, 5, 3] dB, respectively. The SIR of

interferers at the relays is %? = 10 dB. Hence, the interferer powers are always

scaled with the source and the relay powers.

10
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107
S, .
310
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107°
© Upper bound
107"°F | % Numerical Integration
& Simulation
-12 i | ‘
10 0 5 10 20 25 30

5
PR/I\]() (dB)

Figure 6.2: The outage performance of OC with joint relay and antenna selection
form=M,N,=1,T =2, Psp = Pr/8andn = 1.

The performance of OC with joint relay and antenna selection for each relay
having N, = 1(< T = 2) interferers is shown in Fig. [6.2] for Psp = Pg/8 and
m = M. The diversity gain is equal to m(7T" — N,). Hence, diversity gains of 1, 2
and 4 are achieved for M = 1, 2 and 4, respectively. Furthermore, the tightness of
the proposed upper bound in (6.14) reduces with the increase of M. However, this
approximation can be used to obtain the diversity gain as it shows the same diversity

gain as the simulations. The exact performance can be obtained using a single
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numerical integration, which is computed significantly faster than the simulations.

Fig.[6.3|shows the performance degradation with the decrease of m, which is the
number of relays having N, < T interferers at each relay, for M/ = 4 and N, = 1.
Each of the remaining M — m relays have N, = 3 > T interferers. For m = 0,
the diversity gain is equal to zero, which agrees with the value of diversity gain
derived analytically. Hence the diversity performance is dependent on the number

of antennas and the number of interferers at the relay nodes.

Figure 6.3: The outage performance for different values of m for M = 4, T = 2,
Psp = Pr/8, N, =1, Ny, =3 andn = 1.

The performances of OC at the relays and at the destination is compared with
two schemes: (1) MRC at the relays and OC at the destination, and (2) OC at the
relays and MRC at the destination in Fig. for joint relay and antenna selection.
The performances for M = 2 and M = 4 are shown in the curves with square
markers and cross markers, respectively. Accordingly, the diversity gain is equal
to zero for MRC as CCI is not suppressed by MRC. Furthermore, the performance
with MRC at the relays only is significantly better than the performance with MRC
at the destination only. Hence, having OC at the destination node is very critical to

improve the performance in the presence of CCI. At low SNR values, the perfor-
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mance of MRC and OC are comparable as AWGN is the principle limiting factor
at low power levels. However, at large SNR values, CCI becomes the principle
limiting factor due to the increase of interferer powers, which is the reason for OC

outperforming MRC at high SNR values.

10
107"k OC at the relays, MRC
at the destination
B—8B—8——F8—~¢
1072 J
o MRC at the relays, OC |
3 at the destination ]
o 3
10 ¢ i
-4 |
10 OC at the relays E
and the
destination
0 5 10 20 25 30

5
PS/I\}O (dB)

Figure 6.4: The outage performance comparison of OC and MRC with joint relay
and antenna selection form = M, N, = 1,7 =2, Psp = Pr/8and n = 1.

Significantly, the combination of OC with joint relay and antenna selection
achieves the same diversity gains as conventional relay transmission in orthogonal
timeslots, in the presence of CCI. However, the capacity is improved as the commu-
nication uses only two time slots, instead of M + 1. Furthermore, the performance
degradation due to CCI at the relays [2] is mitigated using multiple antennas and

OC at the relays.

6.5 Conclusion

The performance of optimum combing in DF cooperative relaying with interfering
signals present at the relays and the destination was analyzed. Joint relay and an-

tenna selection was used in Phase 2 of the communication to improve the capacity.
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OC with joint relay and antenna selection achieves diversity gains when the inter-
ferer powers are scaled with the source and the relay powers, given that at least one
relay has T; > N;, where T; and N; are the number of antennas and the number of

interferers at relay ¢, respectively.
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Chapter 7

Optimum Combining in
Amplify-and-Forward Relaying

The performance of optimum combining (OC) in amplify-and-forward (AF) re-
laying systems in the presence of co-channel interference (CCI) is analyzed using
a tight approximation for the signal-to-interference-plus-noise ratio (SINR) at the
destination. Two types of relaying protocols are studied, all-relay transmission with
OC and best-relay transmission with OC. When CCI is present only at the destina-
tion, both relaying protocols achieve diversity gains up to M/ when interferer powers
are scaled with the source and the relay powers, where M is the number of relays.
Best-relay transmission with OC maximizes the spectral efficiency as each commu-

nication consumes only two time slots!

7.1 Introduction

Compared to decode-and-forward (DF) relaying, amplify-and-forward (AF) relay-
ing is less complex and more secure. When the distance between the source and the
destination is such that dual-hop communication is possible, multiple relays can be
used to transmit to the destination and diversity combining / relay selection tech-
niques can be used to improve the system performance. Maximal-ratio combining

(MRC) is the optimal diversity combining technique when additive white Gaussian

'A version of this chapter was published in IEEE Transactions on Communications,
N. Suraweera and N. C. Beaulieu, “Optimum Combining in Dual-Hop AF Relaying for Maximum
Spectral Efficiency in the Presence of Co-Channel Interference”, IEEE Transactions on Communi-
cations, vol. 63, no. 6, pp. 2071-2080, Jun. 2015.
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noise (AWGN) is the dominant limiting factor [1]. However, in practical wireless
communications systems, co-channel interference (CCI) is the dominant limiting
factor due to frequency reuse. The performance of MRC is degraded in the pres-
ence of CCI and diversity gains are achieved only if the average interferer power
remains constant [2]], [3]. However, it is not always reasonable to assume that av-
erage interferer powers remain constant when the source and the relay powers are
increased.

The performance of dual-hop AF relaying with a single relay, in the presence
of CCI was studied in several publications, including [4-7] for different channel
models, without considering CCI suppression. It was always assumed that the direct
link between the source and the destinations is completely shadowed. This mode
of relaying operation only improves the coverage, and the diversity gains are not
improved. Furthermore, the performance of transmission by multiple relays was
not studied for AF relaying in the presence of CCI, except for relay selection.

The main limitation of transmission in orthogonal time slots is the degradation
of spectral efficiency as multiple time slots are used for a single communication.
Relay selection [8]] enables achieving higher spectral efficiencies, while maintaining
the diversity gains as only one relay forwards its received signal to the destination.
The performance of relay selection in the presence of CCI was analyzed in [9-12]
for AF relaying. In [9] and [10], interference was assumed to be present only at the
relays. In [11], both the relays and the destination were assumed to be affected by
CCI. The direct link was assumed to be shadowed. The direct link was assumed to
be available in [12] and interference was present only at the destination. However,
the cancellation of CCI was not considered.

When co-channel interference is present, optimum combining (OC) (also known
as minimum mean-square-error combining) is the diversity combining technique
that maximizes the signal-to-interference-plus-noise ratio (SINR) at the receiver
[13]]. It enables achieving diversity gains by suppressing the co-channel interference
component of the received signal as well as the ambient noise component, thus out-
performing MRC. The performance of OC in multiple-antenna receivers has been

widely investigated in the literature (e.g. [14-17] and the references therein) for dif-
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ferent system and channel models. For AF relaying with a single multiple-antenna
relay, CCI suppression at the relay using OC was studied in [18] and [19], where
the direct link was assumed to be shadowed and the destination is interference free.

The additional performance overhead of OC over other diversity combining
techniques is the estimation of interferer channel state information (CSI). In [20]], it
was shown that the performance of OC in DF relaying is not affected if the desti-
nation is only provided with the variance of interferer CSI, instead of instantaneous
interferer CSI. This reduces the channel estimation overhead significantly as the
CSI variance changes less frequently, compared to instantaneous CSI.

In this chapter, the performance of AF relaying with OC is analyzed in the
presence of CCI. In the first part of the analysis, CCI is assumed to be present
at the destination only. Two types of relaying protocols are considered, all-relay
transmission with OC, where each relay amplifies and forwards its received signal
to the destination in orthogonal time slots [21], and best-relay transmission with
OC, where only the best available relay amplifies and forwards its received signal.
Next, the performance of best-relay transmission is briefly studied when CCI is
present at the relays and at the destination. The main contributions and insights in

this chapter are listed as follows.

1. For all-relay transmission with OC in the presence of CCI only at the destina-
tion, the outage probability is derived using a tight approximation for SINR
at the destination. It is proved that a diversity gain of M is achieved, where
M is the number of relays. However, the spectral efficiency of all-relay trans-

mission with OC is degraded with an increase of the number of relays.

2. For best-relay transmission with CCI present only at the destination, it is
proved that a diversity gain up to M is achieved using OC. Furthermore, the
capacity is maximized as only two time slots are used for a single communi-

cation.

3. Similar to [20]], it is proved that for AF relaying, the performance of all-relay
transmission and best-relay selection are not affected if the destination node

is only provided with the distribution information of interferer CSI, instead
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of instantaneous interferer CSI. This reduces the interferer channel estimation

overhead of OC significantly.

4. The performance of best-relay selection when CCI is present at the relays and
at the destination is studied using an approximation for SINR. The outage
performance degrades and the diversity gain reduces to zero as OC at the

destination fails to cancel the interference at the relays.

The rest of the chapter is organized as follows. The system description when
CCl is present only at the destination is presented in Section 7.2 and in Section 7.3,
the performance of OC with CCI present only at the destination is analyzed. The
performance of best-relay transmission with OC when CCI present at the relays
and at the destination is studied in Section 7.4. Numerical results are presented and

discussed in Section 7.5, and Section 7.6 concludes this chapter.

7.2 System Description with CCI at the Destination
only

An AF relay network with a source node (S), a destination (D) and M relays
(R;,t € Q = {1,2,...,M}) is considered (Fig. [Z1)). In this part of the analy-
sis, it 1s assumed that the effect of CCI on the relays is negligible. The destina-
tion is interfered by Np co-channel interferers having average powers FPrp,,j €
{1,,2..., Np}. This model is relevant when the destination is located closer to the
edge of the cell and the relays are located far from the edge of the cell. The average
powers of the source-relay, source-destination and relay-destination links are Pg,
Psp and P, respectively. The source-relay, source-destination, relay-destination
and interferer-destination links are assumed to be frequency-flat Rayleigh faded
with h; ~ CN(0,1), go ~ CN(0,1), gi ~ CN(0,1) and I; ~ CN(0, 1), respec-
tively, where 1 € Q = {1,2,...,M}and j € {1,2,...,Ip}.

The cooperative communication protocol consists of two phases. During the

first phase, the source node broadcasts its message to all the relays and to the desti-
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Figure 7.1: The AF relay network with co-channel interference at the destination.

nation. The signal received at the destination during phase 1 is given by

Np
ysp = \/ Pspgoxo + Z Prp,ljz; +nsp (7.1)
=1

where x is the data symbol transmitted by the source and z; are the data symbols
transmitted by the interferer nodes. ng p is the noise at the destination in the first
phase and ng p ~ CN(0, Ny). The signal received at the R; during phase 1 is given
by

ysr, = v/ Pshito + nsg, (7.2)
where ngr, ~ CN(0, Ny).

In Phase 2, amplify-and-forward relaying is used. For mathematical tractability,
the amplification gains of relays are assumed to be channel state information (CSI)
assisted, i.e. R; estimates h; correctly and inverts the amplitude of the received
signal component (v/Ps|h;|). Two types of relaying protocols are considered, all-

relay transmission and best-relay transmission.

7.2.1 All-relay transmission

Here, all the relays participate in the communication and each relay transmits an
amplified version of its received signal to the destination in orthogonal time slots.
Hence, M + 1 time slots are used to complete a single communication and the OC

receiver combines the signals received in M + 1 branches.
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It is assumed that the fading coefficients of interferer-destination links are quasi-
static, i.e. the values of { f;} remain the same during a single cooperative communi-
cation cycle and are different between communication cycles. The signal received
at the destination node from Relay ¢ during Phase 2 is

In
YrR,D = \/P_Tgl‘h i Z Prp,ljz; + \/\];_R—g]zsf + ng;p (7.3)
where ng,p ~ CN (0, Ny).

The OC receiver at the destination combines the signals received in M + 1 time
slots to detect the transmitted symbol 2y = wily, where y = [ysp, Yr, D, YRsD - - -

yRMD]T and the OC weight vector w is given by w = Ra})a, where o« = [\/PSDgO,

Vv Prgih1 +Prgahs VPrgnmh M
lhal 7 |h2l 77 |

T
] . The noise-plus-interference correlation matrix

Roc is given by [13]

P 2 P 2 P 2
ROC — NOIM+1 + dlag |:07 R|gl| R|92| R|gM| :|

Ps|hi|?’ Ps|ha|?” 7 Ps|hp]?
(7.4)

Ip
+) PP a1l

j=1

It is assumed that the destination is provided with the channel state information
of source-relay channels in Phase 1. In [22], the overhead associated with con-
veying the channel state information (CSI) of source-relay links to the destination
is discussed. Accordingly, a potential training process consists of following two
steps.

In Step 1, the destination obtains the CSI of the relay-destination links using
pilot signals, transmitted by the relays in orthogonal time slots. Step 1 takes M
time slots.

The source node broadcasts its pilot signal to the relays and to the destination
in Step 2. Each relay, amplifies this signal using a fixed known amplification factor
and forwards to the destination in orthogonal time slots, which is used to determine
source-relay channel coefficients at the destination. Step 2 takes M + 1 time slots.
Hence, the training process takes 2M + 1 time slots.

The resulting SINR at the destination is given by [13]
Ypoe = a"RpLa. (7.5)
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It should be noted that the elements of o have the same distribution as the
elements of the vector g = [v/Pspgo, vV Pry1, VPrgo, - .-, \/P_RgM]T. It is very
difficult or impossible to analyze the performance of the AF relay network using OC
based on the exact SINR expression given in (Z.3). In order to further analyze the
performance of the OC receiver in AF relaying , we propose a tight approximation

for the SINR in (Z.3)), which is expressed as

Psplgo|’ <N (PRwiP PSW)
v ~ + min , (7.6)
PO T N+ 2002, PILI(M + 1) ; No — No
M
Xp
- _ Z; 7.7
N0+YD+Z (7.7)

i=1
where X is an exponentially distributed random variable with parameter Psp. The
probability density function (PDF) of Y, is given by [23] eq. (9)]

-1

d Sy’ -y
Fro(y ZZ e p<7nk(M+1)> (7.8)

k=1 l=1

where 7,72, . .., 7, are the distinct values of Prp (j € {1,2,...,Ip}) with multi-
plicities vy, v, . . ., 1., respectively, such that 22:1 v, = Ip. The coefficients ¢y,

are defined in [23} eq. (10)]. The PDF of Z; is given by [24, eq. (6-82)]

NQ —N()Z
(2) = — 7.9
fz.(2) B, XP ( B, ) (7.9)
where Pr = P]; R+P Iﬁs. Hence, the random variable Zp = Zf\il Z; is gamma dis-

tributed with shape parameter M and scale parameter %.

The approximation in (Z.6)) is obtained by applying the SINR expression de-
rived for DF relaying in [25, eq. (7)] into AF relaying. If the destination node is
interference free, the signal-to-noise ratio (SNR) of the ¢-th relay-destination link is

tightly bounded by
Yi1Vi2
L+ i1 + 72

_ Prlgil?
No

Vi = < min (7,1, Vi2) (7.10)

Pg|hi
where v;; = S‘  and Yio

(Z.6).
For all-relay transmission, if MRC is used, the weight vector is found by w,rc =

-1 _ : Prlgi|®  Pgrlg2|? Prlogm® |
R} rca where Ryrc = Nyl + diag |0, PolmE? Palhal®? 7 Palingl® | 15 the total

, which is used to get the approximation in
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noise covariance matrix. The resulting SINR is

_ 2
YR ol Ry peRocRyfpea .

7.2.2 Best-relay transmission

Here, only the best available relay amplifies and forwards the received signal to
the destination. The general case of n-th best relay selection is considered as the
best relay (n = 1) may not always be available for the communication in Phase 2.
Therefore, a single communication consumes only two time slots. Furthermore, the
OC operation in best-relay transmission is simpler than in all-relay transmission as
only two diversity branches are combined. Finding the best available relay is the
additional overhead.

It is clear that the destination is the best node to make the selection decision
with minimum additional overhead as it is provided with the necessary channel
state information to perform OC. Feedback of [log, M| bits is sufficient to convey
the selection decision to the relays and no channel state information feedback is
necessary.

In relay selection, the received signal by the destination in Phase 2 is

vV Pragih \/P
Yrop = RIkNEL0 Z P1 f] L+ VIRGKENS Ry,
R v Ps|hy|

where £k is the index of the n-th best relay, which is obtained by

_'_anD (712)

k = arg max {Vpoe: = aiHRalc,iai} (7.13a)
where
Roci = Nol + diag { \/_‘|}‘?‘2] + Z Pr|i;)*11" (7.13b)

and o; = [\/ Pspgo, ‘/PTI; ‘L } . If best-relay transmission is used with MRC, the

selected relay index is obtained as

Hp -1

q = arg max { vy = o Rivro,i (7.14)

- - Dyreyi — — — .
n,i€Q et ol RZ\;RC,iROC,iRZ\;RC,iai

where R/rc; 1s the total noise covariance matrix.
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7.3 Performance analysis of OC With CCI at the Des-
tination only

7.3.1 All-relay transmission

Cumulative distribution function

Based on the principle of total probability, the cumulative distribution function

(CDF) of SINR of the OC receiver at the destination can be expressed as

E,(v)=1- (1, +1) (7.152)
where
/ / / fxp () fyp (Y) [z, (2)dadydz (7.15b)
0 0 (y—2)(Not+y)
and N
L.~ [tz .15

5
Using [26, eq. (3.351.2)], the integral Z, is solved as

k
M-1 [ 2N
T, = exp (_VNO) 3 ( fr ) . (7.16)
k=0

Pr k!

Substituting for fx, (x), fy,(y) and fz,(z) and after some manipulations, Z; can

be expressed as

) dri(—Psp)’ (ﬁ—g)M ] M1
(

2.2 ;
k(M + 1)) (M) z—— nkgifjrl)) (7.17)

X exp Noz _ Noz dz
Psp  Pr '

For Psp # Pr, after simple manipulations Z; can be expressed as

r M-1 M—1 '
T poarn = ;;Kz (k,Dexp(aK) Z_; ( ) ) KM=
V=K1 (7.18a)
X / tlexp(at)dt
e

104



where

€xp ( Psp ) bri(— PSD)l (ﬁ—;)M

Ko(k,1) = TR ESYINE (7.18b)
and
_ Psp VA S
Kl—’}/—Fm, CL—NO <PSD PT) . (7180)

For this scenario, Z; is solved as [26, eq. (2.324.2)]

Hegper ‘iZKﬂ”Z(M- )KM“IM (7.192)

k=1 l=1

(il (=17 (i=0)!(exp(an)(y— K1 )i—t=T — (= K7 )=t -

Zj:O ( Zi_’ly_j)glajﬂ ' ) if ¢>1

(exp(ay)—1) _—
7 N if Q=1
Il ('l, l) = exp(a%1)017i71(Ei(a(’Y—K1))—Ei(—aKl)) ) .
(I—i—1)! if <.
e S ) D! 1 exp(ay)
+Z (I—i— lj) ((_Kl)lﬂ;j - (y_fgl)lFJ‘)

(7.19b)

where Ei(z) is the exponential integral function, defined in [26] eq. (8.211.1)].
It Psp = Pr = P, 7, is obtained as [27, eq. (1.2.4.3)]

T Vi
K2(kvl) 7
n =Yy LR (z,M;MH;ﬁ
sp=fT k=1 I=1 (’y—l— (JJV;-H)) M v M (M+1)

(7.20)

where o F (-, ; -, -) is the Gauss hypergeometric function [26, eq. (9.100)].

Moment generating function

The conditional moment generating function (MGF) of yp can be found as

1

e
Psps Prs
(Noi%D +1) (NTO +1)

Moy (s) = (7.21)
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Averaging over the PDF of Yy, given in (Z8)), we obtain the unconditioned
MGEF of vp as

et NG (-1 —1)lt
MVD(S)_Z_:E_:(l—1)!(nk(M—|—1))l(PT8+N0)M [NO i:1< ! >( !

) — 1 ' | —n —j+n _
£ o ) (mk(M + 1)) ™" (No + Psps) """ + (= Ny — Pgps)"™!

NQ—I—PSDS> <N0+PSDS>

X (—=Psps)exp <77k(M +1) ne(M +1)

(7.22)

where E;(z) is the exponential integral function defined in [28 eq. (5.1.1)]. Hence,
the average symbol error rate (SER) is [29]]

w/2
P = ! /./\/l & do (7.23)
° r w 2sin’f '
0

where b is a constant based on the modulation scheme used.

Ergodic capacity

The ergodic capacity can be found as [30]

r1-
Cp = M+1 )og(2 / 1+7 (7.24)
0
or as [31]
1 1-M
Cp = (](\)/[gifel)) /< S'YD(S))exp(—s)ds (7.25)

0
using a single numerical integration. The division by M + 1 is required as M + 1

time slots are used for a single communication.

Diversity gain

The diversity gain is found by finding the minimum exponent of - in (Z.I3). It

is assumed that Pr, Psp and the interferer powers are scaled with Ps, i.e. Pop =
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MPs, Pr = Ao Ps and 1, = A3, Ps, where \;, Ao and )3, are constants. Hence,
Pp =255 and g = 20 (i — ’\2“). From (8.22),

(14+X2) Ps \ \1 A2

k
o (1Mo
1—12:exp<_7N°) 3 (PT> . (7.26)

Pr )=
Using the power series expansion of the exponential function, the asymptotic

value of 1 — 75 is found as

()"
o Pr 1

Hence, the minimum exponent of PLS in the asymptotic value of 1 — Z, is M.
For the special case of Psp = Pr, using (Z.20), the asymptotic value of Z; can be
expressed as y

° = <7P—]ZO) Ks;+ O (%) (7.28)
where the exponent of PLS in K3 is zero.

For Psp # Pr, by applying the power series expansion of the exponential
function in (Z.I8b)), we observe that the minimum exponent of (%) in Ky(k,1) is

equal to M. We now analyze the term Z; (i, {) in (Z.19) for different cases of i and
l.

1. ¢+ > [ - For this case, using the power series expansion of the exponential

function it can be shown that

(i, )=~ Ky(i, 1) + O (a) (7.29)

>l

where K4(i,1) = -1 ((v — K1)"' — (=K,)"™)), is a constant for a given

pair of 7 and [ and a is proportional to <i> Hence, the minimum exponent

Ps
of <Pis) in Z, (i, 1) is zero.

2. i = [ - Using the approximation exp(ay) =~ 1 + ay as a — 0, for this case

T (1,1)*° & ~. Thus, the minimum exponent of Pis is zero.

3. @ < [ - For this case, the asymptotic value of T (1,1) can be expressed as

A

56,0~ Ks(i,1) + O(a) (7.30)

i<l
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where K5(7,1) is a constant for given i and . The proof of (Z.30Q) is given in
Appendix 5.A.

Hence, the minimum exponent of PLS in 7, (1,1) is equal to zero for all values of
and /. Thus, the minimum exponent of PLS inZ; is M.

Consequently, OC achieves a diversity gain of M in AF relaying when interferer
powers are scaled with the source power and the relay powers. Note that there are
M + 1 diversity branches, including the direct link. It was shown that the diversity
gain of OC reduces with the increase of the rank of the interference correlation
component in Ro¢ [1316]. From (Z.4), when CCl is present only at the destination,
the rank of interference correlation component in Rp¢ is equal to one. Due to the
interference at the destination, the diversity gain is reduced by one and equal to M.
This is the maximum achievable diversity gain in the presence of CCI, which is a
significant improvement compared to MRC, where the diversity gain reaches zero
when the interferer powers are scaled with the source and the relay powers.

The additional overhead associated with OC over MRC is the estimation of

interferer channels. [20]]

Theorem 7.1. For AF relaying with high-power, quasi-static-fading interferers, the
outage performance remains the same if the destination is provided with the aver-
age interferer powers and the variances of its interferer CSI, instead of the instan-

taneous interferer CSL.

The proof is given in Appendix 7.B.

In [20] it was shown that the performance of OC in DF relaying is not affected
if the destination estimates the average power and the variance of the interferers,
instead of instantaneous interferer CSI. Following the steps used in [20], it can
be easily proved that this result is applicable for AF relaying as well. Hence, the
additional overhead associated with OC can be significantly reduced by exploiting

this insight.
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7.3.2 Best-relay transmission

As shown in (Z.24), the capacity of relaying in orthogonal time slots degrades with
the increase of the number of relay nodes, which is its primary drawback. Best-
relay transmission, where only the best available relay transmits to the destination
in Phase 2, can be used to improve the capacity.

The probability density function (PDF) of SINR for the selection of the n-th
best relay is [24} eq. (7-14)]

— n_l
M1 ) (1= Fyp, (1) (7.31)

n=1 ) TEL G

where p, is defined in (Z.13) and £, , (7) is found by substituting M = 1 in (Z.15).
Hence, the SINR CDF for the selection of the n-th best relay is [26} eq. (8.391)]

Foos () = Mo (7) (

M —n
E,. (= < "1 ) E, (V)M <M —n+1L1-nmM-n+2F, (7)) :
(7.32)

It was shown that the minimum exponent of PLS in I, isequal to 1 for M = 1.
Hence, (Z.32)) confirms that best-relay transmission results in a diversity gain of

M —n + 1. The ergodic capacity of relay selection is found by substituting M = 1

and F,, () in (Z.24).

7.4 Performance of Best-Relay Transmission with CCI
at the relays and at the destination

In this section, the general case of CCI present at the relays and at the destination as
in Fig.[7.2]is studied. The interference at the relays is propagated to the destination
in Phase 2 due to AF operation, which makes the analysis more complicated. Relay
node ¢ is affected by Np, co-channel interferers. The properties of the interferers at
the destination are the same as in Section 7.2. It is assumed that the destination is
not provided with the CSI of the relay interferers.

The received signal at R; in Phase 1 is given as

Ng,
ysr, =/ Pshivo + Y \/Pir, firtir + s, (7.33)
T=1
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Figure 7.2: The AF relay network with co-channel interference at the relays and at
the destination.

where Prp,_ 1s the average power received by the i-th relay from the 7-th interferer,
fir 1s the channel coefficient between the 7-th interferer and the i-th relay, f;, ~
CN(0,1) and ¢;, is the symbol transmitted by the 7-th interferer.

For best-relay transmission, the signal received by the destination in Phase 2 is

N
RILNEX0 RIk le IRy, JErlkr il
_\/P h +\/P Z /P frrt =

YRrR,D = +ZN/PID-Zjuj
h vV Ps|h , !
s st i=1 (7.34)
VP
i RIKNSR, T
v Ps|hy]
where £ is the index of the selected relay, given by
k = arg max yp,, (7.35a)
n,i€Q
where )
aR;L .«
VDai = (o Roo.2) (7.35b)

Hp—1
o; R o + 1

T

— — 194 N 7
where ¢ = af{Rolc,ifRingolc,iai’ fr, = [07 \ ];_I;é\]hf\] B =20/ Prr fir
and Roc; is given in (Z.13). Note that 1); is the total interferer power at the relay

1, received at the output of the optimum combiner. Since the optimum combiner

at the destination is not provided with the CSI of the relay interferers, it fails to
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suppress the interference received from the relays, which results in v;. Due to the
presence of ¢); in the denominator, the diversity gain of OC should reach zero when
the interferer powers are scaled with the source and the relay powers.

Further performance analysis based on the exact expression for yp,, in is
very difficult due to the complexity of the expression. Hence, following approxi-
mation is proposed.
T No+ 0, Pl

Xp
“No+Yp

Psplgol? . <PR|91'|2 Ps|h;|? )
YDy + min

No ' No+ |Bil?

+ Z;. (7.36)

The approximation given in (Z.36)) is based on (Z.6). The fact that the CCI at

the relay ¢ is not suppressed by the OC receiver is incorporated to obtain Z; [4, eq.

(12)].
Similar to (Z.8), the probability density function (PDF) of V' = |3;|* is given by

P Aa 1 R v
= e — 7.37
fV(U) (b _ 1)‘026Xp < 90, ) ( )
a=1 b=1
where 01, ..., 0, are the distinct values of Prg, (7 € {1,2,..., Ng,}) with multi-

plicities A1, ..., A, respectively, with > 7 _, A\, = Ng, and p,;, are obtained by [23|

eq. (10)].
It can be proved that the CDF and the PDF of Z; are

P Aa [1,5€XP <—N0,z (PLR + PLS))

Fr(z)=1-) %" - (7.38)
a=1 b=1 b (Pis + é)
and
P A —Naz [+ + L
/"Labexp< OZ (P +P>> 1 1 b
S NERE .
a=1 b=1 b <Pis + é) R s P (PLS + %>
(7.39)
Similar to (Z.13)), an approximation for the CDF of ~yp,, can be found as
E,, ()="Fz(v) -1 (7.40)
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where,
i Fexp (— 22 £, (2)

Vg
I3 = Z ¢kl/ ;
1i=1 (% + 1)

dz. (7.41)

k=

7.5 Numerical Results

In this section, numerical results obtained for the outage probability and ergodic
capacity using analytical expressions and numerical integration are compared with
simulation results. The destination is interfered by 5 co-channel interferers hav-
ing signal-to-interference ratios (SIR) %Sj = {3,5,7,10,15} dB, unless specified
otherwise. The SINR threshold for outage, v = 5 dB.

The outage and ergodic capacity performances of all-relay transmission with
optimum combining are shown in Figs.[7.3]and [7.4] respectively. The outage prob-
ability is obtained by substituting v = ~ in (Z.13). Accordingly, the outage perfor-
mance and the diversity gain improves with the increase of the number of relays and
it is verified that the diversity gain is equal to M. However, the ergodic capacity de-
grades as the number of relays increases as all-relay transmission consumes M + 1
time slots to complete a single communication, which is its major drawback. It can
be observed that the tightness of the approximation given in (Z.6)) slightly reduces
with the increase of M. However, the difference between the simulation results and
and the analytical results is always less than 2 dB for practical values of M. The
tightness of this approximation is further investigated later in this section.

In Fig. the outage performances when the destination is provided only with
the average interferer powers and the variances of the interferer CSI, are compared
with the performance when the destination is provided with the instantaneous CSI
of interferers. Accordingly, there is almost no performance loss when the destina-
tion only has knowledge of the average interferer powers and the variances of the
interferer CSI, instead of the instantaneous interferer CSI. The main additional over-
head associated with OC is the estimation of interferer CSI and this result suggests
that the overhead can be significantly reduced, since the average interferer powers

and interferer CSI variances change less frequently, compared to the instantaneous
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Figure 7.3: The outage performance with different numbers of relays in all-relay
transmission for Psp = Pg = Pkg.
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Figure 7.4: The ergodic capacity for different numbers of relays in all-relay trans-
mission for Psp = Py = Pg.
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Figure 7.5: The outage performance of all-relay transmission when the destination
is provided only with the average interferer powers and the variances of interferer
CSI and when the destination is provided with the instantaneous interferer CSI for
Psp = Pg = Pg.

The outage performance and ergodic capacity of the combination of best-relay
transmission and OC is shown in Figs. and [77] respectively for n = 1. Ac-
cordingly, the combination of best-relay transmission and OC achieves a diversity
gain up to M. Moreover, the capacity increases with M as the number of time
slots used for the communication is always 2. However, the incremental increase
in ergodic capacity when M is doubled, decreases as capacity depends on the loga-
rithm of SINR at the destination and SINR only increases linearly, not exponentially
with the increase of M. Hence, the combination of OC and best-relay transmission
maximizes spectral efficiencies in the presence of CCL. It is evident that the ap-
proximation for SINR given in (Z.6)) is more suited for all-relay transmission than
best-relay transmission.

In Figs. [7.8] and the outage performances and capacities of four diversity
techniques are compared, namely all-relay transmission with OC, best-relay trans-

mission with OC, all-relay transmission with MRC, and best-relay transmission
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Figure 7.6: The outage performance of best-relay transmission with OC for Psp =
Py = Prandn = 1.
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Figure 7.7: The ergodic capacity of best-relay transmission with OC for Psp =
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with MRC. For this comparison, it has been assumed that the destination is inter-
fered by 3 co-channel interferers having SIRs % = {10,15,20} dB. High SIR
values are selected as the performance of MRC severely degrades in low SIR val-
ues. At very low SNR values, the performances of OC and MRC coincide as the
interferer power is negligible. However, the diversity techniques using OC eas-
ily outperform techniques using MRC in medium-to-high SNR values. Techniques
using MRC do not achieve diversity gains as they do not suppress CCI at the desti-
nation.

Moreover, the techniques using all-relay transmission shows a better coding
gain compared to the diversity techniques using best-relay transmission. This can
be explained by the array gain of the OC or MRC receiver, which increases with the
increase of M. Furthermore, best-relay transmission with MRC outperforms the
capacity of all-relay transmission with OC for M = 4. However, best-relay trans-
mission with MRC shows the worst outage performance out of the four diversity
techniques considered.

The tightness of more mathematically tractable approximation for the SINR of
the OC receiver in (Z.6) is investigated in Fig.[Z.10 for M = 4 and g—i =0dB. The
variation of tightness with the decrease of Psp is shown. Accordingly, the tight-

ness worsens with the decrease of Psp. It can be observed that the approximation

. Psplgo|®
No+3232, Pr|i;[2(M+1
significant with the decrease of Psp. The exact performance also converges at very

converges with the decrease of Pgp as the term

) becomes in-

small Psp values at a rate slower than the approximation. It can be concluded that
the performance gap remains within 2 dB for the complete range of Psp, which
confirms that the approximation is tight in the whole range of Pgp.

In Fig. the tightness of the SINR approximation is shown against the
variation of the average relay power, Pg for M = 4 and P};—i = 10 dB. Unlike
with decrease of Psp, the tightness of the approximation improves with decrease
of Pr. Again, the performance gap is less than 2 dB for the complete range of
Pg, confirming the tightness of the approximation. Furthermore, the outage perfor-
mance is more dependent on Py than Psp and unlike with a decrease in Psp, the

performance does not converge with a decrease in Pg.
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Figure 7.8: Outage performance comparison for different diversity techniques in
the presence of CCI for (a) M = 2 and for (b) for M = 4.

In Fig. the performance of best-relay selection when CCI is present at the
relays and at the destination is demonstrated. It is assumed that each relay node is
affected by 10 co-channel interferers, each having SIR of Pf;s_ =20dB, 1 € Q,
T € {1,...,Ngr}. A higher SIR at the relays is justified as tﬁTe relays are located
farther from the edge of the cell than the destination. However, the performance of
OC degrades significantly in the presence of CCI at the relays and the destination,
since the interference at the relays is not suppressed by the optimum combiner at

the destination.

Theoretically, two approaches can be used to improve the performance in the
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Figure 7.9: Capacity comparison for different diversity techniques in the presence
of CClI for (a) M = 2 and for (b) for M = 4.

presence of CCI at the relays and the destination. First, multiple-antenna relays
can be used , where OC is implemented at the relays to suppress interference at the
relays [18,19]. However, this approach increases the overhead and the complexity
at the relay nodes significantly. For single-antenna relays, the performance can be
improved by conveying CSI of all the relay interferers to the destination, where the
total interference can be suppressed using OC. However, this approach is only of

theoretical interest as the practical implementation is very difficult.
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Figure 7.10: The tightness of the approximation in (Z.6)) to the exact SINR expres-
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Figure 7.11: The tightness of the approximation in (Z.6)) to the exact SINR expres-
sion given in (Z.3)) for varying Pg with M = 4 and PZ—Z =10dB.
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Figure 7.12: The outage performance of best-relay selection with OC in the pres-
ence of CCI at the relays and at the destination.

7.6 Conclusion

The performance of amplify-and-forward relaying with optimum combining in the
presence of co-channel interference was analyzed. A tight and mathematically
tractable approximation was proposed for the SINR at the destination. Two types of
relaying protocols were considered: all-relay transmission with OC and best-relay
transmission with OC. It was shown that both protocols achieve a diversity gain
of M if CCI is present only at the destination and when the interferer powers are
scaled with the source and the relay powers. Furthermore, best-relay transmission
provides the best spectral efficiency in the presence of CCI, compared to other di-
versity techniques. Moreover, if CCI is present at the relays and at the destination,
the performance degrades and the diversity gains are lost as the optimum combiner

at the destination fails to suppress interference at the relays.
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7.A The Derivation of

The expansion of Ei(x) is expressed as [28] eq. (5.1.10)]
Ei(z) = a + log(z) + ; % (7.42)

where « is the Euler’s constant [28, eq. (6.1.3)]. Hence,

Ei(a(y — K;)) — Ei(—aK;) = log (KIK_ V) + ay + O(d?). (7.43)
1

Using the approximation exp(ay) ~ 1 + a7y as a — 0,

(1+aK;)a'=1 <log (K;(:'Y> + O(a))

A~

LG~ ~ —
S ! 1 1+ ay
- ; (l—i—-1D)(I-i-2)...(Il—i—17) ((—Kl)l—i—j N (v — Kl)l—i—j)
(7.44)

From , it is clear that the 7, (¢,1)>°|  can be expressed as in (Z.30), which

>
completes the proof.

7.B The Proof of Theorem 7.1

In this section, the proof of Theorem 2 is presented. When the destination is only
provided with the the average interferer powers and the variances of interferer CSI,
the noise-plus-interference covariance matrix can be expressed as

VPr|lg1[* VPr|g2)? V' Prlgum|?

R:N1+diag[0, ,
0 VPs|h|2’ v/ Ps|hal? NaTIE
. (7.45)

+3 Pyli*11T

J=1

where Zj and [; are independent and identically distributed and Zj is the estimate of
[; at the destination. Now, the combiner vector is W = R la. Hence, the resulting

SINR at the destination is [20, eq. (12)]

. 2
<aHR‘1a>
afR-'RRla

’}/D2 = (746)
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Using the matrix inversion lemma [32} eq. (2.1.4)], it can be shown that

A-1\11TA !

R'=A1_-—> 22— (7.47a)
14+ Ao
where
2 P 2 P 2
A = NI + diag [0, VEPrlg " v R‘QQ‘Z,..., v R|9M|2] (7.47b)
V' Ps|h1]?" v/ Ps|hs| vV Ps|hu|
and
~ ID ~
A=) PP, ¢o=tu(AT"). (7.47¢)
j=1
Therefore,
R . A
R'R=I+)NA""117 - \A 117 (U) . (7.48)
14+ Mo

When the noise power is insignificant with respect to the interferer powers,
R'R ~ I. Hence,
vp, ~ aR 1. (7.49)

As )\ has the same average powers and variances as A, vp, is equivalent to vp

in (Z.3), which completes proof.
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Chapter 8

Optimum Combining For
Cooperative Relaying in a Poisson
Field of Interferers

Spatial point processes are commonly used to model the placement and the number
of interferers in modern wireless networks, where the ad-hoc deployment of trans-
mitters is common. The homogeneous Poisson point process (PPP) is the most
popular spatial point process used to model co-channel interference. Optimum
combining (OC) is the diversity combining technique that maximizes the signal-to-
interference-plus-noise ratio at the receiver. The performance of OC in cooperative
relaying in an interferer field modeled by a homogeneous PPP is analyzed. Both
decode-and-forward (DF) and amplify-and-forward (AF) relay protocols are stud-
ied. Multi-relay transmission and relay selection techniques are considered. Accu-
rate approximations for the outage probability are derived for DF and AF relaying
when the destination is able to estimate the noise-plus-interference correlation ma-
trix (NICM) perfectly. An approximation for the outage probability of DF relaying
is obtained when the destination only estimates the channel state information of the
closest interferer. Relay selection outperforms multi-relay transmission in both DF
and AF relaying protocols. The interference correlation at the relays significantly
degrades the outage performance. Limited estimation of the NICM results in better

performance than conventional maximal-ratio combining, though it fails to achieve
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diversity gain.

8.1 Introduction

The advantages of cooperative relaying include, but are not limited to, increased
diversity, coverage extension and mitigation of shadowing. Amplify-and-forward
(AF) and decode-and-forward (DF) are two of the most commonly studied cooper-
ative relaying protocols [[1], which are so named based on the processing technique
used at the relays. In dual-hop cooperative communications with multiple relays,
diversity combining techniques are used to combine the signals received in multiple
time slots and to achieve diversity gains. Maximal-ratio combining (MRC) is the
optimal diversity combining technique when the receiver is additive white Gaussian
noise (AWGN) limited [2].

Co-channel interference (CCI) is the primary performance limiting factor in
multicell wireless communications. The performance of AF relaying in the pres-
ence of CCI was investigated in [3-7] and the references therein for relay networks
with a single relay and the direct link between the source and the destination com-
pletely shadowed. In [8] and [9], the performance of DF relaying with MRC was
analyzed for an interference-limited relay network and it was shown that MRC is
suboptimal in the presence of CCI.

For multiple-antenna receivers with CCI, optimum combining (OC) [10] is the
diversity combining technique that suppresses interference and maximizes the signal-
to-interference-plus-noise ratio (SINR). In [11] and [12], the performance of OC
was analyzed in AF and DF relaying, respectively and OC results in significant
performance gains in the presence of interference, compared to conventional MRC.

In the above mentioned work, the locations of the interferers and the number
of interferers were considered to be deterministic. This assumption is applicable
for well-planned wireless networks. However, in modern heterogeneous wireless

networks [13], small-scale transmitters are arbitrarily deployed by the operators

A version of this chapter is accepted to be published in IEEE Transactions on Communications.
N. Suraweera and N. C. Beaulieu, “Optimum Combining For Cooperative Relaying in a Poisson
Field of Interferers”, IEEE Transactions on Communications, Date of acceptance - July 2nd 2015,
Number of pages - 11, DOI: 10.1109/TCOMM.2015.2453417.
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and the users. Therefore, it is not practically feasible to plan the whole network.
Consequently, the number and the location of the interferers can be assumed to be
random. For such networks, stochastic geometry [14] can be employed to model the
locations and the number of interferers. With stochastic geometry, it is commonly
assumed that the interferer locations are distributed according to a Poisson point
process (PPP) [15,/16]. The increased randomness of the interference model makes
the analysis more complex, confining most of the available results to homogeneous
PPPs. In a homogeneous Poisson field of interferers, the outage and error perfor-
mances of MRC were studied in [17] and [18], respectively. In [19], the outage
performance of OC in a Poisson field of interferers was analyzed. Nevertheless, the
results in [19] cannot be directly applied for cooperative relaying as explained in
Section 8.2.

In [20], the performance of a dual-hop AF relay network was analyzed with the
interferers at the destination node distributed according to a two-dimensional PPP.
The performance of an N-hop AF cooperative relay network in a Poisson field of
interferers was studied and the performance metrics were derived in [21] and [22]
for Rayleigh and Nakagami-m fading models, respectively. The direct link between
the source node and the destination node was assumed to be shadowed in all these
works, resulting in no diversity gains. In [23], the direct link was present and MRC
was used at the destination node to combine the signals received via the direct
link and from the relay node. However, multiple relays were not used to achieve
diversity gains.

The performance of a DF relay network in a Poisson field of interferers was
studied in [24] for selection combining and MRC at the destination, where spatial
and temporal correlations of the interference in a Poisson interference field were
considered. However, interference mitigation using OC was not considered. In [25],
the performance of multihop DF relaying was studied for the same interference
model. In [26], the performance of relay selection and OC was analyzed for ad-
hoc networks. However, the interference cancellation capability of OC was not
considered in that work.

In this chapter, the performance of OC in a dual-hop multi-relay network in
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the presence of a homogeneous Poisson field of interferers is analyzed for both AF
and DF protocols. A direct link between the source and the destination nodes is
assumed to be present. The main contributions and the insights of this work can be

listed as follows.

1. The outage performance of OC in DF relaying is analyzed for the case when
the relays and the destination are interference-limited and the destination
node is able to estimate the noise-plus-interference correlation matrix (NICM)
perfectly. The transmission techniques of multi-relay transmission and relay
selection are considered. Close approximations for the outage probability are
derived. When the relays are interference-limited, diversity gains are lost.
Furthermore, the outage performance is significantly affected by the corre-
lation among the interference signals at the relay nodes. Moreover, relay
selection is the preferred transmission technique due to outage performance

gains achieved over multi-relay transmission.

2. The outage performance of OC in AF relaying is analyzed when the relays
are noise-limited and the destination is interference-limited with perfect es-
timation of the NICM for multi-relay transmission and relay selection. OC
achieves positive diversity gains when the relays are noise-limited and the
destination is interference-limited. Again, relay selection achieves superior

outage performances over multi-relay transmission.

3. The performance of OC in DF relaying is analyzed with limited estimation
of the NICM, where the destination node estimates only the channel state
information (CSI) of the closest interferer. The diversity gains are lost with
limited interferer channel estimation. However, the performance of OC with

limited interferer channel estimation outperforms MRC.

The remainder of this chapter is organized as follows. Section 8.2 describes
the system, interference and channel models used and in Section 8.3, the perfor-
mance of DF relaying with OC is analyzed with perfect estimation of the noise-

plus-interference correlation matrix. The performance of AF relaying with OC is

130



studied in Section 8.4. In Section 8.5, the outage performance of OC in DF relay-
ing with limited interferer channel estimation is studied. Numerical and simulation

results are discussed in Section 8.6, and Section 8.7 concludes this chapter.

8.2 System, Interference and Channel Models

A dual-hop multi-relay cooperative relaying network similar to the one in Fig.
is considered, where S is the source node, D is the destination node and R;,7 €
Q= {1,..., M} are the relay nodes. Each node deploys a single antenna. dgg;,
dg,p and dgp are the distances between the nodes S and R;, R; and D, and S and D,

respectively, which are assumed to be known constants.

N, ’/

A\

@ b

/1N

Figure 8.1: A multi-relay cooperative relay network with co-channel interference
at the relays and the destination.

In this chapter, two system models with different relaying protocols are consid-
ered. First, decode-and-forward (DF) relaying with CCI present at both the relays
and at the destination node, is considered. This system model is appropriate when
the source-relay communication uses the same frequency resources as the other
transmitters in the vicinity. Even though the AF protocol is the preferred relaying

protocol in terms of simplicity and security, it is suboptimal in this scenario since
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the interference power at the relays is forwarded to the destination. The OC re-
ceiver at the destination is unable to mitigate the interference forwarded from the
relays since the channel state information of the relay interferers is not provided
to the destination. Amplify-and-forward (AF) relaying with noise-limited relays
and interference-limited destination is studied subsequently. This model is suitable
when the source-relay communication uses a dedicated set of frequency resources.

The numbers and the locations of the interferers at the relays and the destination
are modeled by ®x and ®p, respectively, which are homogeneous Poisson point
processes in the two-dimensional (2-D) plane. The node densities of ®g and ¢, are
Ar and \p, respectively. Since the interference signals at different relays share the
same source of randomness, they are correlated [27]. Moreover, the interferers of a
given receiver node are assumed to be uniformly distributed in the 2-D plane.

In both protocols, the source node broadcasts its symbols to the relays and the
destination in the first phase of the communication. The signal received by the
destination in both DF and AF relaying in Phase 1 is

yso = v/ Podsy*gobo + /Pr Y ]|l to.0 + 1, @&.1)

rePp

where Ps is the transmit power of the source node, F; is the transmit power of each
interferer, « is the path loss exponent, b, is the symbol transmitted by the source
node and g is the fading coefficient of the S-D channel. ||z|| is the distance to the
z-th interferer from the receiver node, [y , is the fading coefficient of the channel
between the z-th interferer and the destination in Phase 1, % , is the symbol trans-
mitted by the corresponding interferer and np, is additive white Gaussian noise
(AWGN) at the destination node in Phase 1. Furthermore, it is assumed that all the
desired and interferer channel fading coefficients follow a complex Gaussian distri-
bution with zero mean and unit variance. Moreover, all the AWGN are assumed to

follow a complex Gaussian distribution with zero mean and variance Nj.
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8.2.1 DF relaying with interference-limited relays and destina-
tion

Here, it is assumed that CCI is present at both at the relays and the destination.

Hence, the received signal at R; in Phase 1 is

Ysr; = V Psds_lg/zhibo+\/ Py Z ||| fiatin +ng,, 1€Q={1,..., M}

redr

(8.2)

where h; is the fading coefficient of the S-R; channel, ng, is the AWGN at R; in
Phase 1, f; . is the fading coefficient of the channel between the z-th interferer and
R;, and t; ,, is the symbol transmitted by the z-th interferer at R;.

In Phase 2, both multi-relay transmission and relay selection are studied.

Multi-relay transmission

Here, the relays that successfully decode the received signal forward to the desti-
nation node in orthogonal time slots. It is assumed that the relays are capable of
decoding the received signal correctly if the signal-to-interference ratio (SIR) at
each relay is above a given threshold i, where i, 1s the SIR value which corre-
sponds to the minimum desirable rate R, [1]. To simplify the analysis, the impact
of AWGN at the relay is assumed to be negligible. The SIR at relay ¢ is
YR, = Psds_lg‘hi‘z
LR ezl i

ieQ={1,..., M)} (8.3)

Since |h;|? is an exponential random variable with unit variance, the probability

of unsuccessful decoding at R; can be given as

“Ymin
Pr. =1-— 4
R; |iMZR,L- (Psds—lg ):| (8 )

||| =] fi.x|%. From [16} eq. (3.21)],

where Zg, = P Y

IG‘PR|

V‘PI ’
P, =1— —ArA o 8.5
R exp( ® (Psds‘lfz) ) (8:2)

where A = 7'(1 — 0)['(1 + §) and § = 2.
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The signal received by the destination node in the i-th time slot of Phase 2 is

(red)or = VPridr 'y b=V Pr S |22ty o + i,
redPp (86)

i€ C={ke€Q:R, > Ymin}
where Py, is the transmit power of R;, g; is the fading coefficient of the R; — D
channel, [;, and u;, are the fading coefficient of the channel between the z-th
interferer in the ¢-th time slot and the destination node, and the symbol transmitted
by the given interferer, respectively, and np, is the AWGN at the destination node
in time slot ¢ of Phase 2. Hence, the destination has signals received in K + 1 time
slots, which are used for optimum combining, where K is the cardinality of the

decoding set C' given in (8.6).

Relay selection

In this technique, out of the decoding set C, the relay node that results in the best
SINR at the destination is selected for transmission in Phase 2. The selection criteria

is discussed in detail in Section 8.3.

8.2.2 AF relaying with noise-limited relays and interference-limited
destination

For AF relaying, it is assumed that the interference is only present at the destina-
tion node. Hence, the signal received by R; in Phase 1 is similar to (8.2)), without
the interference component. It is assumed that the the amplification gains of relay
nodes are channel state information (CSI) assisted, i.e. R; estimates h; correctly
and inverts the amplitude of the received signal component (\/?sds_fz_ /2 [hi).

The signal received by the destination from the i-th relay in Phase 2 is

V/Prde b gihibo VPridr s ginw,
(YR, D) Ar = — +V P Z H«T||_a/2li,xui,x+ —— -+ np,,
|hi| zEdp \ PSdSRi/z‘hi‘
1€ €L
(8.7)
Note that unlike DF relaying, all the M relays participate in the communication

in Phase 2 when multi-relay transmission is used.
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8.3 Performance Analysis of Optimum Combining in
DF Relaying with Perfect Estimation of the NICM

In this section, the outage performance analysis is carried out for the DF relaying
with interference-limited relays and destination for multi-relay transmission and
relay selection. The outage probability is defined as the probability that the capacity
falls below the minimum desirable rate of the communication R,;,. Hence, for
multi-relay transmission with DF relaying, the conditional outage probability can
be expressed as

Ppoemr|C = P (;logQ(l + YpEMmr) < log, (1 + %nin)>

ICl+1
= Froaelc (Vo = (1 + %min) ! = 1)

(8.8)

where YprMmr 15 the SINR at the destination and vy, is the SINR threshold that
corresponds to R.,;,. For best-relay transmission, the conditional outage probability

18
]P)DF,RSKC 7& (D) = F“/DF,RS|C (’VTDF,RS = ’Vr?nin + 27min) . (8.9)

To evaluate the end-to-end outage probability, it is necessary to find the proba-
bility of K relays being able to successfully decode the received symbols. Without
loss of generality, it is assumed that the first & relays are able to decode the received
symbols correctly and the rest of the M — K relays fail to decode the received signal.

The probability of this event can be found as

Up. =P(C={1,...,K}) =

2 M-K T K 1
Z (—1)%e=1" Tit exp ( — 27?)\R/ (1 — H
(oo

k=1 Ymin Prr—<
0 1 + Psngi
al 1
X H >rdr>
k=K+1 'YminplriaTj,ka
+ <1 + T Rag )
(8.10)

where 7, j € {1,...,2M~K} are all the (M — K )-tuples on the binary set {0, 1} and
7;+ is the ¢-th element of 7;. The proof of (8.10) is given in Appendix 8.A. For the
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special case of identically distributed S-R channels, i. e. dsg, = - - - = dsgr,, = dsr,

this probability is found as [28]

2]\{*1{ 5
MK, f}/minPI
R o = ; (—1)%=" ™ exp <— ARA (Psds_lf) DK(5)> (8.11a)
where
P (K + S0 i+ 0)
Dg(0) = (8.11b)

[ (K + 505 ) 01 +0)
If the distributions of the interferers at the relays are modeled by separate indepen-

dent PPPs, this probability is equal to

2 MoK P\ M-K
B = 3 5 s (s (o) (43 ).
J=1 SR 1

8.3.1 Multi-relay transmission

For multi-relay transmission and optimum combining at the destination, the weight
vector can be given as [10]

W = Ritye .13

where g = [\/Psds_D% 905 A /PRld;ﬁ)gl, oo/ Prye d;ngK]T. The noise-plus-interfer

ence correlation matrix (NICM) Rpgmr 18
Rprwr = NoI +7m" (8.14)

where n = [Io, It,..., I]", Iy = VP Y co, |2l 7*/?lo is the aggregate inter-

ference channel in Phase 1 and [; = v/P; > _o ||2]|7%/%l;, is the aggregate inter-

zedp
ference channel in time slot ¢ of Phase 2 at the destination node, where 7 € C'. In
this section, it is assumed that the destination node is able to estimate NICM Rpg

perfectly. The NICM for multiple antenna receivers, Rya, is given as [19]

Ryia = NoI+ P > ||z L1Y (8.15)

zedPp

where 1, is the vector of fading coefficients for the channel between the z-th inter-

ferer and the receiver. Note the difference between Rpgrymr and Rya matrices given
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in and (8.13). By observation, the rank of the interference component in Rpg
is equal to one. However, the interference component of Ry has a higher rank.
Furthermore, since the interferers at different time slots share the common source of
randomness ®p, interferences at different time slots are correlated in DF relaying.
However, interference correlation was not considered in [[19]. Therefore, the results
available for multiple-antenna receivers in [[19]] cannot be directly applied for unit
DF relaying with single antenna receivers.

The resulting SINR at the OC receiver is [10]

Toemr|C = g Rppyvre- (8.16)

To further analyze the performance of the OC receiver, we propose the following

approximation for the exact SINR expression in (8.16).

Pod<®|go2 K Pr,dz? |gil?
7DF,MR| O~ SAsp |90| I R,D
No+ Zpy + Zp, + -+ Zp, Zizl N,
X,
=—"1 1Y 8.17
No+ Zp, .17

where Zp, = >3 Zo,, Zoy = P peay 17170 |? and Z, = Pr Y, o 2] 72 Ll
1eC.

It should be noted that the approximation in (8.17)) is equal to the exact SINR
expression given in (8.16) when the elements of the vector g are independent and
identically distributed [29, eq. (11.5), eq. (11.8)]. When the elements of g are
independent and non-identically distributed, the results in Section 8.6 indicate that

(8.17) is still a very tight approximation for (8.16).
Similar to [30, eq. (9)], the probability density function (PDF) of Y can be

found as
T Vk m—1 m
Prmy No Noy
Mny) = — (=] exp|——= (8.18)
@) ,;mz::l I'(m) M
where 7y, . . ., 7, are the distinct values of the average powers, Fr,dg ;- - -, Py dg op»
with multiplicities v, . . ., v, respectively and Z;Zl v; = K. The partial fraction

coefficients ¢y, are given in [30, eq. (10)].
The outage probabilities for the cases of empty decoding sets and non-empty

decoding sets are found below.
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Casel: C' =10

When all the relays fail to decode the received symbols correctly, the outage prob-
ability is derived in the same manner as the derivation of the outage probability at

the relay nodes in (8.4) and can be expressed as

_ _ _ rYTminNO /mimPI b
PO = PDF,MR|<C = @) =1- EXP ——FH —a — )\DA —— . (819)

Case2: C #£(

Here, it is assumed that the decoding set C' has K relays. Since |go|? is an expo-
nential random variable with unit variance, using (8.17) and the total probability
theorem, the outage probability given K can be expressed as

PK = ]P)DF,MR|(|C| =K > 0) =

TToEMR

1- L ]O Fri(y)dy + / Eqy, {eXp (—(WTDF’MR —Pi )d(s_];io i ZDT)) |YI] F(y)d

0

TbEMR N P -

P Iz

(8.20)
The integral Z; in (8.20) can be found as [31}, 3.351.2]
T Vi
¢km ( ryTDFMRN())

I, = rm, ——— (8.21)

1 Z Z T'(m) T

k=1 m=1
where I'(-,-) is the upper incomplete gamma function [32] eq. (6.5.3)]. Further-

more, 7, can be evaluated as

TToEMR
r Vi m y
(bkm NO / —1 yNO (7TDFMR - y>N0
’ I'(m) \ m vooer Mk Psdgry
0

k=1 m=1
O K41
PI(’YTDFMR_?J) K"—l 5—1
— ApA : . . d
» ( e D) S (K (00)) )

where § = 2. The proof of (822) is given in Appendix 8.B. Note that (8.22)

(8.22)

requires only a single definite numerical integration.
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It should be noted that the interferer powers at different time slots (Zp,, Zp,, . . .,
Zp, in (8.17)) are not independent as the number of interferer nodes and their po-
sitions at different time slots share a common randomness ®p, [27]].

Using (8.4), 8.19), (8.20) and the theorem of total probability, the end-to-end
outage probability of OC in DF relaying is obtained as

M
PpEMr = Z Z Wre L.

k=0 o, (8.23)
|IC| =k
8.3.2 Relay selection
For DF relaying with relay selection, the SINR can be given as
Yoers|(C # 0) = max {~or: = /' Rpg 2 } (8.24)

_a _a T
where g; = [v Prdgs go, \/ PRZ-deDQi] , Rori = Nol + mimi™, m; = [Io, I]"
and I, = /P, er% ||:cH‘°‘/2li7m. Since 7pg; is the SINR with a single relay, from

(8.17)), an approximation for vpg; can be proposed as

Ped=21q0|2 Prdg%|gil?
yows 0 —dslool, Pueiplod (325)
N() + ZD() + ZD1 NO
where Zp, = Pr Y-, .o 2] ]
Hence, the SINR of relay selection can be approximated as
Psdgp|gol? Fr,dr;plgil®
C @ ~ SD + max ™
orsC 70~ Nz + 2, T TN, (5.26)

- No+ Zp, + Zp,

+Y5.

For relay-destination links with independent Rayleigh fadings, the CDF of Y,

can be expressed as

N,
Fy,(y) =] (1 — exp ( PRiflR?f%)) : (8.27)

1eC
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The conditional outage probability of relay selection can be given as

Qk = ]PDF,RS‘(‘C| =K > 0) =

TTbErs

0 (,}/TDF,RS - y) (NO + ZDT)) }

- Wdy+ | Ea, _ N vl fo]
L / sty / o oo o v ) y]
—_— ZL )

I3

(8.28)

where 73 = 1 — Fy,(Vres) and Z, can be obtained from (8.22)) by using K = 1
and by obtaining the PDF of Y5 from (8.27). An approximation for the end-to-end

outage probability of relay selection can be obtained by the substitution of P, by

Qr in 8.23).

8.4 Performance Analysis of Optimum Combining in
AF Relaying With Perfect Estimation of The NICM

The outage performance of AF relaying is analyzed for noise-limited relays and an
interference-limited destination node in this section. For AF relaying with multi-

relay transmission, the outage probability can be defined as

PAF,MR = F’YAF,MR (fyTAF,MR = (1 + fVmin)M—H - 1) . (829)

The noise-plus-interference correlation matrix for the optimum combiner in AF
relaying is
— 2 — 2
PRldeaD|gl| PRMdR;D|gM|

R = NoI + kr! + diag |0, —— yee e "
AFMR 0 & Pg dgg! |hq]? Psdgg,, [har]?

(8.30)

where k = [Io, 1, ..., Iy]7 and I;,i € § are defined in (8.14). The additional
diagonal matrix in Rag Mg is the covariance matrix of the noise forwarded from each
relay to the destination. The first element of the relay-destination noise covariance
matrix is zero since no noise is forwarded from the relays to the destination in Phase
1.

The resulting SINR of OC in AF relaying is

YAEMR = QJHR;I%’MRQJ (831)
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where
T

-« Pr d7%91h1 Pr iy 2 gmhn . .
w = [\/ Psdg? go, Y—1112 . MR D . It is obvious that the ele-

[h1] ’ ’ |l

ments of the vector w have the same distribution as the elements of the vector
T
—a/2 —a/2 —a/2
v = [‘/PSdSD/ Jo, ‘/PRldeD/ g1, ..., \/PRMdewggM] .
Based on [[11]], the following approximation to the SINR of the OC receiver with

AF relaying in (8.31)) can be proposed,

. Psdspy|go|* N d i Psdgg, |hil” Pr,dgiploil’
ST No+ Zpy + Zp, + o+ Zp,, | No ' N
X
=—— +Y;.
No+ Zp, = °
(8.32)
Similar to Y7, the PDF of Y3 can be expressed as
L femy™ " (No\™ Noy
fra(y) = — (—) ex (——) (8.33)
where 1, ..., (3, are the distinct values of Pr,, ..., Pr,,, with multiplicities (1, . . ., (;,

- —x
PSdSRi PRz‘dRZ-D

P TPty with ¢ € € [33] eq. (6-82)].
The outage probability can be derived similar to ([8.20) with K replaced with M and

respectively, > ', (; = M and Pr, =

the coefficients of the PDF of Y; replaced with corresponding values of the PDF of
Y.
The performance analysis of AF relaying with relay selection follows the same

steps as in Section 8.3.2.

8.5 Performance of DF Relaying with Limited Inter-
ferer Channel Estimation

In Sections 8.3 and 8.4, it is assumed that the destination node is able to estimate
the noise-plus-interference correlation matrices perfectly. However, in a random
interferer field, this may not be practically feasible. In this section, the outage
performance of OC in DF relaying is studied for M = 1 when the destination
node perfectly estimates only the CSI of the closest interferer, instead of all the

interferers. Hence, the NICM with limited interferer channel estimation for M =1
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is

RprL = NoI + pp” (3.34)
where p = [v/Pr||zol| =10 20, VP |71]7%/?11.2,)", 7o and x; are the locations of
the closest interferers in Phase 1 and Phase 2, respectively, and [, ,,, and [; ,, are the
fading coefficient of the channels from the closest interferers to the destination in

Phase 1 and Phase 2, respectively.

The resulting SINR of limited interferer channel estimation is

H R}
DELS
YDEL = (8.35)
g HRDF,LRDF,MRRM;, L8

where Rpgwmr is given in (8.14). Eq. (8.33) is very difficult to analyze in the exact

form. Hence, a close approximation to ypgy, for M = 1 is proposed as follows,

o A Psdgs|gol® N Pr,pdgplo1]?
N+ Py > el lox|* + PIHxIH_a‘ll,wl‘i No+ Prd - copa 1272
T T
(8.36)

Using the MGF approach employed earlier, the conditional cumulative density

function (CDF) of T} is found as
) 5)
i (8.37)

exp ( d — ApA (
Frpn(v)=1- (Pﬂ“l v )

Psdg

where r; = ||x4]|.

Based on the Slivnyak’s Theorem [14], ®p\z; is also a homogeneous PPP
with density Ap. Following [34), eq. (3)] and using the integral identity [31, eq.
(6.455.2)], the CDF of 75 is can be found as

Prri %y
otk 1,11 3 s
N 41
FTz\n(V) =1 —exp _PRTOYO‘ + )\DWT% + Pydgs
RD

Prri %y
( PS;EDQ + 1)
(8.38)
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Using (8.36), (8.37) and (8.38), an approximation for the conditional outage
probability of the OC receiver with limited interferer estimation for A/ = 1 can be
given as

oo VT,L

Porc|(|C] = 1) %//F Ty (Yo, = T2) fropey () dy fry () dr (8.39)

where 71 = ﬁﬁn ~+ 2%min for M = 1 and the PDF of the distance to the closest
interferer f,, (r) is [35]

fr (r) = 27 Apr exp(—Apmr?). (8.40)
Hence, the end-to-end outage probability for M = 1 is

where P, is found in (8.19).

8.6 Numerical Results

In this section, the outage probability results obtained using numerical integration
are compared with the simulation results. The source node is assumed to be a
macro base station and the interferers are assumed to predominantly consist of
pico/femto base stations and relay nodes. The transmit power ratios % =23 dB
and % = 0 dB, which complies with the 3GPP LTE-Advanced specifications [[13]].
Hence, the transmit powers of the interferers are scaled with the source and the relay
powers. The noise floor is assumed to be 1 pW. The source-destination, source-relay
and relay-destination distances are 400 m, 300 m and 100 m, respectively. Unless
specified otherwise, A\x = Ap = 107°. Simulation results are averaged over 10*
interferer location configurations and up to 10* channel realizations for each inter-
ferer location configuration. The SINR threshold for outage, v, = 0 dB, which
corresponds to Ry, = 1 bps.

In Figs. 8.2l and the outage performance results with interference-limited
relay nodes and destination node are shown for o = 3 and o = 4, respectively. At

higher signal-to-noise ratio (SNR) values, performance gains can be achieved using
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more relay nodes, due to the array gain of multi-relay transmission. However, at
lower SNR values, increasing of M degrades the performance since the capacity
reduces with the increase of M. Furthermore, the performance advantages of us-
ing more relays diminish with the increase of M due the interference correlation
between different relay nodes. As expected, outage performance degrades with the
increase of the path loss exponent. It can be seen that the diversity gains of OC
degrade in the presence of interference at the relay nodes, since the interference at

the relays is not suppressed.

& Exact — Simulation i
> Approximation — Analyticall

10 S e-E T

-a
PRdF{D/NO

Figure 8.2: The outage performance vs. the average SNR of the R; — D link for DF
relaying with interference-limited relay nodes and interference-limited destination
node with M =1,2,4and o = 3.

The degradation of outage performance due to the interference correlation at
the relays is shown in Fig. 8.4l The interference correlation at the relays, which
is a result of the modeling of the interferer distribution at different relays by the
same homogeneous PPP, results in significant performance losses. Furthermore,
compared to independent interferer signals, the performance gains achieved by in-
creasing of M degrades.

The outage performance of DF relaying against the variation of A\g and \p are
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Figure 8.3: The outage performance vs. the average SNR of the R; — D link for DF
relaying with interference-limited relay nodes and interference-limited destination
node with M = 1,2,4 and o = 4.
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Figure 8.4: The degradation of outage performance due to correlation between the
interference at the relays for DF relaying with multi-relay transmission with M =
2,3,4and a = 3.
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shown in Fig.[8.5land in Fig. respectively, for %OR}? = 20 dB. As Ay increases,
the outage probability converges to the outage probability of the direct communi-
cation. Furthermore, by increasing \p, the outage probability can be increased up
to an upper bound. Using (8.17) and (8.23)), it can be proved that this upper bound

is equal to

M
lim ]P)DF,MR - E E \I]RCPassym
)\D—>OO

=l vO cQ, (8.42a)
IC| =g,
C#0
where Py is found from (8.20) as
Passym = 1im Pppve[(|C] =q) =1-14. (8.42b)
)\D—>OO

-70 -65 -60 -55 -50 -45 -40 -35
10log 1 O(kR)

Figure 8.5: The outage performance with the variation of Az with \p = 10~° and
Bl — 90 dB.
0

The performances of multi-relay transmission and relay selection are compared
in Fig. for DF relaying. It is evident that relay selection outperforms multi-

relay transmission in low-to-medium SNR values since relay selection achieves a
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Figure 8.6: The outage performance with the variation of Ap with Az = 10~ and

Prdp
Ao — 20 dB.

better capacity than multi-relay transmission for M > 1. Furthermore, with relay
selection, the destination has to estimate CSI of its interferers in only two time
slots, compared to K + 1 time slots in multi-relay transmission. Consequently,
relay selection is preferred over multi-relay transmission in Phase 2.

In Fig. [8.8] the outage performance results for AF relaying with noise-limited
relays and interference-limited destination are given for o = 3. Accordingly, diver-
sity gains are achieved when the relays are noise limited. However, diversity gain
is not derived analytically, since the outage probability expression involves a sin-
gle numerical integration. Furthermore, it is evident that for low-to-medium SNR
values, having M > 2 degrades the outage probability, due to the degradation of
the capacity in multi-relay transmission. Moreover, the proposed approximation for
OC in AF relaying is also tight with the gap between the simulation and analytical
results always under 1 dB.

The performances of multi-relay transmission and best-relay transmission are
compared in Fig. for AF relaying with @ = 3 and both techniques achieve the

same diversity gains. However, similar to DF relaying, relay selection outperforms
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Figure 8.7: Performance comparison of multi-relay transmission and relay selection
for DF relaying with M = 2,3,4 and o = 3.
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Figure 8.8: The outage performance vs. the average SNR of the R; — D link for AF
relaying with noise-limited relays and interference-limited destination with M =
1,2,4and o = 3.
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multi-relay transmission. The performance gap between multi-relay transmission
and relay selection is wider in AF relaying since AF relaying with multi-relay trans-
mission uses all M relay nodes in phase 2, further degrading the capacity. Hence,
relay selection is the more suitable transmission technique for both relaying proto-

cols, in terms of the outage performance.

—+M=2 Relay Selection “\ > ]
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5| [©-M=2 Multi Relay
5M=3 Multi Relay M=1 T
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Figure 8.9: Performance comparison of multi-relay transmission and relay selection
for AF relaying with M = 2,3,4 and o = 3.

The impact of limited estimation of the noise-plus-interference correlation ma-
trix on the performance of OC in DF relaying is shown in Fig. The approxi-
mation for the outage probability with the limited estimation of the NICM is only
derived for M = 1. Itis assumed that the relays are noise-limited since the main ob-
jective is to evaluate the impact of the limited estimation of the NICM. Accordingly,
diversity gains are reduced to zero and the performance degradation at medium-to-
high SNRs can be clearly identified. At low SNR values, noise is more dominant
than the interference since the interferer powers are scaled with the source and the
relay powers. Hence, the performance loss due to the limited estimation of the
NICM is minimal at low SNRs. Moreover, unlike in the case of perfect estimation

of the NICM, the outage performance degrades with the increase of M over the
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complete SNR range. Hence, the array gain of OC with multi-relay transmission
is degraded by the limited estimation of the NICM. Furthermore, OC with lim-
ited estimation of the NICM outperforms MRC. Hence, performance gains can be

achieved using OC with a minimal additional overhead.

= g |~*M=1 Perfect NICM
o >M=1 Limited NICM - Simulation
©M=1 Limited NICM - Approximation|
10 | % M=1 MRC
- M=4 Perfect NICM
10 "F|+M=4 Limited NICM — Simulation
$-M=4 MRC

%% 5 10 o 15 20
P d-/N_dB

R “RD 0

Figure 8.10: The impact of limited estimation of the NICM on the performance of
OC in DF relaying for M = 1 and 4 with o = 3.

8.7 Conclusion

In this chapter, the performance of optimum combining in DF and AF coopera-
tive relaying with multi-relay transmission and relay selection were analyzed in the
presence of Poisson fields of interferers at the relays and the destination. Close
approximations for the outage probabilities of each relay protocol were derived for
the case with perfect estimation of the noise-plus-interference correlation matrix
(NICM) at the destination. Relay selection outperforms multi-relay transmission in
terms of the outage performance and overhead consumed in both relay protocols.
Furthermore, the performance of DF relaying was investigated for the case with

limited estimation of the NICM, where the destination only estimates the CSI of
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the closest interferer. Diversity gains are not achieved with the limited estimation
of the NICM. However, OC with limited interferer channel estimation still outper-

forms MRC.
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8.A The Derivation of
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(8.43)
where (a) follows from the independence of the fading coefficients of the source-
relay channels, (b) is obtained by expanding the second product term in (a), (c)
follows from the independence of the fading coefficients of the interferer channels
in Z, = PrY_,collzl | fr.2|?, and (d) follows from the probability generating
functional (PGFL) for a homogenous PPP [16] eq. (A.3)]. Eq. (8.10) can be ob-

tained by a simple variable change.
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8.B The Derivation of 7, in

Pr(vrpppg —v)

Considering only the interference component and with 6 = et
S%p
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(8.44)

where (a) is obtained by the fact that |, ,|* are IID unit exponential random vari-
ables and (b) follows from the PGFL of a homogeneous PPP. By following the steps
in [36] and by averaging (8.44)) over the PDF of Y, Z, in (8.22) can be obtained.
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Chapter 9

Conclusions

The concluding remarks of the thesis and the future research directions based on

this thesis are presented in Sections 9.1 and 9.2, respectively.

9.1 Concluding Remarks

The main focus of this thesis was co-channel interference (CCI) cancellation in
cooperative relay networks using optimum combining. The main contributions and

the insights of each chapter can be summarized as follows.

e The performance of optimum combining (OC) in decode-and-forward (DF) re-
laying in the presence of CCI at the destination node was studied in Chap-
ter 3. The probability density function of signal-to-interference-plus-noise-ratio
(SINR) and the outage probability were derived in exact form for N; < M + 1,
where N; is the number of interferers and M is the number of relay nodes. Fur-
thermore, a close approximation for the average symbol error rate was derived.
The results suggest that OC achieves a diversity gain of M, which is a significant

gain over conventional maximal-ratio combining (MRC).

e In Chapter 4, the performance of OC in DF relaying was studied for Nakagami-
m fading when CCI present at both the relay nodes and the destination node. The
outage probability was derived in closed-form. It was shown that OC cannot be
used to achieve diversity gains if CCI present at the relays since single-antenna

relays with CCI act as a bottleneck for end-to-end performance improvement.
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e The impact of imperfect channel estimations on the performance of OC in DF
relaying was analyzed in Chapter 5. The outage probability was derived when
the desired channels are corrupted with a Gaussian error and it was proven that
the diversity gains are lost if the error variance does not change with the source
and the relay powers. Furthermore, it was shown that, if the destination node
estimates only the variance of interferer channel state information (CSI) instead
of instantaneous interferer CSI, no performance loss is observed. This is a re-
markable outcome as it reduces the channel estimation overhead associated with

OC significantly.

e The performance of OC with joint relay and antenna selection was studied in
Chapter 6 for a relay network with multiple-antenna relay nodes with CCI present
at both the relays and the destination. The exact outage probability was derived
as a single integral and an approximation was derived in closed-form. It was
shown that OC with joint relay and antenna selection achieves positive diversity
gains if n > 0, where n is the number of relay nodes having N; < T;, and
N; and T; are the number of interferers and the number of antennas at relay 7,
respectively. Furthermore, the diversity gain increases with the increase of n.

Hence, this analysis provides a solution for the issue raised in Chapter 5.

e The performance of OC in amplify-and-forward relaying was analyzed in Chap-
ter 7. Two types relaying schemes were considered: all-relay transmission and
best-relay transmission. Approximate outage probabilities and the diversity gains
of both schemes were derived. Both relay schemes achieve a diversity gain of M
when CCI present only at the destination. Furthermore, best-relay transmission
maximizes the capacity as it consumes only two time slots for a single com-
munication. Moreover, the outage performance of best-relay transmission was
studied when CCI present at both the relay nodes and the destination node, and

the diversity gain degrades to zero in the presence of CCI at the relays.

e In Chapter 8, the performance of OC in DF and AF relaying was analyzed in
the presence of a homogeneous Poisson field of interferers. Approximations for

the outage probabilities of each relay protocol were derived for both multi-relay
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transmission and relay selection. OC achieves positive diversity gains provided
that the relays are noise-limited and the destination node perfectly estimates
the noise-plus-interference correlation matrix (NICM). Moreover, relay selec-
tion outperforms multi-relay transmission in both relay protocols. Furthermore,
the impact of the limited estimation of the NICM on the outage performance was
studied for DF relaying, where the destination only estimates the channel state
information of the closest interferer, using a close approximation for the SINR
expression. Significant performance gains can be achieved using OC with limited

estimation of NICM

Consequently, in the presence of co-channel interference, significant perfor-
mance gains can be achieved using optimum combining and cooperative relaying
in single-antenna receivers in a range of system and channel models. Furthermore,
channel estimation overhead of these techniques can be significantly reduced with

a minimum loss of performance.

9.2 Future Research Directions

Some research avenues, which will improve the contributions of this thesis can be

presented as follows.

Interference cancellation in heterogeneous (multi-tier) cellular networks

Although the interferer distribution was assumed to be random in Chapter 8, the
analysis was confined to single-tier networks. Here, the tier represents the transmit
power level of each base station. Fourth-generation wireless networks are hetero-
geneous in nature, where macro, pico and femto are examples of different tiers of
base stations found. Typically, the node distribution in each tier is described by a
spatial point process and a cell association policy is used to decide the base station
to be connected [[1]]. The analysis of this thesis has to be be extended from single-
tier to multi-tier networks to understand the viability of interference cancellation in

heterogeneous networks.
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Using non-homogeneous point processes to model the interference

In the scope of the thesis, the interferer distribution in the random interferer model is
described by a homogeneous Poisson point process. However, homogeneous Pois-
son point processes may be inadequate to model interferer distribution in practical
wireless networks due to the reasons discussed in Section Instead, binomial
point process, Poisson cluster process and Mattern point process have been pro-
posed as appropriate point processes to model interferer distribution for different
applications [2]]. Extending the analysis in Chapter 8 of this thesis to these point
processes is vital to understand the practical gains of the proposed techniques in ad

hoc and heterogeneous wireless networks.
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