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Abstract

The demand for high data rate wireless services has grown tremendously. The de-
mand is expected to grow further at an increased pace. The scarcity of the usable
radio frequency spectrum is a major bottleneck to cater to the growing demand for
high data rate wireless services. Current cellular wireless networks rely on deploy-
ing small cells as a possible solution to cater to the growing demand. However,
this practice has resulted in severe co-channel interference (CCI) levels in cellular
networks.

The first phase of this thesis investigates the impact of CCI on relay networks
and distributed antenna systems, which are included in recent wireless standards
such as long-term evolution advanced (LTE-A). The analytical results derived for
system performance metrics, such as the outage probability and the ergodic rate,
are used to obtain valuable insights for system design. The second stage of this
thesis research proposes interference reduction schemes for wireless relay networks
operating in the presence of CCI and analytically investigates the performance of
each scheme. The analytical results are used to obtain crucial design insights such
as the feedback rate and position of the relay nodes.

Another approach to compensate for the spectrum scarcity is through improving
the spectral efficiency (SE) of the wireless networks. As a step towards increasing
SE, recently, there has been research efforts to implement full-duplex (FD) wireless
communications. The main challenge in FD is the interference on the reception by
its own transmission. Recent advances in self-interference reduction schemes have
made FD communications feasible for short range communications. This thesis de-
velops a theoretical framework to study the average data rate of FD communications

for short range communications using device-to-device networks.
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Chapter 1

Introduction

1.1 Wireless Communications

Nikola Tesla and Guglielmo Marconi envisioned a wirelessly connected world in
the late 1800s. More than 120 years later, it is now possible to say that their vision
has become a reality. Wireless technologies have revolutionized the way humans
interact with other humans and machines. During the last three decades, the pop-
ularity of wireless communications grew exponentially. The invention of low cost
computers, mobile phones, smartphones, tablet computers and wearable devices
catalyzed this growth. Furthermore, new paradigms of the internet such as social
networking and e-commerce have also contributed to this growth. According to
latest surveys [1]], the number of cellular phones has exceeded the population of the
earth and there will be 1.4 devices per person by the year 2018. Therefore, it is safe
to claim that wireless technologies have become a vital component of human life.
A decade ago, mobile wireless communications were primarily used for voice
communications. However, current advancements of wireless technologies have
overtaken the role played by wireline systems to provide broadband data commu-
nication services such as on demand video, video conferencing, media sharing and
video surveillance. Surveys show that the amount of data transferred through mo-
bile wireless techniques have grown in multiple orders of magnitude during the past
decade. This demand is expected to grow further in the future and it is expected that
by the year 2018, the total data transferred through mobile wireless devices will ex-

ceed 15 Exabytes per month [1].



1.2 Fundamental Challenges and Solutions

The wireless channel is a challenging environment to be used for reliable communi-
cations. Apart from additive thermal noise, a designer of a mobile wireless system
has to overcome two fundamental performance degrading factors inherent in wire-
less communications, namely fading (small-scale and large-scale) and interference.

Small-scale fading occurs as a result of multipath propagation of radio waves
and the relative motion between a transmitter and a receiver. Due to the natural and
man-made objectives located between a transmitter and a receiver, the transmitted
radio waves will reach the receiver via reflections, diffraction and scattering. The
composite received signal at the receiver will be a combination of waves arriving
from different paths with different amplitudes and delays. This property is known as
multipath propagation [2]]. The relative motion between the transmitter and receiver
introduces Doppler shifts to waves arriving from different paths. Due to the time
delays and frequency shifts, the phases of the arriving waves are varied and they
result in constructive or destructive superposition of the multipath components at
the receiver, causing rapid random fluctuations in the received composite signal
strength [3]. Large-scale fading is caused by path-loss and shadowing. Path-loss
refers to the attenuation of radio signal power with the distance. Shadowing refers
to the drop in received signal power due to a large obstruction such as a building in
the main path between the transmitter and receiver.

The radio frequency (RF) spectrum is the most valuable resource for wireless
communications. Different parts of the spectrum are allocated to different wireless
services. The spectrum chunks in the region 800 MHz to 3 GHz are allocated for
cellular wireless networks. These bands demonstrate superior propagation charac-
teristics desirable for mobile communications. Therefore, this portion of the RF
spectrum is extremely crowded and acquiring a vacant band for new services has
become nearly impossible. Therefore, the use of these bands must be carefully
managed and heavily regulated.

In order to increase the number of simultaneous users served using the available

RF spectrum, the concept of frequency reuse is practiced in current mobile wireless



systems. Spectrum chunks allocated to a particular network operator are allocated
to a cell cluster. A cell cluster consists of multiple cells. Each cell contains a base
station (BS) and multiple mobile stations (MSs). In order to provide network cover-
age to a larger geographical area, a cell cluster is repeated multiple times. The cells
which use same frequency band are known as co-channel cells and the interference
between them is referred to as co-channel interference (CCI). The boundary of a
cell cluster is shown in Fig. [LIl Cluster size is a key factor which determines the
CClI level in a cellular mobile network. A larger cluster size will result in a higher
reuse distance, thus a lower CCI level. However, the bandwidth available per cell
is reduced. Since the achievable data rate is directly proportional to the bandwidth,
this will affect the achievable throughput of the network. A smaller cluster size
will provide more bandwidth per cell. However, the CCI level is higher due to the

smaller reuse distance. The broadband nature of the user service demands, it is not

Figure 1.1: A frequency reuse pattern with 7-cell clusters.

desirable to have cells with low bandwidth. Therefore, the operators use smaller
cluster sizes with smaller cells to cater to the user demand in densely populated ar-

eas. In such scenarios, the achievable performance is limited by the CCI level of the



network. Therefore, CCI reduction techniques without compromising the available
bandwidth are required to provide broadband services with an acceptable quality of
service.

Several new techniques have been proposed and studied as possible solutions

for the challenges described above.

1.2.1 Multiple antenna systems

It has been identified that implementing multiple antennas at the transmitter and at
the receiver results in significant increase in data rates (spatial multiplexing gain)
and improve the reliability (diversity gain) of wireless communications. These
systems are generally known as multiple-input-multiple-output (MIMO) systems.
There exists a rich collection of literature evaluating the benefits and performance
limits of MIMO systems. Seminal work on performance of MIMO systems can
be found in [4-6]. MIMO has been identified as a transmission technique in IEEE
802.11n, long term evolution (LTE) and LTE-Advanced (LTE-A).

If the antenna elements are placed such that the fading channels between the
transmit antennas and the receiver antennas are independent, the channel coeffi-
cient matrix becomes full rank with higher probability. Then, the channel matrix
can be decomposed by signal processing at the transmitter and the receiver such
that multiple independent data streams can be sent from the transmitter [6]. The
maximum number of independent data streams that can be transmitted by a MIMO
system is known as the spatial multiplexing gain of the system.

Multiple antennas can be used to obtain a diversity gain by sending multiple
copies of the same signal through different antenna elements such that the proba-
bility of all the copies of the signal are at a deep fade is minimized [7]]. In order to
obtain full benefits of MIMO systems, it is generally required that both the trans-
mitter and the receiver have information of the channel coefficient matrix. This
information is known as channel state information (CSI). The obtained CSI can be
used to perform signal processing at the transmitter and at the receiver in multiple
ways, namely transmit precoding, receiver beamforming [8]], and transmit antenna

selection [9,/10].



1.2.2 Relay communications

Relay communication was introduced as a technique to overcome the effects of
shadowing and to extend the coverage of a wireless network without using large
transmit powers. The basic relay communication system model consist of a source
node (5) which has data to be transmitted to a destination node (D) with the assis-
tance of an intermediate node known as the relay node (R). The two fundamental
relay protocols are amplify-and-forward (AF) and decode-and-forward (DF). In AF
relaying (also known as non-regenerative relaying) the relay node applies a linear
transformation on the received signal and forwards the transformed signal towards
the destination. On the other hand, DF relay nodes decode the data symbols in
the received signal and re-encode the decoded data symbols before retransmitting.
Seminal work on relay protocols is contained in [11-13]].

AF relay has lower complexity than DF relay and also imposes lower processing
delay at the relay. The key limitation of AF relaying is the noise amplification at
the relay. A DF relay is useful only when the S — R link is reliable. Furthermore,
a DF relay may use more power and has higher hardware complexity since it has
to act as a complete radio transceiver. When the S — R link is reliable, DF relays
provide higher data throughput than AF relays. Another advantage of DF relays is
that they can be integrated into an existing wireless system with minimal changes
to the network hardware architecture. Therefore, both AF and DF relays have their
pros and cons, thus both types of relays have attracted research interest over the
past 15 years. Relay techniques are included as transmission technologies in latest
standards such as IEEE 802.16m [14] and LTE-A [15]], to provide better coverage
and higher throughput.

1.2.3 Distributed antenna systems

In a conventional MIMO system, multiple antenna elements are located in a single
location. In a distributed antenna system (DAS), the antenna elements are geograph-
ically distributed and each antenna element is connected to a central unit via a wired

connection, fiber optic cable or a dedicated radio link. DASs can be distinguished



from conventional repeater systems since in DASs, each antenna element can trans-
mit different data stream whereas repeater systems merely repeat the signal from
central unit. DASs were primarily introduced to remove the coverage dead spots in
indoor wireless networks [16]. From the network architecture point-of-view, DASs
can be used to reduce the number of BSs in a particular service area. Furthermore,
DASs have other advantages such as lower transmit powers, higher SINR for distant

users, and reducing interference to other cells [17].

((9) (©)

(E)

g

() ()

Figure 1.2: A DAS system with 6 remote radio units.

Widely used transmission techniques for DASs include blanket transmission
(BT) and antenna selection. In BT scheme, all the distributed antenna elements par-
ticipate in transmission either by sending same signals or different signals. There-
fore, the blanket transmission scheme generates a macroscopic multiple antenna
system. In antenna selection scheme, only a single antenna element or the central
unit performs the transmission [17]. This scheme tries to exploit macroscopic se-
lection diversity and reduce interference to other cells by reducing the number of

transmitters.

1.2.4 Shared relay networks

Shared relay networks were introduced as a low complexity solution for interfer-
ence coordination in multi-cell wireless networks [18]]. In a shared relay network
(SRN), a single relay node is placed at the intersection of multiple adjacent cells

and shared among the BSs of these cells. The relay is generally equipped with
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Figure 1.3: A shared relay network model.

multiple antennas. The relay uses reception techniques for the MIMO multiple
access channel to separate signals from multiple interfering BSs and use transmis-
sion techniques of MIMO broadcast channel to transmit interference free signals
for MSs in multiple cells. In this way, CCI can be effectively nulled without coor-
dination among multiple cells. However, the complexity of the relay node will be

increased.

1.2.5 Interference coordination

Interference coordination techniques attempt to reduce the CCI levels using signal
processing techniques. The concept was first introduced in [19], promising tremen-
dous improvements in SE at the cost of increased network infrastructure complexity.
The basic idea was to coordinate the transmissions of interfering transmitters such
that the interference received at the MSs are effectively null. Based on the avail-
ability of user data symbols, interference coordination techniques are categorized

into two broad categories [20].

* Joint processing (JP): When a MS is located close to the cell edge, it is able
to receive signals from multiple base stations. In present systems, the MS will
connect to the BS with the strongest signal while the signals received from the
other BSs are considered as CCI. JP schemes attempt to use the signals from
neighboring BSs to improve the performance of cell edge users. Two types
of JP schemes can be identified. In joint transmission scheme, multiple BSs

share the user data and transmit to cell edge users collaboratively, creating a



super BS. In dynamic point selection schemes, user data is shared between
multiple BSs and only a single BS is dynamically selected to transmit in a
particular time-frequency resource block, to improve the performance of a
particular cell edge user. Both these schemes require exchanging user data

between the BSs through backhaul links.

* Coordinated scheduling and beamforming (CS/CB): In contrast to JP schemes,
in CS/CB schemes, user data for a particular user is available only at a sin-
gle BS. Each User is served by only one BS while the other BSs align their
transmissions such that the interference received at that particular MS is zero
or below a predetermined threshold. To implement CB/CS, the MSs should
estimate and feedback the CSI of the channels from interfering BSs. Then the
coordinating BSs exchange the CSI and compute and select their beamform-
ing vectors/matrices such that their transmissions lie in a space orthogonal to

the interference channels of other users.

Interference coordination schemes have received a significant research interest
during the past 5 years and it has been recognized as a key feature in LTE-A stan-

dard.

1.2.6 Use of new spectrum bands

An obvious solution to spectrum scarcity in the extremely crowded bands below
3 GHz will be to design the future wireless systems such that they operate in dif-
ferent frequency bands where plenty of bandwidth is available for new services.
However, finding an alternative frequency band suitable for mobile communica-
tions appears to be a great challenge. This is evident from the fact that even though
many aspects of mobile communications changed since its inception while the car-
rier frequencies did not change significantly. Recently, there have been significant
interest in the millimeter-wave (mmW) bands (frequencies between 30 and 300
GHz) as a possible alternative band for mobile wireless communications. The band-
width available in mmW bands is 200 times greater than the bands currently used

for mobile communications. Furthermore, the small wavelength of mmW carriers



will allow system designers to implement large number of miniaturized antennas
in a single device, taking advantages of massive MIMO technologies [21]. De-
spite the highly lucrative benefits available in mmW bands, the use of mmW bands
for mobile wireless communications remains largely unexplored. Initial field trials
have demonstrated undesirable characteristics for long range NLOS communica-
tions [21]. However, it is expected that mmW communications will play a major
role in future wireless communications and it has been identified as a possible fifth-

generation (5G) wireless technique.

1.3 Increasing the Spectral Efficiency

Another possible way to address the spectrum scarcity is through improving the SE
of the wireless communications. Sending more bits per second per unit bandwidth
will essentially reduce the amount of bandwidth required for high data rate services.
Since 1990s MIMO was identified as a promising technique to improve the SE of
wireless networks. In LTE-A, it is predicted that using 8 x 8 MIMO will achieve a
peak SE of 30 bits/s/Hz.

1.3.1 Massive MIMO

Massive MIMO is a disruptive technology which scales up MIMO by orders of
magnitude compared to current standards [22,23]. Massive MIMO systems are
expected to simultaneously serve several tens of users with several hundreds of
antenna elements. With this approach, massive MIMO systems aim to reap the
benefits of conventional multi-user MIMO (MU-MIMO) systems in a much larger
scale. Aggressive spatial multiplexing employed in massive MIMO enables tremen-
dous capacity improvements. Furthermore, with large number of antennas, the RF
energy can be focused with sharp beams in to smaller regions and creating lower
interference levels. Since several tens of users can be served simultaneously using
the same time-frequency resources, the spectral efficiency of massive MIMO sys-
tems can be more than 10 times larger than the conventional MIMO systems. Since

massive MIMO systems can be fed using low-cost, low-power amplifiers, the de-



vice costs can be lowered. Other benefits of massive MIMO include the robustness
to interference and jamming, and reduced latency in the air interface.

Even though massive MIMO has shown a great potential as a prime enabler for
future broadband services, there are some issues that need to be addressed prior to
standardization. Massive MIMO systems rely on good enough channel knowledge
for both the uplink and the downlink at the BS. However, estimating the downlink
CSI could be problematic since the user devices have to estimate and feedback the
CSI to the BS. This may not be feasible for practical implementation. Therefore,
massive MIMO systems are normally operated in the time division duplex (TDD),
relying on the uplink-downlink channel reciprocity.

Compared to conventional MIMO systems, massive MIMO systems perfor-
mance is severely affected by pilot contamination. When pilot sequences are reused
at interfering cells, the estimated channel will be a linear combination of the desired
channel and the interference channels with the same pilot sequence. Beamforming
based on contaminated CSI will direct interference and this residual interference
level grows with the number of antennas. Clever channel estimation techniques and
pilot-contamination precoding techniques are needed to be developed to reap the

full benefits of massive MIMO technology.

1.3.2 Cognitive radio networks

Surveys suggest that the spectrum allocated to licensed operators is sometimes
unutilized due to the inactivity of the primary users (PUs) [24]. Such vacant bands
are known as spectrum holes. The main feature of a cognitive radio (CR) transceiver
(secondary user (SU)) is the spectrum awareness to identify spectrum holes and use
them for data transmission. Whenever PU activity is detected in the spectrum in
use, the SUs must vacate the spectrum. Therefore, SUs must monitor the spectrum
for PU activity.

Significant progress has been made in CR technologies and the Federal Com-
munications Commission (FCC) has allowed the TV broadcasting bandwidth (54-
806 MHz) for CR communications. Furthermore, the IEEE 802.22 standard was

released with specifications for physical and medium access control layer spec-
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ifications for CR networks. Although CR networks are yet to be commercially

implemented, it is expected that they will be more commonplace in 5G networks.

1.3.3 Full-duplex networks

Wireless communication systems that were built up to the present day, use orthog-
onal resources for uplink and downlink communications. Orthogonality achieved
in the time domain using different time slots for uplink and downlink communi-
cations is known as TDD and the orthogonality achieved using non overlapping
frequency band in the frequency domain is known as frequency division duplexing
(FDD). However, due to spectrum scarcity, it is considered as a waste of resources
to use orthogonal time or frequency resources for uplink and downlink. Therefore,
recently, there is a surge of interest in developing wireless systems which can trans-
mit and receive simultaneously using the same time and frequency resources. These
systems are known as full-duplex (FD), while the conventional TDD and FDD sys-
tems are considered half-duplex (HD).

The major challenge for FD systems is the self-interference (SI) between its
own transmission and reception. Therefore, the main focus of FD research was
focused on developing SI cancellation techniques. Recent advances of SI cancella-
tion techniques have achieved more than 90 dB isolation between the Tx and Rx.
With sophisticated SI cancellation capabilities, FD is identified as a key technology
for beyond 4th generation (4G) wireless communications. The European Union
has included FD as a framework of METIS, their flagship project for 5G wireless

research.

1.4 Motivation

As mentioned in previous sections, it is evident that spectrum scarcity has become
a major challenge for future wireless system designers. After reviewing the cur-
rent advancements in interference coordination techniques and SE improvement

schemes, following observations can be made.

* Theoretical analyses are required to identify the performance limits imposed
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by CCI on cellular wireless communications. The results for conventional
single-input single-output (SISO) and single-input multiple-output (SIMO)
systems can be found in [25-30]. However, future wireless standards are ex-
pected to be equipped with novel techniques such as relay communications
and distributed antenna systems. Therefore, the theoretical performance lim-
its for these novel techniques are required to assess their feasibility in a cel-

lular wireless network setting.

* Interference coordination techniques should be developed to accommodate
relay communications. Since relay based wireless networks are expected to
be deployed in LTE-A, interference coordination of relay networks is an in-

teresting topic to investigate.

* Theoretical performance limits of FD communications in a cellular network
setting have not been investigated. Although it is common to believe that im-
plementing FD communications in cellular networks will ideally increase the
SE by a factor of two, the achievable gains could be lower due to the interfer-
ence limited nature of cellular systems. Therefore, it is important to find ways
to integrate FD communications in cellular systems without producing addi-
tional interference. A possible application will be to use FD communications
only for short range links. A study on the feasibility of FD communications
for short range communications in cellular systems is a worthwhile contribu-

tion to wireless communications research.

The problems addressed in this thesis are motivated by the above given observa-

tions.

1.5 Problem Statement

The specific research problems addressed in this thesis are presented in this section.

The main contributions of this thesis are divided into 3 parts.

1. The first part of this thesis focuses on theoretical performance limits of coop-

erative relay networks and distributed antenna systems, when they operate in
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a cellular network with CCI.

2. The second part of this thesis presents low-complexity interference coordi-
nation schemes for two-hop relay networks. The performance limits of the

proposed schemes are theoretically investigated.

3. The third part of this thesis studies the potential of FD communications in
device-to-device (D2D) networks, as a measure of increasing the overall spec-

tral efficiency of wireless networks.

The contributions highlighted above are formulated as five research problems

P1-Ps.

* P1- Outage probability analysis of multiuser relay networks in the presence of
CCI: Relay assisted communications are incorporated in wireless standards
such as IEEE 802.16j and 3GPP LTE-A. Therefore, relay networks with mul-
tiple users will be implemented in future wireless networks. The performance
of multiuser relay networks in the presence of CCI has not been investigated
in the literature. This thesis addresses this problem by analyzing the outage

probability performance of a multiuser relay network in the presence of CCI.

* P2- Average rate analysis of distributed antenna systems in the presence of
CCI: In DASs, the transmit capabilities of a BS are increased using geo-
graphically distributed remote antenna units connected to the BS using back-
haul links. This approach helps to achieve macrodiversity, reduce coverage
dead spots and improve the per-user throughput in cellular networks. Only
few works exist related to the performance of DASs in a cellular network
setting. This thesis addresses the identified limitation by developing a theo-
retical framework to investigate the average rate performance of a DAS with

quantized CSI in the presence of CCI.

* P3- Relay coordination schemes for two-cell two-hop networks: From the
results of P1, one can identify the performance limits of two-hop relay net-

works in the presence of CCI may not satisfy the requirements specified for
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an acceptable quality-of-service (QoS). To achieve better performance in the
presence of CCI, this thesis proposes techniques to coordinate interference
from the dominant co-channel interferer in two-hop networks with infras-
tructure relay nodes. A theoretical framework is presented to evaluate the

outage probability achievable with each coordination scheme.

* P4- Interference coordination using a shared relay: Interference coordination
schemes in P3 require information exchange between the relays in interfer-
ing cells. This approach increases the network complexity. Therefore, it is
desirable to develop interference coordination schemes that do not require in-
formation exchange between cells. To facilitate this, shared relay networks
with linear transceivers are proposed and their performance is evaluated in

terms of the outage probability and the average rate.

* PS- Average rate analysis of full-duplex device-to-device networks: Full-
duplex communications are emerging as a method of improving SE of wire-
less networks. However, theoretical results on the achievable SE improve-
ment of FD communications are not found in literature. It is beneficial to
have a theoretical framework to identify the feasibility of FD communica-
tions over HD communication systems with equal hardware complexity and
power consumption. This thesis presents an analytical framework to evaluate

the performance of FD D2D networks in terms of the average achievable rate.

1.6 Thesis Structure

This thesis is written in the paper-based thesis format with the exception of Chap-
ters and 8] The material presented in Chapters 3-7 are peer-reviewed research
publications published in IEEE journals and IEEE international conference pro-
ceeding. Due to the adoption of this paper-based style, each chapter contains its

own background, literature review and a list of references.

I'The results presented Chapters 3-6 of this thesis are published in top journals of IEEE Communica-
tions Society such as IEEE Transactions on Communications and IEEE Communications Letters,
while the results of Chapter [/ are published in the proceedings of IEEE Wireless Communications
and Networking Conference.
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Chapter [2] presents background information related to the topics discussed in
this thesis. For each topic, previous works and their limitation are mentioned.

Chapter [3| addresses P1 by developing an analytical framework to evaluate the
outage probability performance of an AF relay network with multiple users in the
presence of CCI. Multiple users are served based on the principles of opportunistic
scheduling. Apart from the impact of CClI, the performance degradation due to CSI
feedback delay is also investigated. A version of Chapter 3 is published in /EEE
Transactions on Communications [31]].

Chapter 4 addresses P2 by proposing a simple technique to accurately estimate
the ergodic rate of a DAS operating in the presence of CCI. Apart from the impact
of CCI, the worst-case performance achievable with quantized CSI in the pres-
ence of CCI is studied. With quantized CSI, the probability distribution of the
signal-to-interference plus noise ratio (SINR) has a complicated mathematical form.
Therefore, further analysis using this exact distribution becomes mathematically in-
tractable. To alleviate this problem, it is proposed to approximate the distributions
of the desired signal power and the cumulative interference power using a more
tractable gamma distribution. The accuracy of this approximation is verified using
extensive Monte-Carlo simulations. A version of Chapter 4 is published in /EEE
Communications Letters [32]].

Chapter [3] addresses P3 with an outage probability analysis of relay coordina-
tion schemes for two-hop networks. Four relay coordination scenarios based on the
backhaul capacity and the availability of CSI are defined and their outage probabil-
ities are evaluated using closed-form expressions. An approximation technique is
proposed to account for the user location randomness in outage probability evalua-
tions. A version of Chapter 5 is accepted for publication in IEEE Transactions on
Communications [33]].

Chapter [6] proposes to coordinate CCI by sharing a relay station among the in-
terfering cells. Shared relay CCI coordination can be implemented without CSI and
user data exchange between the cells. The outage probability and ergodic rate be-
haviour of a two-cell shared relay network model is investigated. Two-cell network

model can be considered as the case where CCI coordination is performed only
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with the dominant interferer. The impact of CSI quantization is also investigated.
A version of Chapter 6 is published in IEEE Transactions on Communications [34]].

Chapter [7] studies the ergodic rate performance of FD D2D networks when they
operate as an underlay of conventional cellular networks. A theoretical framework
is presented to compare the performance of FD system with a HD system contain-
ing equivalent hardware complexity and energy consumption. The results can be
used to identify the conditions required for FD systems to outperform HD systems.
A version of Chapter 7 is published in the proceedings of the IEEE Wireless Com-
munications and Networking Conference 2014 [33]].

Chapter [8] presents concluding remarks and possible future research directions

based on the results of this thesis.
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Chapter 2

Background

This chapter reviews technical fundamentals of the topics discussed in this thesis.
These include theoretical basics of fading channel model, transceiver structures,
performance metrics, and practical limitations of the system models studied in this
thesis. Furthermore, the limitations of the currently available results related to each

of the research problems P1-P5 are discussed.

2.1 Fading Channel Model

Based on the properties of the transmit signal and the characteristics of the propa-
gation channel, fading can be categorized into several forms. Two forms of fading
can be defined based on the relation between the symbol duration and the channel
coherence time, namely, slow fading and fast fading. The channel coherence time is
the time period where we can consider the fading channel impulse response remains
almost constant. Slow fading occurs when the symbol duration is relatively smaller
than the channel coherence time. And fast fading is vice versa. Similarly another
two forms of multipath fading can be identified as flat fading and frequency selec-
tive fading. These two types are defined based on the relation between the channel
coherence bandwidth and the transmitted signal bandwidth. The channel coher-
ence bandwidth is defined as the frequency range over which the fading channel
response remain almost constant. If the transmitted signal bandwidth is relatively
smaller than the channel coherence bandwidth, the fading is considered to be flat

and otherwise it is frequency selective. In this thesis, it is assumed in all the results
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that the fading is slow and flat and the signal amplitude fading is modeled using
the Rayleigh distribution. The Rayleigh distribution is used to model the signal
amplitude fading when the receiver does not have a line-of-sight (LOS) with the
transmitter. The probability density function (PDF) of a Rayleigh distributed signal
amplitude X is given by

fxlz) = %exp (—2“%22) . 0<z<oo @.1)

where 202 is the average envelope power (E[z?]).

2.2 Key Performance Metrics

The performance of a wireless system primarily depends on the receiver’s ability to
extract the desired signal from a mixture of signals and noise. The relative power
of the desired signal compared to other interference (signal-to-interference-plus-
noise ratio (SINR)) is a key factor determining this ability. Therefore, majority of
the performance metrics defined for wireless systems are closely dependent on the
SINR at the receiver. For noise limited systems the SINR is approximated using
the signal-to-noise ratio (SNR), while in an interference limited system the SINR is
approximated using the signal-to-interference ratio (SIR). The performance metrics

studied in this thesis are the outage probability and the achievable ergodic rate.

2.2.1 Outage probability

The outage probability P, of a wireless system is defined as the probability that
the instantaneous output SINR, ~, falls below a predefined threshold SINR value
~w- This probability is directly related to the reliability of a wireless link. It can be

computed using the probability density function (PDF) of the output SINR as

“Yth
Pou(n) = /O F(v)dy = Fy () (2.2)

where F,(7) is the cumulative distribution function (CDF) of the SINR. The outage
probability serves as an important design factor for a wireless system as it gives
the probability that a particular user does not experience an acceptable quality-

of-service (QoS). A system designer must make sure that the outage probability
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remains small for a large range of SINR values. Typical outage probabilities of
current cellular networks fall in the range 102 to 10 [[I]]. It is expected that 5G
wireless networks will have to operate with an outage probabilities in the order of
107 2]

The user perception of outage probability can be interpreted in several ways.
For an example, if the outage probability has a value of 1072, it suggests that 1% of
the time, a user may not receive the desired minimum QoS. The outage probability
values computed using (2.2)) can be used to evaluate other performance indicators
such as average fade duration, which specifies the average duration of an outage

event.

2.2.2 Ergodic rate

The ergodic rate of a wireless system is defined as the probabilistic average when
the instantaneous rate is averaged over the distributions of all the fading processes.

It can be mathematically represented as

Curg = /0 Bylogy(1+7),(7)dy 2.3)

where B, is the signal bandwidth. The unit of ergodic rate is bits per second. In
certain scenarios, it is convenient to compute the ergodic rate using the CDF of v as

Con = T / TR0, (2.4)

n(2) Jo L+~

where (2.4) is obtained applying integration by parts in (2.3). In [3], C, is de-
scribed as the rate-adaptive, power non-adaptive information rate. This rate is
achievable when the transmitter can be informed of the maximum possible trans-
mission rate and use rate adaptive modulation to match the maximum rate at each
transmit instant. In practice, the codewords that achieve the ergodic rate could be
very long and may not be suitable for delay sensitive applications. However, ergodic
rate can be used as a qualitative measure to compare the performance of different

systems.
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2.3 Transceiver Structures

This section presents the technical background for the transceiver structures em-

ployed in this thesis.

2.3.1 Maximal ratio combining receiver

Maximal ratio combining (MRC) is a form of space diversity where receiver uses
multiple antennas to obtain multiple copies of the transmitted signal through in-
dependently faded paths. The output of a MRC receiver is the weighted sum of
received signals. The combining weights are computed to maximize the SNR of
the output signal. In the absence of CCI, the input signal of a M-branch MRC
receiver can be given as

ihn = V/ Poh()SQ +n (25)

where F, is the transmit power, sq is the unit energy data symbol, hy is the M-
dimensional complex channel coefficient vector and n is the AWGN at the receiver.
The combiner weights the input signal with weight vector w and the output of the
combiner is given by

Four = vVHrin~ (26)

It can be shown that the output SNR is maximized when w = hy. The resulting

SNR is given by
_ Pyllho|?

02

YMRC (2.7)

where o2 is the noise variance which is assumed to be the same over all the branches.
When N interference signals are present at the receiver, the input signal can be

modeled as N
rim = vV Poh(]S() + Z vV P[hksk +n (28)
k=1

where P is the transmit power of the interferers, sy, is the unit energy data symbol of
the k™ interferer, and hy, is the M/-dimensional complex channel coefficient vector
of the k™ interferer. Since the combiner is unaware of the presence of interference,

it treats interference as additional AWGN. Therefore, the combining weight vector
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is identical to w. The resulting SINR is given by

Py [|hyl|?
YMRC = ‘1|v || . (2.9)
Ih{’h,?
ZR2DY 2
= [Iho]|

2.3.2 Selection combining receiver

Selection combining (SC) is another form of space diversity where the branch with
the highest SNR is selected for data decoding. The output SNR of a SC receiver in

a noise dominant environment can be given as

Po|h]? Pylhol?>  BPolha)?
Ysc :max{ d 21| d 22| il 2M| } (2.10)
o o o
where hq,--- , hys are the elements of hy. When CCI signals are present at the

receiver, depending on the ability of the receiver to estimate the interference chan-
nels, three SC receiver types are studied in this thesis. If the receiver can estimate

the instantaneous SINR, the output SINR is given by

Polhul” . Polha } @.11)

Ysc-SINR = max o
{U2+Z]kvzlpf|h1k|2 U2+Z;§:1PI|th|2

where h;, is the channel coefficient between the k™ interferer and the j™ antenna.

If the receiver is capable of estimating only the average powers of the interferer

|hyl?

pERv and

signals, the combiner selects the branch which has the largest ratio of

the resulting output SINR is given by

5 = max Polhal* Polhal (2.12)
SC-SINR = :
P | o+ 30 Prlhl 0?4+ 300 Prlhan?

02+U]~I

where 0;; = ,]Cvil Prlhji| is the average interference power at the j™ antenna. If
the receiver has no knowledge regarding the CSI of the interferers, it selects the
branch with the largest |k |?, treating interference as additional AWGN.

2.3.3 Zero-forcing receiver

Zero-forcing (ZF) is a simple linear receiver technique used in multi-user commu-

nications with multiple antenna receivers. In this thesis, it is used with multi-user
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networks where users are equipped with only a single antenna. Assuming a system
with a M antenna receiver and N single antenna users (M > N), the M X 1 receive

signal vector can be represented as
r=Hs+n (2.13)

where s = (s1, 82, -+, )7 is the N x 1 data vector, n ~ CN(0, o%I) is the AWGN
vector, H = [h; - --hy] is the M x N channel matrix with columns representing

the channel vector from each user. The output of a ZF receiver can be given as
= WHr (2.14)

where the weight matrix W = H(H”H)~! is given by the pseudoinverse of the
matrix H. The resulting SNR for the k" data stream can be found as
1
Yk,zF = o2 [(HIH) 1,
where [(HH) ™!, is the (k, k)™ element of the matrix (H7H) L.

(2.15)

2.3.4 Minimum mean-square error receiver

Minimum mean-square error (MMSE) receiver is another linear combining tech-
nique used in multi-user wireless systems to suppress multiple access interfer-
ence [4]. The MMSE receiver is also known as the optimal combiner [5,/6] where
it was first proposed as a technique to maximize the output SINR in the presence
of CCI signals. In a multiuser network with N single antenna users and an M-
antenna receiver, using the same signal model as (2.13)), the weight vector for the

data detection of the k™ user is computed as
wy, = (HH"” + 0°1) " hy. (2.16)

The resulting SINR of the k™ user is given by

Yimmse = hi R Mhy, (2.17)
where
N
R=> hh{ + 1. (2.18)
k
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2.3.5 Maximal ratio transmission

Maximal ratio transmission (MRT) can be considered as the extension of MRC
for multiple transmitting antennas. When a transmitter is equipped with multiple
antennas and have the knowledge of the propagation channel to the receiver, it can
use MRT to obtain a diversity gain even when the receiver is equipped with only a
single antenna. The transmit signal should be appropriately weighted such that the
signals from multiple antennas are coherently combined at the receiver. Assuming
a single antenna receiver, the received signal of a MRT system with M transmit
antennas can be given as

7 = Wperh + 1 (2.19)

where wyrr is the MRT weight vector, h is the M x 1 channel vector and n ~

CN(0,0?) is the AWGN. The SNR of the received signal is given by

wil . hl|?
MRT = [Wargrh " o ", (2.20)
o
It has been shown in [7] that yygr is maximized when wygrr = H_EH The SNR of
the received signal is given by
hll2
IMRT = ! |2| (2.21)
o

which is equivalent to a MRC receiver with same number of antennas.

2.3.6 Transmit antenna selection

Implementing MRT requires multiple RF chains in the transmitter. However, im-
plementing multiple RF chains are generally expensive and consume extra power.
Furthermore, MRT requires full CSI feedback from the receiver. Transmit antenna
selection (TAS) serves as a low complexity transmit diversity scheme with lower
device cost, power consumption and feedback load. In TAS, the transmitter selects
a subset of transmit antennas and applies MRT on the selected subset. With this ap-
proach, the number of RF chains required at the transmitter can be reduced and the
amount of CSI feedback is also reduced [8.9]. If only a single antenna is selected at

the transmitter, only the antenna index needs to be fed back. The TAS scheme used
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in this thesis only selects the best antenna, which maximizes SNR at the receiver.
In a TAS system with /V, transmit antennas and [V, receiver antennas, the transmit
antenna index is found using

t; = arg max{||h,||*} (2.22)

1<n<N;
where h,, is the N, x 1 channel vector between the n'" transmit antenna and the
receiver. The SNR of this TAS scheme can be given as

Do|[hy|[* Po|[ho|” _._P0||hNt||2}

o2 o2 o2

YrAs = Max { (2.23)

2.3.7 Transmit zero forcing

Transmit zero-forcing is a linear precoding scheme used in multiuser MIMO (MU-
MIMO) systems to precancel the inter-user interference at the transmitter [10]. Al-
though transmit ZF is suboptimal compared to dirty-paper coding, it is the best
precoding scheme among all the linear precoding schemes in the high SNR regime
for single antenna users [11]. Consider an MU-MIMO system with M single an-
tenna users and a transmitter with /V; antennas (N, > M). The received signal at

the u™ user can be given as

M
Ty = hf Z frxr +ny, (2.24)
k=1

where h,, is the V; x 1 channel vector between the transmitter and the u" user,
nu ~ CN(0,0?) is the AWGN at the u™ user, f, and z, are the N; x 1 precoding
vector and the transmit symbol of the the k™ user, respectively. The transmit power
constraint is given by E[x”x] = P, where x = [z}, 23, -+, x%,]. The SINR for
the ' user can be given as

7 b £

0%+ 57 D (DI E]>

(2.25)

YTZFu =

In ZF precoding, the vectors f;, are computed such that the multiuser interference
term ﬁ P L |hf £, |? is equal to zero. To achieve this condition, precoding vectors
are obtained from the normalized columns of the pseudoinverse of the concatenated

channel matrix H = [hy, hy, -+ hy]. The precoding vector for the u™ user is the
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normalized u™ column of H” (HH?)~'. When BSs are equipped with multiple an-
tennas and the users are single antenna devices, transmit ZF is suitable for downlink

communications while ZF reception can be used for uplink signal reception.

2.4 Practical Limitations

From the details given in Sec. it can be observed that multiuser interference
cancellation schemes and transmit diversity schemes such as MRT and TAS, require
the transmitter to have channel knowledge. In a TDD system, CSI at the transmit-
ter can be obtained from the channel reciprocity. However, in a FDD network, the
receivers have to estimate the channels and feedback the estimated CSI to the trans-
mitter via a feedback channel. Channel estimating errors at the receivers, delays in
the feedback channel and the limited information rate of the feedback channels are
common limitations found in wireless systems. These limitations cause imperfect
CSI at the transmitter. Therefore, it is of practical importance to consider the impact
of these limitations in the performance evaluations and system designs. The results
of this thesis have incorporated the impact of CSI feedback delay and the impact of

CSI quantization due to the limited rate supported in the feedback channel.

2.4.1 CSI feedback delay

In FDD systems, initially, the transmitter sends pilot symbols and the receiver es-
timates the channel. The estimated CSI is fed back to the transmitter via a feed-
back channel. If the process of CSI estimation and feedback takes a time 7};, due
to the time-varying nature of the wireless channels caused by Doppler shifts and
other phenomena discussed in Sec[I.2] the actual channel response may be differ-
ent than the CSI fed back to the transmitter. The correlation coefficient between
the estimated channel SNR 7 and the actual channel v, is determined by the time
correlation characteristics of the fading process. The most widely used time corre-
lation model was proposed in [[12] in which the correlation coefficient p is given by

p = JE2m f4T,), where Jo(-) is the zeroth-order Bessel function of the first kind
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and f; is the Doppler frequency. The PDF of 7 can be computed using [13] as

£5(7) = / £ Gla) o () e 2.26)

where f5|,,(7|7a) is the PDF of 4 conditioned on -,. For Rayleigh fading channels

considered in this thesis,

Falva (Y7a) = (2.27)

_ PYat?y =
exp < (1—p)v> 7 ( 2V PV a )
_ 0 _
(1—=p)¥ (1—p)y
where 4 = E[y,] and Z; is the zeroth-order modified Bessel function of the first

kind.

2.4.2 CSI quantization

Feedback channels in wireless systems are expected to have limited resources.
Therefore, the information rate supported by feedback channels will be quite low.
This imposes restrictions on the codebook size that can be used to quantize the CSI
estimated at the receiver. The codebook size and the codeword generation tech-
nique are key factors determining the performance of transmit diversity techniques
such as ZF precoding and MRT. Consider an MU-MIMO system with M single
antenna users and a transmitter with /V; antennas (N, > M). Assume that the users
can perfectly estimate the CSI of the downlink channel from the pilot symbols.

is

For applications considered in this thesis, only the channel direction h, = HEZII
quantized and fed back. The users quantize the estimated channel directions using
codebooks of size L = 28 with N, x 1 unit norm vectors [10]. The codebook of the
u™ user is C, = {Cu1,Cu2, - ,Cur}. Since the optimal technique to design the
quantization codebooks is not known, random vector quantization (RVQ) is used to
generate the codewords. With RVQ, each codeword is independently chosen from
an isotropic distribution on the /NV;-dimensional unit sphere [[14]. The codebooks
are known at the transmitter and the users select the index of the codeword closest
to the estimated channel direction h,, measured by the inner product

iy = argmax |h7c, . (2.28)
1<k<L
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The users feedback the B-bits corresponding to 7,, and the transmitter obtains the

CSI for the u™ user as h,, = Cy,i,- Transmit ZF is performed with the normalized
columns of the pseudoinverse of the matrix H = [fll, hy,---h w ). The SINR for

the ' user is given by

Lnlif?

YQzZFu = (2.29)
02 + 17 Doz DI

where f{ is the precoding vector of the k™ user. In contrast to the perfect CSI case,
with quantized CSI the multiuser interference is not completely eliminated. If the
elements of h,, are independent and identically distributed (i.i.d), the distribution of
the desired signal is well approximated by a chi-square distribution with N; — M
degrees of freedom. The distribution of the multiuser interference term is approxi-

__B_
mated using an exponential distribution with mean ¢ = 2~ M- [15]].

2.5 Current State of Research

This section highlights the current state of research work related to each research

problem addressed in this thesis.

* The performance limits of SIMO and MIMO systems in the presence of CCI
have been characterized extensively in the literature. However, until recently,
the research work on relay networks in the presence of CCI were quite lim-
ited [16-23]. These works only consider single-user relay networks in their
analysis. It is well known that in the absence of CCI, multiuser wireless
systems can benefit by introducing relays [24-29]. It is beneficial to have
analytical results on the performance of multiuser relay networks (MRNs)
in the presence of CCI, since they help the system designers to identify the
performance limits of uncoordinated MRNs prior to designing coordinated
MRNSs. In addition to the impact of CCI, MRN performance depends on the
CSI quality available for user scheduling [30]. However, previous studies
have not considered the joint impact of CCI and CSI imperfections on the

performance of MRNSs. These limitations are addressed in Chapter 3]
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* The performance of DASs in single-cell networks as well as multi-cell DAS
networks have been studied extensively [31,32]. Recently, interference co-
ordination has been introduced into DASs [33,34]. However, the main lim-
itation of these works is that they assume the availability of perfect CSI at
the transmitters, which is not feasible in practice. Therefore it is important to
understand the performance of multi-cell DASs with imperfect CSI at trans-
mitters. This is essential to identify realistic estimates for network design
parameters such as number of distributed antenna units and CSI feedback
quality required to achieve a particular performance target. Furthermore, the
analytical results can be used to identify the sub-optimality of the CSI quan-
tization schemes used in conventional MISO systems and the need of bet-
ter CSI quantization schemes optimized for DASs. The results presented in

Chapter 4] attempt to contribute towards these issues.

* Relay communications and network coordination are two novel features pro-
posed in LTE-A. However, the combination of relay communications with
network coordination has not received a significant attention in the literature.
A limited number of works on coordinated dual-hop relay systems have been
presented in [35-38]]. References [35H37]] develop transmission techniques
for coordinated AF relay networks, while [38]] study the capacity performance
of coordinated DF relay networks. Although previous work on coordinated
relay networks proposed sophisticated transmitter and receiver structures for
source and relay nodes, there have been almost no analytical studies related
to performance evaluation of relay coordination schemes. Furthermore, the
previous studies do not consider the direct link between the source and the
destination. Furthermore, it is important to account for the user location ran-
domness in the performance evaluations. The results of Chapter[5]are focused

on addressing these issues.

» Shared relay networks have not received significant research attention in the
literature [39-41]]. Reference [42] have shown that SRNs can approach the

gains of network MIMO systems with a much simpler network architecture.
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However, the work in [42] used complex techniques such as multiuser detec-
tion and dirty paper coding at the relay station, and ignore the existence of
a direct link between the BSs and MSs. A transmission technique to maxi-
mize the sum capacity of two cell networks using a shared relay was proposed
in [39]]. The authors assumed that the two BSs exchange data and CSI with
each other. The work in [41] studied user scheduling and power allocation
schemes to ensure fairness in a multi-cell multiple user SRN. All these previ-
ous results on SRNs assumed perfect CSI availability at the relay. However,
this condition is difficult to satisfy in practice. Therefore, it is important to
consider these limitations for performance studies of SRNs. Furthermore, an-
alytical studies on SRNs are not found in literature. Therefore, it is beneficial
to have a theoretical framework to investigate the performance of SRNs. The

results of Chapter 6] are focused on addressing these issues.

Many research efforts in FD communications are focused on SI reduction
techniques. Recent advancements in SI cancellation [43,/44]] have proposed
schemes that can achieve up to 110 dB isolation between the Tx and the
Rx. The experimental results of [45] have shown that FD systems are capa-
ble of achieving higher spectral efficiencies than HD systems for SI isolation
above 74 dB. Efficient SI cancellation filters for multiple antenna systems
have been introduced in [46]]. In general, these results have been observed
in point-to-point FD systems with short distances between the nodes. Ex-
ploiting this fact, Chapter [7] investigate the applicability of FD techniques in
D2D networks, where the communications are generally short range. In D2D
networks, users in close proximity communicate with each other directly, in-
stead of communicating through a central BS. The most common approach to
deploy D2D communications in traditional cellular networks is the underlay
approach, where D2D users coexist with conventional cellular users while
maintaining a maximum allowed interference level on the cellular users. The
authors in [47] pointed out the feasibility of underlay D2D networks in 3GPP
LTE-A systems. Several works have proposed efficient communication tech-

niques for D2D networks including resource allocation [48]], and power opti-
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mization [49]. It is interesting to combine the concepts of FD and D2D, since
it may allow us to harvest the benefits of both technologies to improve the
spectral efficiency of wireless communications. Apart from [S0], there have
been no prior work related to the performance of FD D2D networks. Chapter
[7l presents an analytical framework to evaluate the ergodic rate performance

of a FD D2D network.
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Chapter 3

Opportunistic Scheduling in
Dual-Hop Multiuser Relay Networks
in the Presence of Interference

The outage probability of a multiuser two-hop amplify-and-forward relaying sys-
tem employing opportunistic scheduling is investigated. A practically important
case where there are cochannel interference signals present at the network is con-
sidered for the analysis. Exact expressions and closed-form lower bounds are de-
rived for the outage probability. Exact closed-form expressions are derived for the
system outage probability when interference signals are present at the relay and at
the destination separately. A closed-form lower bound is derived for the outage
probability when the relay and the destination nodes are affected by interference
simultaneously. The effects of channel state information feedback delay are in-
vestigated for special cases. In addition, asymptotic outage probability results are
derived to obtain useful insights on the effects of interference and feedback delay.
The novel expressions can be used by practicing engineers to obtain reliable and
realistic performance estimates for dual-hop multiuser relay networks. The results
are useful for understanding the capabilities of the feedback channel required in this

system.
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3.1 Introduction

Dual-hop relay assisted wireless communications has been an active research topic
for the last decade. Numerous studies have examined and improved the benefits
which can be gained by using dual-hop relaying in the sense of spatial diversity,
multiplexing and extending network coverage. Recently, there has been a surge
in research related to investigating the effects of cochannel interference (CCI) on
dual-hop relay networks. Many results have been published on the effects of CCI
on the performance of dual-hop relay networks [[1-9]. All these works assume that
the network under consideration consists of a single user. However, it has been
shown in many studies that multiuser wireless networks can benefit by introducing
relaying into the network. These networks are commonly known as multiuser relay
networks (MRNSs), and their performance has been investigated extensively in the
literature [[10-15]].

In all the previous studies on MRNSs, it was assumed that the only additive inter-
ference present in the network is additive white Gaussian noise (AWGN). However,
due to the practice of frequency reuse adopted to improve the spectral efficiency
of cellular wireless networks, the performance of the network can be significantly
affected by CCI. Therefore, it is necessary to examine the effects of CCI when
we consider the performance of MRNSs since it is essential for design of spectrally
efficient MRNS.

In this chapter, we investigate the outage probability of an amplify-and-forward
(AF) MRN operating in the presence of CCI. Our model is a scaled down version
of the model analyzed with only AWGN in [14] in the following sense. Instead
of multiple antenna nodes, we assume the source, relay and the destinations are
single-antenna nodes. Similar to [14]], the principles of opportunistic scheduling
are used to determine the user to be served from the source. The relay is respon-
sible for determining the user to be served based on the channel state information
available at the relay. We derive closed-form expressions for the outage probability
of the MRN when CCl is present at the relay and at the destinations separately. The

effect of channel state information (CSI) feedback delays will be investigated for
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the case when the interference signals are present only at the relay. When the inter-
ference signals are present only at the destination nodes, we study the performance
of two possible user scheduling criteria and derive closed-form outage probability
expressions for each case. Furthermore, we analyze the most general case when the
CCI and AWGN are present at the relay and the destinations simultaneously; tight
lower bounds for the outage probability are derived for this case. To the best of the
authors’ knowledge, there have been no analytical performance results reported for
MRNs with CCIL.

In wireless networks which employ opportunistic scheduling, the quality of the
available CSI can be a critical factor affecting the performance of the system. In
practical implementations, CSI feedback is obtained using a control channel and
these channels are never perfect. Often they can have delays. Therefore, in or-
der to obtain a realistic estimate of the performance achievable using a particular
wireless system, it is important to consider the impact of this delay on the system
performance. There are several works that deal with the impact of feedback delay
on dual-hop relay networks [16-20], but most of the available works consider relay
networks without CCI. A recent work [21] considered the impact of feedback delay
on beamforming in a single user relay network. It was shown in [21] that the CCI
does not destroy the diversity gain of the system, whereas the feedback delay can
destroy the diversity order of the system. However, we are not aware of any works
investigating the effects of feedback delay on MRNs operating in the presence of
CCI. In this chapter, we derive an exact expression for the outage probability of a
MRN with CCI present at the relay node.

The remainder of this chapter is organized as follows. In Section[3.2] we present
three possible cases that may prevail in MRNs. Section [3.3] presents outage proba-
bility analyses for the three cases. Section [3.5 presents numerical results and com-
parisons while Section [3.6 concludes this chapter. The detailed derivations are pre-

sented in appendices.
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Figure 3.1: The general system model used for analysis.
3.2 System Models

In this section, we present the network configurations used for our analysis. We
consider two multiuser relay network protocols, where the relay selects the user to
be scheduled based on the available CSI. The relay is assumed to operate in the
AF mode with variable amplifying gain. In both models, the source (5), the relay
(R) and the users (Dq, - - - , Dy) are single antenna nodes. The direct links between
the source and the users (destinations) are assumed to be heavily shadowed and
the communications between the source and destinations are possible only with the
assistance of the relay. Destination nodes are assumed to be sufficiently spatially
separated such that the fading channels from the relay to each destination are mutu-
ally independent. All the fading channels (S — R, R — D; and the fading channels
of the interference signals) are assumed to be Rayleigh distributed. The source

transmission and the relay transmission occur at two different time slots.

Notations

We will use the following notations throughout this chapter. The probability density
function (PDF) and the cumulative distribution function (CDF) of a random variable
(RV) X are denoted as fy(x) and Fx(x), respectively. The symbol E[-] denotes

mathematical expectation while the probability of an event A is denoted Pr(.A).

3.2.1 Interference at the relay

We first consider the case where the cochannel interference signals are present only

at the relay while the only additive interference at the destination nodes is AWGN.
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This situation can be experienced when a relay node which is located near the edge
of a cell, serves shadowed user terminals. In the first time slot, the source transmits

the signal to the relay. The signal received at the relay can be modeled as

L
yr1 = vV Eshspr + > \/Ejhjz; + ng (3.1)
j=1

where E is the transmitted signal energy at the source, hgp is the fading channel
gain between the source and the relay, x is the unit energy data symbol of the
scheduled user, F; is the energy of the ™ CCI signal, h; is the fading channel gain
between the j interferer and the relay, z; is the unit energy data symbol of the ;™
interferer, L is the number of interference signals and ny is the AWGN at the relay
with variance o'%.

The relay applies a gain (G, to the received signal and forwards it to the sched-
uled destination. The received signal at the k" destination node can be described

as
L
YD, = hRDkGl (\/ Eshsrx + Z \/ Ejhjl’j + TLR> + np, (3.2)
j=1

where hpgp, is the fading channel gain (with mean-square value (2pp for all k£ €
[1,---, N]) between the relay and the k"™ destination node, and np, is the AWGN at
the k™ destination node with variance 0%, (the noise variances at all the destination

nodes are assumed to be equal). The relay amplifying factor (G is given by [2]]

G :\/ L (33)
Eslhsg|* + 32521 Ejlhyl? + 0%
where E’ is the energy of the signal transmitted by the relay.

It is assumed that the noise power at the relay is negligible compared to the total
interference power. This is a common assumption made in the literature for wireless
systems operating under the influence of dominant CCI [2,22]. Then, the end-to-
end (e2e) signal-to-interference-plus-noise ratio (SINR) for the £ destination node

can be found as [2]

YSRYRD;
= ’ (3.4a)
Tk Yi(YrDy, + 1) + Vsr
where
vsr = Es|hsr|* (3.4b)
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_ Eglhgp,|?

YRDy ) = (3.4¢)

oh
L

vr=Y_ Ejlh” (3.4d)
j=1

Since it was assumed that the relay operates in the variable gain mode, the relay
has access to perfect CSI for the S — R link and knowledge of the instantaneous total
interference power. Furthermore, it is assumed that the relay has perfect knowledge
of all the R — D;,i € [1,---, N] links. Therefore, the relay uses the principle
of opportunistic scheduling to determine which destination node signal is to be
transmitted. The relay selects the user which maximizes the e2e SINR and feeds
back the index of the selected destination to the source. In this system setting, the
user with the best R — D link will be the user with the highest e2e SINR. Therefore,
the scheduled user’s SINR is given by

VSR RDiax
Y1(YRDwe + 1) + VsR

Ye1 = (3.52)

where
= max . 3.5b
YRDmax ke[lf{ 7N}{/ YRD; i } ( )

3.2.2 Interference at the destination nodes

Now assume that multiple CCI signals are present only at the destination nodes,
while the reception at the relay is corrupted only with AWGN. The signal received

at the relay can be given as
Yr2 = EShSRx + ng. (36)

The relay amplifies the received signal with the gain GG, given as

Er
Gy = . 3.7
2 \/Es‘thP—'—U% ( )

The received signal at the k™ destination node can be given as

Ly,
Yo, = hrp, G2 <\/ Eshsrx + nR) + Z V Exhire + np, (3.8)
-1
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where E},;, hy; and L, are the energy and the fading channel gain of the [ interferer
and the number of interference signals at the k™ destination node, respectively.
Assuming that the noise powers at the destination nodes are small compared to the

CCI powers, the e2e SINR at the k™ destination node can be found as

o VSR2VRDs _ VSR YDy,
Yok = = (3.9a)
V1, (Vsm, + 1) + YRDy 1, Ysr, + 1+ b,
where
Eg|hsg|?
VR, = % (3.9b)
R
VrDy, = Erlhrp, |’ (3.9¢)
Ly,
VI, = Z Epi|hi|? (3.9d)
=1
and ~yp, is the signal-to-interference ratio (SIR) of the R — D link at the & desti-
nation node given by vp, = ’my’%
k

For this system setting, we consider two possible methods of user scheduling
namely, a desired signal power algorithm, and a SIR based algorithm. We describe
and analyze each of these algorithms in the following.

In desired signal power based selection, the relay has perfect CSI of the S — R
link and all the R — D;, i € [1,---, N| links but it may not have knowledge of the
instantaneous interference power at each destination node. Then, the relay cannot
apply the opportunistic scheduling principles using the e2e SINR. Therefore, the
relay selects the user with the best R — D link and feeds back the index of the

selected destination to the source. Then, the e2e SINR of the system becomes

Ve = YSR2VRD2 max _ YSR2YDs (3.10a)
VIps (vsr, +1) + YRD2,max Ysr, + 1+ Vb,
with
7RD2,max - keﬁ%a}?N}{ryRDQ’k} (3.10b)

where 7y;,,. and vp, are the interference power and the SIR at the selected destina-
tion node.
If the user terminals are capable of identifying the desired signal and the inter-

ference signals, the relay has knowledge of the R — D link SIRs of each user and
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SIR based selection is implemented. Then the relay selects the user with the highest

R — D SIR and the e2e SINR of the system is given by

rySR2/meax
Ye2srr = (3.11)
2SIR 73R2 + ]‘ + ,}/Dmax
where
VDpo = Mmax_{yp, }. (3.12)

ke[l,,N]
3.2.3 Interference at the relay and the destinations

The most general case is where both the relay and the destination nodes are affected
by CCI and AWGN. The received signal at the relay is same as (3.1)) and the relay
amplifying gain is given by (3.3). The received signal at the k™ destination node is

given by

L Ly,
Yp, = hrp,G1 (x/EshSRx + Z vV Ejhjr; + nR) + Z V Exihiaxi + npg.
j=1 =1
(3.13)

After some simple manipulation, it can be shown that the SINR at the A" destination

can be found as [3]] -
eff ’}/LBS'R'V%D;C (3 14)

’y =
Y sk D, +1

where 7§, and 4§}, are the effective SINRs of the S — R and R — Dy, links, defined

as

Es\hQSRF
eff __ IR
Ysr = Eilh:|2 (315)
1+ZL J| J‘
j=1 o%
and
Eg|hrp, |?
SR RDEL
Dy = = 3.16
TRDy, 14+ Sk Eyelhi|? (3.16)
=1 o2
D

In this scenario, the relay has perfect knowledge of the S — R link and all the
R—D;, i €[1,---, N] links and the instantaneous interference power at the relay.
However, it may not have access to information on the instantaneous interference
powers at the destination nodes. Therefore, the relay selects the user to be scheduled
based only on the quality of the R — D; links. Similar to the case when CCI is

present only at the destination nodes, the relay selects the user with the best R — D
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link and feeds back the user index to the source. The e2e SINR of the scheduled

user is given by with 7§}, replaced with

eff ryRDmax
YRD, = — 7. (3.17)
’ 1+ Zl:kl Vi,

By hug|?

2
D

where 77, =

We point out that in the system model adopted here, the system cannot take
advantage of factors such as the uneven number of interferers at different destina-
tion nodes, the non-identical powers of interference signals and the non-identical
mean-square values of the fading channel gains of the interference signals at dif-
ferent destination nodes. Exploiting these issues may result in better e2e SINR at
a different destination node other than the node with the best & — D link. How-
ever, exploiting these issues will create tradeoffs between the performance and the
amount of information feedback implemented in the network. An analysis of this

full complexity system for an arbitrary number of users /N appears to be intractable.

3.3 Outage Probability Analysis

In this section, we derive exact expressions for the outage probabilities of each

system model described in Section 3.2

3.3.1 Interference at the relay

We define the outage probability as the probability that the e2e SINR falls below a
predetermined SINR threshold, ~y. For the case when CCI only is present at the

relay, the outage probability can be written as

Powt(7m) = Pr(ve1 < Y)- (3.18)

Assuming equal power interferers with independent and identically distributed

(i.1.d) fading channels, the outage probability can be obtained as

a3 () () 1]

Y2 v
1 1 1 1
Yen (Ve + )(UT ) W Yoo (Y + 1) (u + ) (3.19)
Jth 1 ’ ’Yth
27172 (’Yl + ’71) 717 ’71
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where 7, = EgE(|hgp|?), 72 = 228222 T'(.) is the Gamma function defined in

9D

(23 8.310.1], and W, 3(-) is the Whittaker function defined in [23, 9.221.1]. The
derivation of (3.19)) is given in Appendix [3.Al

While the expression (3.19) gives the exact outage probability of the system,
next we present an expression to understand the behaviour of the outage probability
of the system for the case when 74, 75 — 00, maintaining the ratio % a constant .
Following reference [21], in the high SNR regime, we use an upper bound on the
e2e SINR given by 7oy = min(£%, vgp, ). The asymptotic outage probability of

the system when N > 1 is given by

out

-
P () ~ 7;1%‘1 +0 (2. (3.20)

For a single user system, the asymptotic outage probability is given by

L
P () A~ 00 (ﬁ) +0 (3 (3.21)
T K71

The derivations of (3.20) and (3.21)) are given in Appendix[3.Al One can observe
that the system performance in the high SNR regime is dominated by the S — R

link quality in the multiuser case and the diversity order of the system is 1.

3.3.2 Interference at destination nodes

For the case when CCI only is present at the destination nodes, the outage probabil-
ity is defined as the probability that the e2e SINR of the scheduled user falls below
a predetermined SINR threshold.

The system outage probability under desired signal power based user scheduling

is computed using

YSRy YDy
Pow(7m) = Pr(Ve2, < ym) = Pr (VSRQ +21 g < %h) : (3.22)

Assuming equal power interferers with i.i.d. fading channels and an equal number

of interferers (L p) at all the destination nodes, the outage probability for the system
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is given by

N-1

-1 kL !—LD
Py (ym) = 1 — Nexp ( %h) Z (1) _D VYrD S
VSR, =0 k + 1) [(k + 1)’YID’Yth + ’VRD]

Xexp< (v + 1 (k + 1)1, )w_ . ( (v + 1) (k + 1)1, )

2Ysry ((k + 1)71,7 + VrD) Ysr, (k + 1)A15%m + rD)
(3.23)

EsE(|hsr,|?)
—
R

where Jgg, = ,and Yrp = ErQgp, 71, = E;€, with Er and €
the transmitted power and the mean-square value of the fading channel gain of
each interferer at the k™ destination node, which are assumed to be equal at all the
destination nodes. The derivation of (3.23)) is presented in Appendix

The outage probability of a MRN which uses SIR based user selection can be

computed using

YSR2"Y Dmax
Pou(ym) = Pr(%2sm < ym) = Pr <VSR2 +21 e < %h) . (3.24)

Assuming equal power interferers with i.i.d. fading channels and an equal number
of interferers (Lp) at all the destination nodes, a closed-form expression for the

system outage probability can be found as

Pr(7a) = 1 —exp (__y ) i (N ) (—1)*(~ L) {”’%D} L)

VSRy /) i \V YRD V1Y
N
X exp YSRg WRD—*_:H'YS;?Q W_LD%% FYSR2TYRD+:H 'YzRQ . (325)
2 (——=2= EP T pY
( Yip ) ( Yip )

The derivation of (3.23)) is given in Appendix [3.Cl

3.3.3 Interference at the relay and the destinations

For the most general case when the CCI and AWGN are present at the relay and the
destinations, the e2e SINR was found as (3.14). In general, the exact expression
for the e2e SINR is difficult to use in analytical studies. Therefore, we make use
of a tight upper bound on the e2e SINR, introduced in [3]. The e2e SINR of the
scheduled user can be tightly upper bounded by ~,, given by

Yeze < Yup = Min{"§, Yz, }- (3.26)
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Then the CDF of ~,, can be found as

Fﬁ/up(’}/) = F,Yerr ( ) + F ot (’y) — F,YesrrR(’y)F off (7) (3.27)

D,
where F.er (v) and Flen ) (7) are the CDFs of ¢}, and ~§f;, , respectively. The
expressions for Fer () and Fler ) () are derived in Appendix[3.Dl Then a closed-
form outage probability lower bound for the system, assuming equal power interfer-
ence signals with i.i.d fading channels and an equal number of interference signals

(Lp) at all the destination nodes, can be derived as

F (Vh)zl—( A )Lexp<—ﬂ)+ ( A )Lexp(—ﬂ)
ot Y + A T Y + A M

k’yth T LD
g 3.28
8 ( ) exP( Vo ) (k%h+T (5:28)
where ,71 — ESE(|ZSR|2)’ ,72 _ ERE(‘hRDk Vk e [ ,N], f?ID — E1291, A — _“_/1
OR o °D TIgr
and T = 3—2
Ip

While the expression (3.28)) gives the exact outage probability of the system,
here we present also an expression to understand the behaviour of the outage prob-
ability of the system for the case when 7, 75 — 00, maintaining the ratio % a

constant x. The outage probability in the high SNR regime can be found as
Pai(m) = % [1+ Ly ) + O3 2). (3.29)
1

The derivation of (3.29) is given in Appendix

3.4 Impact of CSI Feedback Delay

For the analysis in Sec. [3.3.1] it was assumed that the CSI of the R — D links
reach the relay instantaneously. However, in practice, the control channels may
have delay and the CSI obtained by the relay could be outdated. In this section,
we investigate the impact of CSI feedback delay on the system setting considered
in Sec. B.2.1l We assume the feedback is delayed by T, time units. To pursue the

analysis, we rewrite (3.2) with a time index, namely
yp1(t) = hrp, (1) (\/ Eshsr(t)z(t) + Z V Eih( )+ nR(t)> +np(t).
(3.30)
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The e2e SINR at the k™ destination node can be found as

YSRYRD,
Tr1 = —= ’ (3.31)
' Y1(YrDy, + 1) +Vsr
2
where Yrp, , = M We also define yrp, , = M We follow the
, D ’ b

CSI feedback delay model used in [24]. Note that the user selection is based on
YRD, ,» While the SNR experienced in the selected link is Ygp, ,, a delayed version
of Ygp, ,,- In order to evaluate the system outage probability, one requires the PDF

of Yrp, ,.- This PDF is computed using the method given in [24], namely
P @) = [ Frnoylinon, ) Fino,, ()
+
/oo exXp (-(fyp w) ( 9 Ty
= T ( v
0

N (1= p)y2 1 — )

) Fimp,, W)y (3.32)

where Z,(-) is the modified Bessel function of the first kind of order zero, p =
JE 27 f4Ty), fais the Doppler frequency and Jo(-) is the zeroth-order Bessel func-
tion of the first kind. Since the relay selects the user with the best R — D link SNR,

the PDF of 4rp, , is given by

N-1
Py, ) = N [P )] Fono,, @)

N-1
=N {1 — exp ( Y )} iexp (—i) . (3.33)
V2 Y2 V2

Substituting (3.33) in (3.32)), and solving the integral using the result [25] eq. (9)],
the PDF of yrp, , can be found as

Nexp( = p72> N—-1 (Nl—l
firo, , (2) = - l -
=0 [% o T 72}
X exp lpx 1 (3.34)
_ 252 | L p 1
(1= p)*7 [“72 T T
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Using the PDF of Ygp, ,, a closed-form expression for the outage probability can

be found as
N— 1 N 1 —L
N ) _'Vth(l + 1) } [ 1 7th:|
P I
oul) = 25 ; 2( l + 1 exp [72((1 -+ 7 ™M ( )
:Ylh7(1+'7th)(l+l) :Yth7(1+'Ylh)(l+l)
exp 7172((1=p)l+1) W—L 1 7172((1=p)l+1) ) (335)

14w 14w
2(’71_‘_’7;) <’71+’7T>

The derivation of (3.33) is similar to the derivation of (3.19) and hence omitted.

3.4.1 Asymptotic outage probability

In order to obtain insights on how the CSI feedback delay affects the system perfor-
mance in the high SNR regime, we present here the asymptotic outage probability
of the system. The outage probability behaviour when 7, 5 — oo while maintain-

ing the ratio % a constant x, can be found as

(—1)l(N‘1)vth
I+ 15+ 1} (1—p)rmn

+0 (%% . (336)

LA
Paaw) ~ =228+ N Z T

The derivation of (3.36)) is given in Appendix From (3.36)), one can observe

that the diversity order of the system is 1.

3.5 Numerical Results

In this section, we present some numerical results obtained from the expressions
derived in Sections and 3.4l The outage probability of the system with the in-
terference limited relay is plotted in Fig. [3.2] for different numbers of users in the
system. The average SIR per interferer (defined as %) at the relay is 20 dB. We
can clearly observe the multiuser diversity loss in the system, due to the presence
of CCI at the relay. When the first hop SINR dominates the outage probability of
the system, the outage probability reaches a floor value. This floor value depends
on the number of interference signals present at the relay. Furthermore, the ex-
cellent agreement between the theoretical results and the simulation results can be

observed.
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Fig. 3.3l shows the system outage probability when CCI signals are present at
the relay and the average power per interferer is fixed at 5 dB for all values of 7, and
~2. One can observe that the outage probability does not depend significantly on the
number of users in the system and as the per hop SNR 7, (7,) increases, the impact
of the number of users in the system on the system outage probability diminishes.
This observation agrees with the asymptotic outage probability expressions, since
the system performance is dominated by the first hop.

Fig. [3.4] shows impact of number of CCI signals at the relay on the system
outage probability when the total power of the interferers is fixed at 10 dB. The
results show that the number of interferers does not have a significant effect on the
outage probability of the system when the total interference power is constant. This
observation is useful when designing cognitive radio networks with the underlay
approach, where the primary network and the secondary users coexist in the same
frequency spectrum.

Figs. and present the impact of feedback delay on the system outage
probability when CCI is present only at the relay. The outage probability behaviour
for a fixed feedback delay (f;7,; = 0.17 or p = 0.5) is given in Fig. for different
values of the number of users in the system and different numbers of CCI signals
at the relay when 7; = 10 dB. Asymptotic outage probability results show that
the system diversity order is one, and system performance is less sensitive to the
number of users in the system, when the SNR is large. Furthermore, from Fig.
it can be seen that increasing the number of users in the system does not improve
the outage probability performance significantly when the feedback delay is large
(faly = 0.3 0or p =0.1).

Fig. 3.7 shows the outage probability performance when CCI is present only at
the destination nodes. The average SIR per interferer at the destinations (defined as
%f) is assumed to be 20 dB. One can observe that the SIR based user scheduling
outperforms desired signal power based user scheduling in the high SNR regime.
The gain obtained with SIR based selection improves with the number of users in
the system, when the average SNR is large. For an example, the lowering of the

outage probability floor by the SIR based selection scheme is larger for N = 4 than
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Figure 3.2: The outage probability of the system when interferers are present only
at the relay for different numbers of N, L with g—} = 20 dB.

for the case when N = 2.

Fig. [3.8] presents the outage probability behaviour of the system with a fixed
number of interferers at the relay. The outage probability lower bound is compared
with the outage probability estimated by simulation. One can see that the bound is
tight and that the maximum discrepancy does not exceed 0.5 dB in SNR. Observe
that the outage probability is weakly dependent on the number of interferers at the
destination, while it is dominated by the number of interferers at the relay.

Fig. 3.9]presents the outage probability characteristics of the system for changes
in the number of users and the number of interferers at the relay. The results seen in
Fig. also confirm that the outage probability in the high SNR regime is mainly
dependent on the number of interferers at the relay. This fact will be important
in network designs for deciding the placement of relays, as it indicates that the

interference at the relay tends to limit the performance of the system.
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Figure 3.3: The outage probability of the system when interferers are present only
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3.6 Conclusion

This chapter presented an analysis of outage probability of multiuser relay net-
works in the presence of CCI. Closed-form expressions were derived for the outage
probabilities of the network configurations assuming interference limited network
entities. The most general case where the network entities are affected by both CCI
and AWGN was also analyzed and a tight lower bound was derived for the outage
probability. The lower bound was compared with the precise outage probability re-
sults obtained by simulation, and it was shown that the bound is tight at high R — D
average SNR values. From the numerical results it was clear that the outage prob-
ability is less sensitive to the number of interferers at the destination, while it is
mainly dominated by the interference at the relay. Analytical results derived in this

chapter can be used to evaluate the feedback channel capabilities of the network.
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3.A The Derivations of (3.19), (3.20) and (3.21)

The expression in (3.18)) can be rearranged as

Py thh / / Pr (7 < %hZ(y i 1)) f’YRD (y)f’n (Z)dydz

— Tth
=1- / / [ Yz (W + Y + 1)} Frrp (W +7m) fr, (2)dwdz.
MW
(3.37)

The RV vgr 1s exponentially distributed and the PDF of ygp is given by

1w
Fran(n) = 71exp( 71). (3.38)

The PDF of vgp is given by

N N\ _y
frrp(y) = — {1 — €xp (__ )] exp (_—) . (3.39)
V2 V2 Y2

For equal power interference signals in i.i.d. fading channels, the RV ~; is

gamma distributed and the PDF is given by

L—1
frr(7) = mexp (—_l) . (3.40)

The double integral (3.37) can be solved with the help of the identities [23, eq.
(3.471.9)] and [23| eq. (6.631.3)]. After some straightforward manipulations, the
result in (3.19) is obtained.

In the high SNR regime, the e2e SINR is upper bounded as

. S .
Vasy A MinN (%7 'YRDk) = min (Yr, YrD, ) - (3.41)

Then the outage probability is given by

Po(yn) = 1= (1= Fp () (1= Fopp, () (3.42)

The CDF of vy can be found as

F(z) = / Frgr (i) £ (v1)dyr = / [1 — eXp ( u )} Jor(yr)dnr
0 0 T
(3.43)

L’YI Vth
71

+0 (772 (3.44)

61



where we have solved the integral (3.43) using [23], eq. 3.351.3] and applied the
asymptotic expansion of a geometric series to obtain (3.44). The CDF of vgp, is

N
Fpnn (V) = [1 — exp <—1>} . (3.45)
V2

(7) can be found using the MacLaurin se-

given by

The high-SNR representation of F.

YR Dmax

ries expansion of the exponential function as

N
B o (V) = (l) +0(%7?). (3.46)

V2
Substituting (3.44) and (3.46) in (3.42)), the expressions for the asymptotic outage
probabilities can be obtained as (3.20) and (3.21)).

3.B The Derivation of (3.23)

The outage probability (3.22) can be computed as

Pout(’}/th) = /0 Pr (’YSRQ < w) f“/Ds (y)dy

Y — T
“Yth
y+1
= / Pr <7532 < M) foo. (W)dy
0 Y — Y
+ / Pr (7532 < M) oo, (W)dy  (3.47)
Yth y - ’}/th
(b) > Yy + 1)
= F +/ [1 —ex (—)] d 3.48
VDs (fyth) - p VSR, (y — v ) f’YDS (y) Yy ( )
c & 1
©q_ / exp (Vth(w_—i_ T+ )) Jrp, (W + ym)dw (3.49)
0 VSRyW

where (b) follows from the substitution of the CDF of s, given by

Flop,(7) =1—exp (— i ) (3.50)

VSR,

into (3.47).
The PDF f,, (y) of the selected destination SIR is given by [26] p. 363],

fan, () = Nfuly,n) (3.51)
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where f, (y,n) is the joint PDF of the SIR for the n'™ destination node and the event

that the n™ destination is selected. The joint PDF f,,(y, n) is given by [22]

00 N Sn
faly,n) = /0 ds, []] /0 Fs,(s:)ds; | fuly, sn) (3.52)
i=1
i#n
where the inner integral represents the probability that all other N — 1 destination
nodes have desired signal powers .5;, less than the desired signal power received by
the n'™ destination node, S, and f,(y, s,,) is the joint PDF of S, and SIR for the
n™ destination node. Following the steps given in [22, Appendix II], the joint PDF
fn(y, s,) can be derived as

oY, 50) i { (1 - )} (3.53)
n y, Sp) = eXp —Sn D— — . .
“_YRD“_Y[L,;DF(LD)Z/LDH YrD  YTVip

The term inside the brackets in (3.32]) can be simplified to

N Sn N-1 _ _
H/O fs(si)dsi| = (L . 1)(—1)kexp( ks”) . (3.54)
i=1

=0 YRD

Substituting (3.34) and (3.33) in (3.32), and solving the integral using [23] eq.
3.351.3], the joint PDF f,,(y, n) can be found as

=N - 1) (=D Lo T5pr
n\Y,n) = L . (3.55)
f (y n) kZ:% ( k P(LD) [(k + ].)y’S/ID + WRD]LD—FI

Substituting (3.53) in (3.51)) yields the PDF of 7. Substituting the PDF of 7, in
(3.49) and solving the integral using the identity [23| eq. 3.471.7] gives the closed-
form expression (3.23)) for the outage probability of the system.

3.C The Derivation of (3.25)

Using the steps executed in Appendix to arrive at (3.49), the outage probability

expression in (3.24) can be simplified to the integral expression

> W+ v+ 1
Pou(1m) =1 — / exp (7“1( T )) Froe (@ +ym)dw.  (3.56)
0 VSRyW
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The PDF f,,, (y) of the maximum R — D link SIR can be found using [22, eq.
(37)] as

N _ovLp—
N\ Yrp Vi (=Lpv)
f mx(y)=§ ( ) ~RD D o (3.57)
h w1 \Y (F1py + Frp) Pt

Substituting (3.37) in (3.36), and solving the integral using the identity [23, eq.
3.471.7], the closed-form expression (3.23) for the system outage probability is

derived.

3.D The Derivation of (3.28)

In order to derive the CDF of 7, the CDFs of RVs 7§}, and 7§}, are required. The
CDF of v¢t, was found in [3} eq. (17)], and is given by

Fu(7)=1— (L)Lex (—l> (3.58)
W T+ A P ) .

The CDF of 7§, can be derived as

IVRDmaX
Fa, (7)=P1 (— < 7)

1 + ZlL:kl 7]1k
= /O Erome (VL +9)) foe  (y)dy. (3.59)
The CDF of vrp,,, 1s given by
N N
B (V) = {1 — exp (—%)} : (3.60)

Assuming the interferers at the selected destination node have equal powers and

1.i.d fading channels, the PDF of ZlL:kl V1, 18 given by a chi-square density

L y
dy — —2— ex S 3.61
szL:k1 Ty, (y) 4 ’VIL;F(L]@) P ( Vip ) ( :

Substituting (3.60) and (3.61)) in (3.39), and using the result [23 eq. (3.351.3)], a

closed-form expression can be derived for the CDF of ﬁ{ka, and is given by

Far (1) = i (JZ) (~1)"exp (—@) {mﬁ T] Y e

n=0 2

Substituting in (3.27)), we obtain a closed-form lower bound for the outage proba-

bility of the system.
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In the high SNR regime, we let 7, 72 — 00, maintaining the ratio ? a constant

k. We substitute asymptotic series expansions of the CDFs of v&f, and 4" D, given

by
a1 () en(3)
'YesR - 1_'_ % p ’_}/1
~1_ (1L _r )
~1 <1 n + O(A~ )) (1 %Jro(% ))
%[HLWRHO(% ) (3.632)
and
re- 5 (ren(2) 5]
o T n P Y2 ) L1+ 5

() (- o) -5 o

(e (- (55)) o vem

in (3.27) to obtain (3.29) as an expression for the outage probability in the high-

2
M=M= M-

Q

Il
=)

SNR regime.

3.E The Derivation of (3.36)

Similar to [21]], in the high SNR regime we upper bound the e2e SINR using

Yasm = min (Y, YrD, ) - (3.64)

Then the outage probability in the high SNR regime can be found in the form (3.42)).
The CDF of Ygp, , is given by

N-1 _\(N—-1
F;/RDL,C (*T) =N ( 1) ( l )
=0 [l T 1Tpp T 1] [1 - p)[l—f +1]}
—r P
X |l—exp| ———|1-— (3.65)
(1= p)7% (1- )[H +1]

Using the approximation exp(—x) ~ 1 — 2 when x — 0, and considering only the

terms with the smallest exponent of %, the asymptotic outage probability expres-

sion (3.36) is obtained.

65



References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

C. Zhong, S. Jin, and K.-K. Wong, “Dual-hop systems with noisy relay and
interference-limited destination,” /IEEE Trans. Commun., vol. 58, no. 3, Mar.

2010.

H. A. Suraweera, H. K. Garg, and A. Nallanathan, ‘“Performance analysis of
two hop amplify-and-forward systems with interference at the relay,” IEEE

Commun. Lett., vol. 14, no. 8, Aug. 2010.

S. S. Ikki and S. Aissa, “Performance analysis of dual-hop relaying systems in
the presence of co-channel interference,” in Proc. IEEE Global Telecommuni-

cations Conference, GLOBECOM 2010, Miami, FL.

D. Lee and J. H. Lee, “Outage probability for dual-hop relaying systems with
multiple interferers over Rayleigh fading channels,” IEEE Trans. Veh. Tech-
nol., vol. 60, no. 1, Jan. 2011.

D. B. da Costa, H. Ding, and J. Ge, “Interference-limited relaying transmis-
sions in dual-hop cooperative networks over Nakagami-m fading,” IEEE Com-

mun. Lett., vol. 15, pp. 503-505, May 2011.

D. Lee and J. H. Lee, “Outage probability of decode-and-forward opportunis-
tic relaying in a multicell environment,” IEEE Trans. Veh. Technol., vol. 60,

pp. 1925-1930, May 2011.

W. Xu, J. Zhang, and P. Zhang, “Outage probability of two-hop fixed-gain
relay with interference at the relay and destination,” IEEE Commun. Lett.,

vol. 15, pp. 608-610, Jun. 2011.

66



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

F. S. Al-Qahtani, T. Q. Duong, C. Zhong, K. A. Qarage, and H. Al-
nuweiri, “Performance analysis of dual-hop AF systems with interference in
Nakagami-m fading channels,” IEEE Signal Process. Lett., vol. 18, pp. 454—
457, Aug. 2011.

H. A. Suraweera, D. S. Michalopoulos, R. Schober, G. K. Karagiannidis, and
A. Nallanathan, “Fixed gain amplify-and-forward relaying with co-channel

interference,” in Proc. IEEE International Conference on Communications

(ICC), 2011, Jun. 2011.

J. B. Kim and D. Kim, “Comparison of two SNR-based feedback schemes in
multiuser dual-hop amplify-and-forward relaying networks,” IEEE Commun.

Lett., vol. 12, no. 8, pp. 557 —559, Aug. 2008.

N. Yang, M. Elkashlan, and J. Yuan, “Outage probability of multiuser relay
networks in Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 59,
no. 5, pp. 2120 -2132, Jun. 2010.

C. K. Sung and I. B. Collings, “Multiuser cooperative multiplexing with inter-
ference suppression in wireless relay networks,” IEEE Trans. Wireless Com-

mun., vol. 9, no. 8, pp. 2528 -2538, Aug. 2010.

N. Yang, M. Elkashlan, and J. Yuan, “Impact of opportunistic scheduling on
cooperative dual-hop relay networks,” IEEE Trans. Commun., vol. 59, no. 3,

pp- 689 —694, Mar. 2011.

N. Yang, P. L. Yeoh, M. Elkashlan, J. Yuan, and I. B. Collings, “Cas-
caded TAS/MRC in MIMO multiuser relay networks,” IEEE Trans. Commun.,
vol. 11, no. 10, pp. 3829 —3839, Oct. 2012.

N. Yang, M. Elkashlan, P. Yeoh, and J. Yuan, “Multiuser MIMO relay net-
works in Nakagami-m fading channels,” IEEE Trans. Commun., vol. 60,

no. 11, pp. 3298-3310, Nov. 2012.

67



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H. Suraweera, M. Soysa, C. Tellambura, and H. Garg, “Performance analysis
of partial relay selection with feedback delay,” IEEE Signal Process. Lett.,
vol. 17, no. 6, pp. 531 =534, Jun. 2010.

D. Michalopoulos, H. Suraweera, G. Karagiannidis, and R. Schober,
“Amplify-and-forward relay selection with outdated channel estimates,” IEEE

Trans. Commun., vol. 60, no. 5, pp. 1278 —1290, May 2012.

H. Suraweera, T. Tsiftsis, G. Karagiannidis, and A. Nallanathan, “Effect of
feedback delay on amplify-and-forward relay networks with beamforming,”

IEEE Trans. Veh. Technol., vol. 60, no. 3, pp. 1265 —1271, Mar. 2011.

M. Soysa, H. Suraweera, C. Tellambura, and H. Garg, “Multiuser amplify-
and-forward relaying with delayed feedback in Nakagami-m fading,” in IEEE
Wireless Communications and Networking Conference (WCNC), 2011, Mar.
2011, pp. 1724 —1729.

M. Soysa, H. Suraweera, C. Tellambura, and H. Garg, “Partial and opportunis-
tic relay selection with outdated channel estimates,” IEEE Trans. Commun.,

vol. 60, no. 3, pp. 840 -850, Mar. 2012.

H. Phan, T. Duong, M. Elkashlan, and H.-J. Zepernick, ‘“Beamforming
amplify-and-forward relay networks with feedback delay and interference,”

IEEE Signal Process. Lett., vol. 19, no. 1, pp. 16 —19, Jan. 2012.

A. A. Abu-Dayya and N. C. Beaulieu, “Outage probabilities of diversity cel-
lular systems with cochannel interference in Nakagami fading,” IEEE Trans.

Veh. Technol., vol. 41, no. 4, pp. 343-355, Nov. 1992.

I. Gradshteyn and 1. Ryzhik, Table of Integrals, Series, and Products, Seventh
Edition. Academic Press, 2007.

J. Tang and X. Zhang, “Transmit selection diversity with maximal-ratio com-
bining for multicarrier DS-CDMA wireless networks over Nakagami-m fading
channels,” IEEE J. Select. Areas Commun., vol. 24, no. 1, pp. 104—112, Jan.
2006.

68



[25] A. H. Nuttall, “Some integrals involving the g-function,” Naval Underwater
Systems Center (NUSC) Technical Report, Apr. 1972.

[26] W. C. Jakes, Microwave Mobile Communications. New York: IEEE press,
1994.

69



Chapter 4

Ergodic Rate Performance of
Limited Feedback Distributed
Antenna Systems in the Presence of
Interference

The performance of a random vector quantization based transmit precoding dis-
tributed antenna system is investigated in terms of the achievable ergodic rate. An
approximate expression is derived for the ergodic rate of the system considering
the effects of path loss, Rayleigh fading and out-of-cell interference. A moment
matching technique is used to approximate the desired signal power and the total
interference power distributions of the system using a Gamma distribution. The
proposed approximation estimates the performance of the system accurately and

saves computational time in simulations.

4.1 Introduction

Distributed antenna systems (DASs) where users are served using a set of geograph-
ically distributed antenna units (DAUSs) connected to a central unit (CU), were first
introduced as a solution to remove coverage dead-spots in indoor locations [1].
Later DASs emerged as a viable solution to provide reduced outages and higher
throughputs in wireless networks [255]. A thorough analysis of the achievable er-
godic rate of multiuser multiple antenna DASs with out-of-cell interference was

presented in [6].
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In the majority of the works examining the performance of DASs in multi-cell
networks, it has been assumed that perfect channel state information (CSI) of all
in-cell channels is available at the CU. However, this may impose heavy feedback
requirements on the DASs. Reference [7] gave an overview of the feedback re-
quirements and proposed a limited feedback precoding scheme for DASs. Random
vector quantization (RVQ) limited feedback precoding, proposed in [8]], has been
identified as a less complex, suboptimal technique to reduce feedback in co-located
multiple antenna systems. Although, RVQ limited feedback precoding is not opti-
mal for DASs, the performance of DASs with RVQ based precoding can be used
as a benchmark to compare other limited feedback precoding techniques. There are
a limited number of studies that investigate RVQ based precoding in DASs [9.[10],
considering only the cases where there are no sources of interference other than ad-
ditive Gaussian noise. Since DASs have crucial application in heterogeneous net-
works, it is important to investigate their performance in the presence of out-of-cell
interference.

In this chapter, we analyze the performance of DASs with RVQ limited feed-
back precoding in the presence of out-of-cell interference, in terms of achievable
ergodic rate. Since an exact analysis is not mathematically tractable, we propose
an approximate solution for the ergodic rate. We justify our approximations using
extensive Monte Carlo simulations. The proposed approximations will be useful
for practicing engineers to obtain realistic estimates for system design parameters
such as codebook size, number of DAUSs, and number of antennas at each DAU.

The remainder of this chapter is organized as follows. In Section4.2] we present
the DAS model used for our analysis. Section presents the new performance
approximations for DAS. Numerical and simulation results are given in Section
4.4] while Section 4.5 concludes this chapter.

The following notations will be used throughout this chapter. The probability
density function (PDF) and the cumulative distribution function (CDF) of a random
variable (RV) X are denoted as fx(x) and F'x(z), respectively. The symbol E|[-]
denotes expectation while the probability of an event A is denoted Pr(.A). A com-

plex Gaussian distribution with mean 1 and variance o is denoted as CA (p, 02). A
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Gamma distribution with parameters & and ¢ is denoted by I'(k, #). Euler’'s Gamma
function is denoted as I'(-), while the Whittaker function [11, 9.220.4] is denoted
by W)\7,,(').

4.2 System Model

Consider a multi-cellular DAS with N DAUs and a central base station. Universal
frequency reuse is assumed among the L neighboring cells. All the base stations
and DAUSs are equipped with N, transmit antennas while the user equipments are
single antenna devices. It is assumed that in each cell, there is only one active
user. Without loss of generality, we consider a typical cell (cell 0 in Fig. [4.1)) as
our reference cell for the analysis, while the transmissions of neighboring cells are
treated as co-channel interference.

The DAS uses blanket transmission [3] to serve the users and the macroscopic

channel vector for the user in cell O (user 0) can be given as
h— [ LORO /LR ... Lgngy} 1)

where hgj ) denotes the 1 x N, channel vector with independent and identically
distributed (i.i.d.) CA/(0,1) components from the " DAU in the j* cell and LY’
denotes the propagation path loss from the 7 DAU in the ;" cell. For simplicity,
in theoretical computations and simulations, we use a free-space path loss model to

compute ng ) as

02

(47 fod)?
where Pi(j ) is the power allocated to the 7 DAU in the 51 cell, ¢ = 3 x 10® m/s,

L(-j) _ P(j)

i

4.2)

fe is the carrier frequency and dl(-j ) is the distance from the i" DAU in the g™ cell.
Per cell power constraints are assumed such that Zﬁo Pi(j ) = P,, where P, is the

power constraint at each cell. The received signal at user O can be formulated as

YO = hTOz0 4 S8 hOTO20) 4 (4.3)

where h¥) is the macroscopic channel vector from the j® cell to the user 0, T7)
and V) are the transmit precoding vector and the unit energy user data symbol at

the 7" cell, and n is additive white Gaussian noise (AWGN) at user O distributed as
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@ User equipment

Figure 4.1: The multicell DAS model used for numerical and simulation results.

CN(0,03). It is assumed that perfect knowledge of h is available at the user. How-
ever, due to feedback channel constraints, a quantized version h of the estimated
channel shape h = ﬁ is available at the CU of cell 0. The quantized channel
shape is found using

h = arg max |hf?|? 4.4)
fer

where F = {w;,}2, is the codebook with size 27, and w, are 1 x N N, vectors. The
user feeds back the index of the quantized channel to the processing station. Then,
the precoding vector T(© is obtained as T(© = h#. We assume that codebook F
is generated using the principles of RVQ [12]. The codewords w;, are independent
and identically distributed on the unit sphere. The codebook is known at both the

user and the AP, and it is changed pseudo-randomly for each symbol period.

4.3 Ergodic Rate Analysis

In this section, we present an approximate analysis of the ergodic rate of the DAS
model given in Section 4.2l For our analysis, it is assumed that the covariance
matrix of the interference channels is known at the user and no further coordination

is assumed among the cells.
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4.3.1 Limited feedback DAS

From (4.3) and (4.4)), the received signal at user O can be written as
YO = |hfoz + Y7 hOT@z0) 4 p (4.5)

with v = hh?. Assuming Gaussian signaling [6] and treating out-of-cell interfer-

ence as noise, the ergodic rate of user 0 can be given as

1 (1 . 2 [B|[vf? )1 we
08, 5 - 5 5 .
1+ % > :]Lzl hG) T (hGTW)H

where the expectation is taken over the channel realizations and all the possible

IDAS =E

RVQ codebooks. In order to evaluate the expectation in (@.6), one requires the

statistics of the signal terms and the total interference term.

Statistics of the Desired Signal Component

The desired signal power is given by
o = [l = o S, L [, “.7)

It has been verified in [10] that ||h||? and |v|? are independent. According to (#.4),

|v|? can be given as

lv]* = max

k=1, 2B

(4.8)

2
(0), (0 (0)4,(0)
(b > > |kl k

The CDF of |v|? for a distributed antenna system with RVQ based limited feedback

was derived and verified in [10]], and is given by

Fup(e) = (1— Q=) 0<z<1. (4.9)

The CDF of vp can be given as

L E e 2 (¥
Pr(||h||2|v|2 <y) = [FHhHQ (%) FUQ(x)];‘I'/O |v] (x)2;| (w)ydl’ (4.10)

where integration by parts is applied to obtain (4.10). The PDF of || h||? can be found
using [13} eq. (13)]. Substituting the PDF of ||h||? and using the identities [11} eq.
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3.471.2 and eq. 3.381.1], the exact expression for the CDF of vp can be obtained

as

9B

-t (2) £ ()

Tk =0 k=1 I=1

X exp <_—) FE(NNy— 1)+ )Wy, <7?; ) 4.11)
k

—2(i(NNy— 1)+1) (2— and 2=k and with

m m ]- 35"
Nk

v(+, +) is the incomplete Gamma functlon defined in [11} eq. 8.350.1], 1,12, - - , M
0)

where \ = 1

are the distinct values of LE
that Y, v, = NN, 7(k,l) is the set of r-tuples such that 7(k,l) = {¢ =
(01,62, ,q) € Nt g # 0,3 1 ¢n = vp — [} and N" denotes the set of

with multiplicities vy, vo, - - - , v, respectively, so

non-negative integers..

One can identify that the exact form of F’, (y) is complicated and the usability
of (4.11) for performance evaluations is quite low. Therefore, we propose to approx-
imate the distribution of 7 using a Gamma distribution. Due to the mathematical
tractability of the Gamma distribution, it is a common practice in wireless com-
munications literature to approximate complicated distributions with the Gamma
distribution [6,/14]. We follow an approach similar to references [6,/14], and use
the second-order moment matching technique to approximate the distribution of
with a Gamma distribution.

According to the principles of second-order moment matching, the approximate
Gamma distribution I'(k, 6) for a distribution with mean  and variance o will have
parameter values k = Z—z and 6 = "—: [6]. Therefore, in order to find the appropriate
Gamma approximation, one should compute the mean and variance of vp. Using

the independence of ||h||? and |v|? the mean can be found as [10]
p=N, LON, (1 _ 983 (23, 7 )) 4.12)

where [3(-, -) is the beta function defined in [11, 8.380.1]. The variance of vp can

be found using the relations
o? = [E(|v]*)]*Var([1][*) + [E(|h])Var(jo[?) + Var([h]*)Var([of?) (4.13)
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2\ _ 2B 9B (—1)
Var([v[") =1 - t:O( ¢ )(t(NNt—l))2+3t(NNt—1)+2 (4.13b)

var([?) = N2 (1) @130

Statistics of the Interference Component

The total interference power at user 0 is given by
Pr = Zle h@T O (WO)TO)H, (4.14)

We assume identical transmission techniques in neighboring cells, where transmit
precoding vectors T/) are computed using RVQ based codebooks. To the best of
the authors’ knowledge, the exact distribution of P; is not known. However, ex-
ploiting the fact that the precoding vectors T/) are independent from the channel
vectors hU) and using the properties of isotropic random vectors, we approximate
the distribution of P; using a Gamma distribution following reference [6], which
used second-order moment matching to approximate a total interference power dis-
tribution in multi-cell DAS.

First we approximate the distribution of v; = ||h)T)||2 using a Gamma dis-
tribution. In order to proceed with this approach, one must have the mean and the
variance of v;. The elements of h¥) are independent but not necessarily identically
distributed complex Gaussian RVs. The precoding vectors TV are independent
isotropic random vectors. It was shown in [6, Proposition 11] that the mean and the

variance of v generated by such random vectors can be calculated using

_ 1 NNy 2
lu'Uj ~ NN Zn:l On and

2 _ 2 NNt 4 NN 2 9
Tv; = INN)(NN:+1) (2 2on=t On + 2t Dokpn Unak)

where o2 is the variance of the n component of h¥/), The approximate Gamma
2 2
vj

v

J

distribution for v, is then given by I'(k;, 6;) with k; = Z% and 0; = -

Now, the distribution of total interference power V' :J > ; Vj» can be derived as
the distribution of a sum of independent and not necessarily identically distributed
I'(k;,6;), and is given by [15 eq. (2.9)]. However, the PDF given in [15] has
limited usage for the purpose of ergodic rate analysis due to its complicated form.

Therefore, we propose to approximate the distribution of V' using the second-order
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moment matching for a sum of Gamma random variables introduced in [6, Propo-

sition 8]. Following the principles of second-order moment matching, the approx-

2
imate Gamma distribution for V' is given as I'(k,,0,) with k, = % and
f = X, ki03

Yy Zj kj@j :
Rate Computation
The approximate ergodic rate of the system is given by
le
IDAS =K |}Og2 (1 + 1:%):| (415)
g

where p and V' are approximately Gamma distributed RVs. However, the expres-
sion (4.13) in its original form is difficult to evaluate analytically. A high signal-to-
noise ratio (SNR) approximation for the ergodic rate when vp and V' are Gamma
distributed RVs was proposed in [6]. Applying this approach, the ergodic rate can

be computed using
Tpas = E[log (vp + V)] — Eflog(V)]. (4.16)

The proof of @.16)) is straightforward and given in [6, Proposition 9]. The expecta-
tion of the logarithm of a Gamma RV X ~ I'(k, 0) is given by

Elog,(X) = ¥(k)log,e + log,(6) 4.17)

where 1(+) is the digamma function [11} eq. 8.360.1]. Approximating the signal-

plus-interference term yp + V using a Gamma distribution I'(k,,, 6,,,) where k,,, =

(kOO0 20 9, — KOk 0 and substituting k,,, 0., and (4.17) in (4.16)), the
k62 ky 02 zy KO+ oy Oy ° & Fays Vay ;

approximate expression for the system ergodic rate can be found as

Ipas =~ Y (kyy)logye + logy(6,y) — ¢(ky)log,e — log,(6,). (4.18)

4.3.2 Conventional limited feedback MISO system

Next, we analyze the ergodic rate when there is a single transmit unit in each cell
and a common per cell power constraint P.. Without loss of generality, we assume

that only the base station is active in each cell.
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Figure 4.2: Ergodic rate comparisons using different codebook sizes for DAS and
MISO systems.

The exact CDF of the desired signal component is given in [12, eq. 20]. How-
ever, due to the complicated structure of this CDF, it is not readily usable for ergodic
rate computations. Therefore, again we approximate the distribution of vy using a
Gamma distribution with I'(k., 6.), where the parameters k. and 6. can be readily
obtained from (4.12)) and (4.134) by letting N = 1.

An exact solution for the total out-of-cell interference power in this scenario
is not known. Therefore, we approximate the total interference power distribution
using a Gamma distribution as discussed in Sectiond.3.1l Then, employing the high
SNR rate approximation (4.16)), the approximate ergodic capacity of the system can

be evaluated.

4.4 Numerical and Simulation Results

The network model used for numerical and simulation results is given in Fig. 4.1l
The cell radius is R = 500 m and we use DASs with one base station and 6 DAUs
(equipped with N;=3) in each cell, where DAUs are deployed such that they are
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Figure 4.3: Ergodic rate comparisons with different DAS topologies.

uniformly spaced on a ring with radius % from the base station. The cell of in-
terest (cell 0) is assumed to be affected by 6 interfering cells, uniformly spaced on
a ring of radius 2R from the center of cell 0. The user in cell O is located on a
ring with radius R, and the position of the user on this ring is selected randomly.
Each cell operates with a total power constraint of 1 W. The carrier frequency f. of
the network is assumed to be 2 GHz and the noise power is computed assuming a
bandwidth of 5 MHz and a temperature of 290 K. The ergodic rate of user O is es-
timated as a function of R, where we average over 1000 random user locations for
each value of R.. To estimate the ergodic rate by simulation, we use 10,000 chan-
nel realizations. The ergodic rates of a DAS with one base station and 3 DAUs at
each cell, as well as a limited feedback conventional multicell MISO system where
only the base station is transmitting with transmit power 1 W, are also computed
for comparison. Furthermore, we conducted rate computations with lower trans-
mit power constraints and found that the approximation is accurate when the total
interference-to-noise power ratio is larger than 15 dB.

Fig. shows the ergodic rates for user O as a function of distance from the cell

center, calculated using proposed approximation (4.18) and with the rates estimated
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using Monte Carlo simulation. One can observe that the approximations follow ex-
tremely closely the results estimated with simulation. In Fig. we compare the
ergodic rate of 3 different network topologies when 4-bit codebook is used for pre-
coding. Results show that each configuration has superior ergodic rate performance
over the other configurations in a particular range of user distance from the cell
center. This fact can be used in network design to determine the optimal number of
DAUEs that need to be implemented based on user densities.

The performances with different codebook sizes are compared with the case
where the system uses perfect in-cell CSI at the CU calculated using the results
given in [6]. The performance loss due to limited feedback is significant in DAS
while conventional MISO suffers lesser rate loss with RVQ based precoding. The
asymptotic optimality of RVQ precoding for conventional MISO systems explains
the lower rate loss in MISO systems while DASs suffer higher rate losses with
RVQ precoding. The proposed approximations can be used as a tool to quantify
performance losses with RVQ precoding in DASs and multicell MISO systems.
Furthermore, they can be used to obtain accurate estimates for the system design
parameters such as RVQ codebook size, number of DAUs, and number of antennas

at each DAU, without using time consuming Monte Carlo simulations.

4.5 Conclusion

Simple approximations were derived for the ergodic rate of DASs operating in the
presence of out-of-cell interference. The moment matching technique was used to
approximate the distribution of the desired signal power and the total interference
power of the system. Simulation results were presented to validate the proposed

approximations.
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Chapter 5

Relay Coordination Schemes for
Two-Hop Networks: Two-Cell Case

The outage probability of a two-hop coordinated decode-and-forward relay network
is investigated. The case of two interfering cells is considered. This is analogous
to the case when network coordination is performed with the dominant cochannel
interfering cell. Different levels of network coordination are studied and their per-
formances are compared. Exact expressions are derived for the outage probability
of the system for each coordination method. The impact of user location random-

ness on the outage probability is investigated.

5.1 Introduction

Dual-hop relay assisted wireless communications has been an active research topic
for the last decade. Performance gains identified through theoretical studies and ex-
perimental implementations have led to consideration of relay assisted communica-
tions for upcoming wireless standards such as 3GPP LTE-Advanced (LTE-A) [1,2].
Another novel technique that has been proposed for LTE-A is coordination of net-
work entities to minimize the level of harmful inter-cell interference (ICI). There-
fore, there have been several works recently on wireless systems which combine
network coordination techniques with relay communications.

Reference [3] studied the achievable degrees of freedom when the relays of two
neighbouring cells are coordinated using a zero-forcing (ZF) strategy. In [3]], both

the source and the relay nodes were equipped with multiple antennas and the trans-
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mit precoding matrices for source nodes and receiver decoding matrices for relay
nodes were designed based on a zero interference constraint. Reference [4] ex-
tended the results of [3] to support multiple cells with multiple relays and multiple
users. In [4], suboptimal solutions were found for the first- and second-hop transmit
precoders such that the sum-rate of the network is maximized. Reference [5] stud-
ied interference neutralization beamforming for coordinated relay networks. Al-
though previous work on coordinated relay networks proposed sophisticated trans-
mitter and receiver structures for source and relay nodes, there have been almost no
analytical studies related to performance evaluation of relay coordination schemes.
Furthermore, the previous studies do not consider the direct link between the source
and the destination.

In this chapter, we investigate the outage probability of two-hop decode-and-
forward (DF) relay networks, where network coordination is performed with the
cell which causes strongest cochannel interference. Two-cell network models are
practically important, and have been studied in [6H11]. In each cell, we assume
infrastructure relays with multiple antennas, while the source and destination nodes
are single antenna devices. The relay nodes of two cells are coordinated by ex-
changing information between them, while the source nodes do not share any infor-
mation among themselves. Different levels of relay coordination are investigated
based on the type and amount of information available at the relays. Compared
to previous studies on the performance analysis of two-hop relay networks in the
presence of ICI [12-16], we analyze the performance of ICI mitigation schemes for

two-hop networks. Our contributions are highlighted below.

» Exact expressions are derived for the outage probability of the system for four

coordination scenarios.

* In certain applications, complex exact outage probability expressions may
not provide direct insights regarding how system parameters affect the sys-
tem performance. To facilitate insight and oversight, we derive asymptotic
results for the outage probability of the system in the high signal-to-noise

ratio (SNR) regime.
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* It is important to consider the randomness of the mobile station (MS) loca-
tions in performance evaluations to obtain a realistic estimate on the service
quality achievable in a network. We propose approximation techniques to
account for user location randomness in outage probability computations by

evaluating the area outage probability of the system.

The remainder of this chapter is organized as follows. In Section[5.2] we present
the system models for each relay coordination method considered in our analysis.
For each model, the resultant signal-to-interference plus noise ratios (SINRs) at the
MSs are presented. In Section we derive expressions for the outage proba-
bility of each scenario described in Section Section presents the outage
probability analysis for the asymptotically high SNR regime. The performance im-
provements achievable by implementing multiple antennas at the source nodes are
studied in Section Performance approximations that account for the user loca-
tion randomness are given in Section Some numerical and simulation results
are presented in Section while Section 5.8 concludes this chapter. The deriva-
tions of the outage probability expressions are presented in appendices.

We will use the following notations throughout this chapter. The probability
density function (PDF) and the cumulative distribution function (CDF) of a ran-
dom variable (RV) X are denoted as fy(x) and Fx(z), respectively. The symbol
E[-] denotes mathematical expectation while the probability of an event A is de-
noted Pr(.A). Lowercase bold letters and uppercase bold letters are used to denote
column vectors and matrices, respectively. A complex Gaussian distribution with
mean 4 and variance o is represented as CA/ (1, 0%), and a gamma distribution with
parameters k and m is represented as G(k, m). The gamma function is denoted as

['(+). An identity matrix with size [ x [ is denoted I;.

5.2 System Models

We consider a network model where two interfering cells which use infrastructure
relay assisted two-hop communications to serve mobile users, try to coordinate the

ICI using relay coordination. In a practical network point of view, this scenario is
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similar to a case where ICI coordination is performed only with the cochannel cell
with the most dominant interference. Once the dominant component of the ICI is
mitigated, the remaining interference can be considered as an increase in the ther-
mal noise level. We assume that the two-hop communication is performed with the
aid of infrastructure based DF relays with multiple antennas (N, > 2) [2,[17-21]
while the source nodes (BSs) and destination nodes (MSs) are single antenna de-
vices. For comparisons, we also present an analysis for the case where source nodes
are equipped with multiple antennas as well. The source nodes, relays and destina-
tion modes are denoted as BSy, R, and MSy, for & € {1,2}. The communication
between the BSs and the MSs occurs in two time slots. In the first time slot, BSs
transmit their data to MSs and relays. The relays decode the data they received
in the first time slot and retransmit the decoded data in the second time slot. The
relays operate in the selective DF mode where the relay transmits in the second hop
only if the first-hop transmission was correctly decoded. If the first-hop reception
was not correctly decoded, the relay informs the MS via a control channel and the
MS uses only the signal received in first time slot for data decoding. For analytical
tractability, we assume that the MSs apply selection combining (SC) on the sig-
nals they received in two time slots. We consider two SC schemes, namely SINR
based selection [22], where the MSs select the signal with the largest SINR, and
desired signal power based selection, where the MSs have only the statistical chan-
nel state information (CSI) of the interference links. Without loss of generality, we
select MS; for our analysis. The performance metrics for MS, can be deduced in
a straightforward manner from the results for MS;. The model used in the analysis
can be identified as a scenario where infrastructure nodes are being used to coor-
dinate interference among the small cells where peer-to-peer or device-to-device
(D2D) type communications are taking place. D2D communications are expected
to be more commonplace in LTE-A and 5th generation (5G) networks. Although,
we refer to the infrastructure nodes as ’'relays’, these nodes could be any remote
radio unit (RRU) connected to the other RRUs via a backhaul. The received signal

at Ry and MS; during the first time slot can be given as

Yr1 = hpiri 51+ Rpari 52 + MR (5.1a)
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Ym1,1 = 9B1,M1S1 + B2, M152 + Nar1,1 (5.1b)

where hp i is the N, x 1 channel vector between BS; and R; with elements
distributed as CN (0, Lpi k1), hpo g is the N, x 1 channel vector between BS,
and R; with elements distributed as CN (0, L2 r1), nr1 ~ CN(0, NoIy,) is the
additive white Gaussian noise (AWGN) at Ry, g1 ~ CN(0, Lpian) is the
channel gain between BS; and MSy, gpa 1 ~ CN(0, Lpa ar1) is the channel gain
between BSy and MSy, nps11 ~ CN (0, Np) is the AWGN at MS;, and s; and s, are
the unit energy data symbols intended for MS; and MS,, respectively. The values of

LBl,Rl’ LB2,R1’ LBl,Ml and LBZ,Ml are determined by a Slmphﬁed path loss model

do 1"
Loy = P.K (5.2)
da,b

where P, is the transmit power of node a, d,; is the distance between nodes, d,
is a reference distance for the antenna far field, K (dB) = 2010g10ﬁ, A 1s the
wavelength of the carrier signal, and 7 is the path loss exponent.

Depending on the level of coordination between the relays, we consider four

scenarios. They are summarized in Table 5.1

Table 5.1: Relay coordination schemes

Scenario | Description

1 Local CSI available at the infrastructure relays and the MSs.
Relay backhaul is not available. Maximal ratio combining (MRC)
and maximal ratio transmission (MRT) are used at the relays.

2 Relays estimate the first-hop interference channel while MSs only
estimate and feedback the local CSI. Relay backhaul is not available.
Minimum mean-square error (MMSE) receiver and MRT are used at
the relays.

3 Relays and MSs estimate the interference CSI and the MSs feedback
the local and interference CSI separately. CSI of the interference
channels are shared. MMSE and ZF used at the relays.

4 Relays and MSs estimate the interference CSI and the MSs feedback

of the superimposed channel are shared.

the CSI of the superimposed channel. Decoded data at the relays and the CSI

87



5.2.1 Scenario 1: No network coordination

When no network coordination is implemented, the relays use MRC for the signals

they received during the first hop and the resulting SINR at R; can be found as [23]

-~ |hsyrl|”
IMRC,1 = hE T ER (5.3)
NO + B1,R1 3275;1
||, |
The SINR at MS; from the signals received in the first time slot is given by
2
g I
Ymi1 = 951001 (5.4)

No + |gp2,m1]?

We assume that the relay is able to successfully decode the transmitted symbols
if the SINR at the relay is greater than or equal to a predetermined SINR threshold,
Ym- When the relays do not coordinate, the second-hop transmission is equivalent
to a multiple input single output (MISO) interference channel. The best strategy
for each relay is to use MRT, which is the Nash equilibrium solution for a MISO

interference channel [24]. Then, the received signal at MS; is given by

T T
YM1,2 = th,leRlsl + hRQ,Ml’wR282 + Nar12

where hpri an is the N, x 1 channel vector between R; and MS; with elements
distributed as CN/(0, L r1,Mm1)> Rro a1 s the N, X 1 channel vector between Ry and
MS; with elements distributed as CN (0, Lgo 1), Wre = Hizl:ziij:H is the MRT
weight vector of the k™ relay, and nys12 ~ CN'(0, Ny) is the AWGN at MS; during
the second time slot. If Ry could not decode the first-hop data symbols, the received

signal at MS; during the second time slot is interference free. The resulting SINRs

can be found as

I — HhRLMle (5 5)
’7M1,2 ‘h}ﬁz,MthlMlP '
0 Hth,MzH2
for the case when Ry decoded s, correctly and
R g1
]I\\£11172 - T (56)

for the case when R, is silent in the second time slot.

If MS; uses SINR based SC, the output SINR at MS; is given by

88



Y1 = max (Yas1.1, Yam1,2) (5.7)

where 1 2 is either y{;, , or )}, ,. We refer to this scheme as SC-1.
When MS; uses the CSI of the R;-MS; channel and the statistical CSI of the
R,-MS; link, the output SINR is given by

2
if lgB1, 0012 ||Pr1an ||
SI M1 No+Lp2, M1 No+Lpg2, 1 (5 8)
Y1 = 9 h 2 .
I if l9B1,Mm1] ||hr1an ||
T2 No+Lp2,m1 — No+Lg2,a

for the case when Ry decoded s, correctly. When R; is silent during the second

time slot, the output SINR at MS; is given by

2
Yaa i lgB1,ar1 2 [|Pr1an ||
’YJSVH — ' No+Lp2,m1 No (5.9)

2
NI if gLl ||hr1an ||
Va2 No+Lp2,m1 — No

where we assume that the MSs are capable of determining whether interference is
present or not. We refer to this scheme as SC-2. Since the SC-2 scheme requires
only the statistical CSI of the interference links, SC-2 is preferred over SC-1 for

uncoordinated networks.

5.2.2 Scenario 2: First-hop interference CSI estimation

When R;; has the CSI of the BS; — R;, link, it applies MMSE reception on the
signals received in the first time slot. The receiver weight vector at the £ relay is
computed as

WMMSE = Rlzlth,Rk (5.10)
where R;, = thkahgj,Rk + NolIy,, 7,k € {1,2}, 7 # k. The resulting SINR at
R; is given by

YMMSE,1 = hgl,RlRl_lh’Bl,Rl- (511)

Since only the CSIs of the first hop are estimated, the second hop transmission and

the resulting SINRs are identical to Scenario 1.
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5.2.3 Scenario 3: Sharing second-Hop CSI

In this scenario, the relays use MMSE reception in the first time slot. We assume
that MS;, estimates the CSI of the interference link R;-MS;, and feeds this CSI back
to Ry. The relays exchange these CSIs through a backhaul link. Now, the relays use
a transmit strategy which creates no interference for the MS in the cochannel cell.
We select ZF transmission at the relays. The transmit beamforming vector at R; is

computed as

HJ_ *
h}l ae CRLM1
wZ = - . (5.12)
H th M2 Rl M1

where [1x = I, — X (X# X))~ X*# is the projection onto the orthogonal comple-
ment of the column space of X [24], and [ is the length of X. The SINR of the

received signal at MS; for the second time slot is given by

Th
Vi o = Kle)j\, manl® (5.13)
0

In addition to CSI exchange, the relays can include a one-bit flag declaring whether
the first-hop decoding was successful or not. If Ry informs that s, was not decoded
successfully, then Ry can use MRT for second-hop transmission. When this occurs,
the SINR of the received signal at MS; for the second time slot is given by

MRT __ ||th,MlH2 514
TMmi2 = T- (5.14)

5.2.4 Scenario 4: Sharing CSI and data

Similar to Scenarios 2 and 3, the relays use MMSE reception to decode data sym-
bols from the first time slot transmissions. If both relays have access to codebooks
of both BSs, each relay is able to decode both s; and s,. However, if Ry only has
knowledge of the codebook of BSy, the relay can decode only s;. Then the re-
lays exchange decoded data and CSI through a backhaul link. In the second time
slot, two relays operate as a DAS. We assume the suboptimal ZF multiuser blanket
transmission (BT) scheme proposed for DASs in [25]. Both relays transmit identi-
cal data symbols using identical beamforming vectors. To implement this scheme,

MS;, has to feedback the CSI of the superimposed channel hy, = hgi vk + Rgj ark-
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Therefore, this scheme reduces the CSI estimation and feedback overhead. The

macroscopic multiuser channel matrix can be given as
H
Hp = [hy hy] ™. (5.15)

The ZF precoder matrix Zp is obtained by finding the pseudo-inverse of Hy and
normalizing the columns. The k™ column of Zg, 2y, is used as the precoding vector
for MS;.. The resulting SINR at MS; during the second time slot is given by [25]]

BTZF __ %|h1Tz1 |2

Mis =t (5.16)

If Ry could not decode the first-hop data symbols, both relays transmit s; by apply-

ing MRT on the superimposed channel h;. The corresponding MRT weight vector

. BTMRT _ hj
is given by w, = T

We refer to this as the BT-1 scheme. The resulting

SINR at MS; during the second time slot is given by

[[ha
iz = A (5.17)

In the BT-2 scheme, both relays have the knowledge of the codebooks used by both
BSs. Therefore, MS; will not be served by the relays only if both relays couldn’t
decode sy in the first time slot. If only s; is decoded by the relays, then MS;, will
be served by applying MRT on the superimposed channel hj. The resulting SINR
is equivalent to (5.17). If s; and s, were successfully decoded by at least one relay,

then both MSs are served by applying ZF precoding similar to the BT-1 scheme.

5.3 Outage Probability Analysis

In this section, we present the statistical characterization of output SINR for each of
the four scenarios introduced in Sec. [5.2] and use the statistics to derive expressions

for the system outage probability for each scenario.

5.3.1 Scenario 1: No network coordination

H 2

|h51,r1 B2, R1I

. 2
| |hB1,R1 | |

is distributed as G(1, Lpa 1) [24]. The CDF of a gamma distributed RV X with

The RV ||hp1 1| \2 is distributed as G(V,., L1 g1 ) and the interference power
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G(N,7) is given by

N-1
Fy(x) =1—exp (-?) Yy = (5.18)

v/ = nly

when N is an integer. The CDF of yyrc 1 can be found as [23]]

g klam®
Foyee () =1-cn Z Z( )n' (7 4 @)hL (5.19)

n=0 k=0
where 7 = LBN;OM and y;p = L%Om and & = VR . The CDF of v 1 can be
derived as [26]
Foppa(2) =1 — <H%) exp (;—;) (5.20)
where T = % and yp; = LBXZ—OMl The CDF of vy, , is given by
Ne=1 n |
Fy (@)=1-¢cw 2 kzo ( )n' _ fif@)m (5.21)

where Jy; = LR];—O’”“ and Yy = LR]f,Ml and Q = ”’M . The RV 7}, , is distributed

as G (N M) The CDF of the output SINR w1th the SC-1 scheme is given by

F’YM1 (:L’) = F’YM1,1 (I) X F’YM1,2 (l’) (5-22)

For the SC-2 scheme, the CDF of the output SINR is given by

F-y]SVIH( ) F“/Ml 1 “/Ml 2 (*T)

CBz

/ / /A fG1 Gz('ylv72)f'yn(711)f712(712)
dyadydyndyre (5.23)

where Gy %’G = Mo A=1+71, B =1+ C =1+,

|hg1,1v11hR2,M1|2

l952.001] —. A closed-form solution for
NloR1,M1H

D=1+ vyn="F—andyp =
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(5.23)) can be found as
Ni-1 k k nt1
1 E\ aFn! D" Q)
Fa () =ex —T — + = z :
“/Ml( ) p |i (D’VBI ’YM)} (n) k"_YJI?/[_n (;{;Cﬂ +axD + Q) "
TYB1

1 D n—k—1
+ )

07y

R R
PI"D s " O . nlDn=k=i=T3, (Cozt +ap +Q)1+1
¥B1

n—k—1
1 D T (])l’ Dk‘]! |::YB1 + C:Y]\/I:| T’ijll
ro | (St o )| 2 2 e=E: o =
Bl M k=0 n=0 j=0 : T <x0%51 2O+ CT)
+ F’YMM (SL’) + F”/{m,z (1’) —1. (5.24)

The derivation steps for (3.24]) are shown in Appendix [5.Al A closed-form expres-

sion for the CDF of +3,, can be found as

Ni—-1 n k k—n—1
1 1 T 1 1
F r)=exp|-Cx|—+— —_— | — + —
'YISVH( ) P |i (’YBI C’)/M):| klcn_kry&rYBl (rYBl CFYM)

n=0 k=0
1 1 n—k—1
+ ] i1
T8

Ni—1 n  k (F)gki | L
1 1 (])JJ J: [’7131 Cym
+exp [—x (—_ + f)} —Jj—1lamn '
C’YM Z Z QZ k\Cn—i 1’7M (% + xC + CT)TH
Cym

() + Fg,(2) Fg,(Cx) — Fg, (Cx) (5.25)

F.

YM1,1

+

We recognize that the system is in outage when the resultant SINR at MS; drops

below a predetermined threshold ~y,. Then, the outage probability is calculated as

Pow.s1 = Pr(vmrc1 > m and yvre2 > ’Yth)me,1(%h)Fﬁm2 ()
+ Pr('VMRC,l > Ym and yYmre2 < %h)Fle,l(%h)F NI (%h)

RSVEW

+ Pr(vwre 1 < v )y, (m) (5.26)

where we have used the total probability theorem [27]]. Since the events Yvrc,1 >

Y and ymrc,2 > Y are independent, the outage probability can be evaluated using

POUt,Sl = (1 - FVMRCJ (%h))(l - F’YMRC,2 (ryth)>F'YM/1,l <%h)F“/1Im,2 (’Yth)
+ (1 - F’YMRC,l (ryth))F'YMRC,Q (ryth>F'YA{1,l (%h)Fw%}l,z (’Yth)
+ F’YMRC,l (’Vth)F’yM1,1 (%h)' (527)
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The outage probability expression for the SC-2 scheme can be deduced from (5.27))

as

POULSl = (1 - F’YMRC,1(7th))(1 - F’YMRC,2 (%h))F L (%h)
+ (1 - F’YMRC,l (%h))F’YMRc,2 (%h)nyR“ (%h) + F’YMRC 1 (%h)F’YJmJ (%h)' (528)

5.3.2 Scenario 2: First-hop interference CSI estimation

We simplify (5.11)) using eigendecomposition of R; to obtain
IMMSE,1 = hgl,RlUA_lU_lhBl,Rl = a'A (5.29)

where a« = U~ 'h B1,r1>» U is a unitary matrix, and A is a diagonal matrix of
eigenvalues of R. The matrix R can be identified as an addition of a rank-1 matrix
and a diagonal matrix. The eigenvalues of R have a special structure where one
eigenvalue is equal to Ny + ||hpa r1||? and the other N, — 1 eigenvalues are equal

to Ny. Then, ymmse,1 can be given as

SPU S | — Z ol (5.30)
" No+|[|hp2ml? No
z
where ay, k € {1,2,---,N,} are the elements of . Due to the fact that the

product of a Gaussian random vector and a unitary matrix has statistics identical to
the original Gaussian random vector, the elements in o have identical statistics as
the elements in hp; g1. Using [28, 1.2.4.3] and [29], the CDF of yvmsg,1 can be

derived as

e e Nr—1p—Nrtl
YRETRT ] (5.31)

Foise, 1 (7) = Faz () - [ s (@ + ) T(N,)

where Z ~ G (N, — 1,7R).
The system outage probability for Scenario 2 can be deduced by replacing
F’YMRC,l( ) and F'\/MRC 2( ) Wlth F'\/MMSE 1( ) and F

YMMSE, 2

(x), respectively.

5.3.3 Scenario 3: Sharing second-hop CSI

In this scenario, the CDFs of the first-hop SINRs are equivalent to F, and

MMSE, 1 (:C)
Frsea (). The RV 4%, , is distributed as G ( 1 LR—M) [24] and the RV
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Y112 is distributed as G (Nr, L%()”“) When the relays do not share the informa-

tion regarding their success or failure of decoding the first-hop data symbols, the

system outage probability can be found as

Pout,53 = (1 - F‘/MMSEJ (%h))F“fMl,l (’Yth)lezv}:l,z (’Yth>
+ F’YMMSE,l (%h)F'YML1 (%h)' (532)

When relays use an additional bit to indicate the success or failure of decoding the

first-hop data symbols, the system outage probability can be found as

Pout,53 = (1 - F‘/MMSEJ (%h))(l - F’YMMSE,2 (%h»F’YMl,l (%h)FA/IZJ;Lz (’Yth>
+ (1 - F’YMMSE,l (%h))F’YMMSEQ (%h)F’yM1,1 (%h)F-y]I‘éIRlT’Z (%h)
+ F’YMMSE,l (%h)F’YMl,l (%h)' (533)

5.3.4 Scenario 4: Sharing CSI and data

The distributions of the RVs 7375 and 7575 can be found as G (Nr -1, %NOLRW)

and G (NT, %OLR”“), respectively [23]]. The factor 1 appears because the re-
lay divides it’s available power for two user symbols. For the BT-1 scheme, the

system outage probability can be found as

Pou,s4 = Pr(vmmser > 7 and ywmise2 = Vi) Fypy (%h)FVg}lZFQ (V)
+ Pl"(VMMSE,l > Y and YMMSE,2 < %h)FvMu (%h)Fﬁ}ygT(%h)

+ Pr(ymmse 1 < %h)F'yMl,l(%h)- (5.34)

Since the events yvmse;1 = Vi and Ywmse2 > 7w are independent, the outage

probability can be evaluated using

Pout754 = (1 - F‘/MMSEJ (%h))(l - F’YMMSE,2 (%h»F’YMl,l (%h)F'YR}iZ,Fz (’Yth)
+ (1 - F’YMMSE,l (%h))F’YMMSEQ (’Vth)F’yM1,1 (%h)F—yi}ng (%h)

+ F’YMMSE,1 (’Vth)F’yM1,1 (%h)' (535)
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For the BT-2 scheme, the system outage probability is given by

Pout,BT2 = PI‘(Sl € D and So € D)F’YMl,l (fyth)F“/]BJlZFz (’Yth)
+ Pl"(Sl € D and s, Q_f 'D)FA{ML1 (’yth)F,yﬁ},llxqu (’Vth)
+ Pr(sl ¢ D)F“/Ml,l (’Vth) (5-36)

where D is the set of decoded symbols. In general, the events s; € D and s, € D
are not independent. Therefore, finding an exact expression for the outage probabil-
ity for the case where relays share the codebooks, appears to be intractable. We de-
rive a performance upper bound by assuming independence between s; € D and s, €

D, which can be computed as

Pow,BT2 = Pr(yﬁh < 7w and 71%2 < Vth)F'yMl,l(%h)‘i‘

[Pr(9gl = 7 or 7Yy > ) P&’ = Y 08 8% > Yin)

Eran (Vi) Eprze (%h)} + [Pr(a'y = 7 0r Y2 > Vo)

Pr(vRly < ym and 9g% < yi) Py, (vin) Fpresr (i) (5.37)

where 1z¥; is the SINR of k™ symbol at R;, j,k € {1,2}. The system outage

probability can be lower bounded as

Pox pra & i, (%h)ny,;‘}Q (V) Fyar 2 (Vi) +

[(1 - Fyg}l (’Vth)nyﬁ}z (%h)) (1 - F—yﬁ?l(%h)F'yﬁ?Q (%h))

Foiyin (Vi) Fpprae (%h)] + [(1 = P, () Py, (%))

Foan, () gt (30) P () B ()| (5.38)

where F. .. () is the CDF of the k™ symbol’s SINR at R;, j, k € {1,2}. Following

the derivation of F.,,; , (%), F.e2 () and can be derived as

=%
Ypa, 1€ B2RL gNr =g l=Nr

Flo(z) = Fy x (5.39)
’YRJ( ) Bz,Rl( ) ﬁ/g{ﬂl (‘1’ + ZL’) F(Nr)

_ _ L _ L _
where Zpo p1 ~ G(N; — 1,9B2,Rr1)s VB2,R1 = 3\2,(’)1“ = YIR> YBL,R1 = Ji\lfém =R
and U = 1228 The CDFs of 74y, and g2, can be derived in a similar manner as

YB1,R1 > ,
used to derive (5.39).
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5.3.5 Comparison with optimal combining at the MSs

In our analysis, we considered SC at the MSs for analytical tractability. However,
for comparison, here we present the analysis for the case when the MSs use MMSE
combining (optimal combining (OC)) to combine the signals received in two time
slots for Scenarios 3 and 4. Following [11, Sec. 1II-B], we represent the received

signals in the two time slots using vector notations
Yms = hd31 + h[82 +n (540)

where h,; = [| |Ret] |2 gBLMl]T, || Fett||? is the effective channel from the RS to the
MS, h; = [0 gBZMl]T and n = [N an]T. Following a similar procedure as

used in [[11], the SINR at the MS; can be represented as

YMSLOC = |gBl,M1|2 + ||h’eff||2 (5 41)
’ No + |gB2,m1 ]2 No
~ 2 W—/

YM1,1 71@?,2

where 717, is determined by the relay coordination scheme. We derive the cu-
mulative distribution function (CDF) of 7s¢1,0¢ for a general case where B Ml P 18

distributed as G (N, Yrp). The CDF of 75151 0c can be given as

YB1,M1
F’YM/Sl,OC('I) =Pr ( + 7M1 )2 < SL’)

1+ vB2,m1

= /0 /0 nyB1,M1 ((l’ - Z)(l + Y)) f’YB2,M1 (Y)f’yﬁ[f2(z)deZ
(5.42)

After some manipulations, we obtain

F“/MsLoc (SL’) = P(Nk)’iygﬁ

e / YT ZNe—1e (mD wlm)

7 ([l? n T) dzZ + Fﬁ/ﬁaz (.TJ) (5.43)

When Yrp = 71, the integral can be solved using [28, 1.2.4.3] to obtain

__x
e 1 gNeYT

D(Np + Dinb(z + )

xXr
Fil1, NN, +1,—— ). (544
2 1(7 ks k+ ’l’—i—T) ( )

F

YMS1,0C (z) = F’Yz}»%f?,z (z) —
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When yrp # V51, we follow the approach used in [30] to obtain F, , ,.(z) as
e_%ew?
Fivsi00(T) = Fyfgg(ﬂf) m
Ny—1
N —1 .
> ( ’“j )<x + )M, 7)) (5.45)
=0
where r
I[(Y,5,7) = /( )yﬂ'—le%dy (5.462)
z+T
can be solved as
(Ei (=X —El( W”)) ifj =0
Y Y
(= *(“T) Ny
5 < 5 ifj=1
= - 1)*k! ik . 5.46b
= 231( (()Z(H> TM) (5.46b)
. 1)kk! =k (47 e
(s Sy e ) g
\ ol
1 1 1
- = — (5.46¢)

Y 9B1  RD
where Ei(-) is the exponential integral function defined in [31} eq. 8.211.1].

5.4 Performance Approximations for the High-SNR
Regime

The expressions derived in Sec. are useful for obtaining exact numerical values
for the system outage probability. However, they may not provide direct insights
into the system such as the diversity order and the array gain of the system. There-
fore, we derive expressions for the outage probability when the transmit power is
asymptotically large. The asymptotic outage probability expressions can be used to

directly evaluate the diversity order and the array gain of the system. We assume

YB2,R2
YB1,R2

and Yp1 r2 = LBN;O’” To identify the outage probability behaviour in the large SNR

Lp2 Rr2

, where Ypa g = No

Y = VYR, VB, = KR, VB1,R2 = TYRr and Oy =

regime, we let ¥ — o0o. The asymptotic outage probability expressions are given

in Table[5.2] where O (73") denotes terms with the exponent of 75 smaller than n.
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Table 5.2: Asymptotic outage probability

Scenario | Asymptotic outage probability
. ,y]}:fr'Jrl ,yl}:frJrl i N,
I PSI - (v ) (Y +@) " T (v + ) (v +2) N7 1= <’Y‘h+¢)
Ny
t ~—1
(1‘ () )) +0 ()
00 'YI}YT+1 ~—1
2 52— (“/1h+Y)(“/th+Q)NT * O (’}/R )
[T ————TC
S3 F(NT):YgT71('Yth+q>)(%h+’r) T'(Nr)(vn+7Y) (vyr)Nr—1 TR
Nr+1 Nr
- S p— Tth Vin
BTl Pt D(ND)TR" (it ®) (v + ) + (N (n+ 17" (5425 =t
. +0 (%)
BT-2 | Py, = Tn” 5N
AT G (R 0=

5.5 Performance Improvement With Multiple Anten-
nas at the Source Nodes

In this section, we study the system outage probabilities with multiple antennas at
the source nodes. We assume that the source nodes use transmit antenna selection
(TAS) for the first-hop transmission. The motivation for the choice of TAS is that it
requires only few bits of feedback between the source and relay nodes. We assume
that TAS is performed with local CSI only. Joint TAS schemes are not considered in
our analysis. We assume that each BS is equipped with N, antennas. The transmit
antenna selection at R, is performed as

t, = arg max{||gn.1||*} (5.47)

1<n<N;

where g,, ; is the IV, x 1 channel vector between the n™ source antenna and R;. The

elements of g, ; are distributed as CN(0, L B1.R1)-

5.5.1 Scenario 1: No network coordination

The SINR at R; is given by

Hgt ,R1||2
%Slisvl - N lgt}{ Rr19t9,R112 (5.48)
e
T o[’
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where g;, r1 1s the channel vector between the selected antenna at BS; and R; with

.. . 19 R1Gty, 112
elements distributed as CA'(0, L2 r1). The interference power term t|1|m72|‘2
gt ,R1

is distributed as G(1, Lpa r1). The CDF of VTAs , can be found using [32] eq. (17)]
and [31} 3.351.3] as

Pa =13 (M) 33 3

mi=1 mg=1 r=0

My M rl®
X 5.49
() Ty D@ gt O

p=1

where m, = > (mg — 1). The CDF for the SINR at R, can be found simi-
larly. The system outage probability can be computed by replacing F’,, .., () and
F e (vin) With F,\/%\ls#l (th) and F%cAlm (th) in (3.27) and (5.28).

5.5.2 Scenario 2: First-hop interference CSI estimation

Since the relays do not perform joint antenna selection, they use local CSI for de-
termining the transmit antenna index. However, since the relays are capable of
estimating the CSI of the interference link, they use a MMSE receiver for signal

combining in the first hop. The SINR at R; is given by

o |<—1|2 il |Ck|2
. Ne (5.50)
TAS,1 Ny + ||gt27R1||2 kZ:; No
Zm

where (i, k € [1, N,] have the same statistics as the elements of g;, 1. Deriving
an exact expression for the CDF of 7%23,1 appears to be intractable. Therefore, we
derive a tight upper bound assuming that transmit antenna was selected to maximize

SINR at R; as

2
t = argmax{ 10 Z Senl” } (5.51)

1<n<N¢ NO + ||gt2,R1||

where (i, k € [1, N,], have the same statistics as the elements of g,, 1. Then, the

approximate CDF of VTAS , can be found as

Ny
6ﬂ,RxNT 1(1) Nyr+1

oo (2) =( Fpy(z) — | 22 .
T @+ ) T(N,)
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Using Fﬁffqﬁ“ (), one can obtain a tight upper bound on the system outage proba-
bility. An eipression for the system outage probability in the high-SNR regime can
be derived by applying a Taylor series expansion on Fyquzs’1 (x) and considering only
the terms with the largest exponent of 7z. The asymptotic outage probability is
identical to Pg5. Therefore, one can identify that implementing multiple antennas

at the source does not improve the system performance in the high-SNR regime.

5.5.3 Scenario 3: Sharing second-hop CSI

Since the first-hop techniques are identical to Scenario 2, we use the same approx-
imate CDF (5.52) derived in Scenario 2 to compute the system outage probability
in Scenario 3. Using a Taylor series expansion of FV%SJ(x) and considering only
the terms with the largest exponent of 75, the asymptotic outage probability for

Scenario 3 can be found as

N,
00 Yth ~—N,
P = ") . 5.53
S84 = TN (& V) (07 o +0 (7") (5.53)

From (3.33)), one can identify the performance gain obtained by implementing mul-
tiple antennas at the source nodes. Another interesting observation is that increas-
ing N, from 1 to 2 provides performance gain and thereafter increasing /V; does not

provide a significant performance gain in the high-SNR regime.

5.5.4 Scenario 4: Sharing CSI and data

For the BT-1 scheme, the first-hop techniques are identical to Scenario 2, and we
use the same approximate CDF for the SINR at R; to compute the system outage
probability. Similar to Scenario 3, the asymptotic outage probability can be derived

as

Ny
00 Tth __N
Ppry = - = +0 (") (5.54)
D(N) (v + 1)~ (5 + 35)

One can observe the performance gain with multiple antennas at the source nodes.
Similar to Scenario 3, a high-SNR outage probability improvement is observed
when N, increases from 1 to 2. Thereafter, a significant gain cannot be achieved in

the high-SNR regime.
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Figure 5.1: The two-cell network model used in the numerical results.

An outage probability analysis for the BT-2 scheme appears to be intractable.

Therefore, we use simulations to compare its performance with the BT-1 scheme.

5.6 Performance Approximations for Random User
Locations

In this section, we study the impact of user location randomness on the system
outage probability for each scenario analyzed in Sections and[5.3] We consider
the case when the MSs of both cells are located close to the cell edge. We assume
circular cells with radius R, and the relays are located at a distance % from the
BSs of each cell. The MSs are uniformly distributed in the shaded region of each
cell given in Fig. 3.1l Therefore, the distances dpiys1, drinri> dpanrts Aronsi are
RVs. Then, the path loss for each link is also an RV. We assume that the angle x is
uniformly distributed in the interval [0, 7r|. Then, the PDF of d g1,/ can be deduced
from [33]] as
2r

Japinn (1) = R _R2 for Ry <r <R.. (5.55)
c 0

The mean distance between BS; and MS; can be computed as
(5.56)

Applying the law of cosines, the distances dg1ys1, dpanr1, and dgropsi can be found

as

R,

2
dan = dBian + (7) — dpiyn R sin(x) (5.57a)
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dBorn = dbian + (2R.)? — Adpian R sin(z) (5.57b)

3R\’ .
dorrs = dbin + (T) — 3dpim Resin(x). (5.57¢)

Finding exact expressions for the PDFs of dgias1, dp2ari, and dgropsi appear to be
intractable. Therefore, we approximate their distributions by replacing dg;,,1 with
dpir- Applying standard transformation theory, the approximate PDF of d%,,/,

can be found as

1

fd?ﬂMl(y) = Kﬂw

where Kl = (CZBlMl)z + (%)2 and K2 = d_BlMch' The mean of deMl is given

b
Y B Ki+K> \/@
drinm :/ dy.
K=k K27T 1 — (_y—K1>2

K>

,y € [K — Ky, Ky + Ky

Applying the variable transformation y_TI;l = cos(z) and solving the resulting in-

tegral using [31} eq. 3.670.1], the mean of dg;ys; can be found as

2V + s ( 9K, )
v

5.58
e (5.58)

driv =

where K(-) is the complete elliptic integral of the second kind [31), 8.112]. The
mean distances doys1, and dzapi can be found similarly.

To account for the user location randomness, one must average L,; over the
PDF of d,;. However, this approach appears to be mathematically intractable.
Therefore, instead of averaging over the PDF of d,;, we substitute the average
value J,Lb in path loss computations to account for the user location randomness.
Then, the outage probability for each scenario can be evaluated by substituting the
modified path loss figures in the expressions derived in Sec. Outage probabil-
ity computed in this manner is known as the area outage probability since it is the
outage probability of the MS averaged over the geographical area. From simula-
tion results, it can be observed that this approach leads to very good performance
approximations for Scenarios 1, 2 and 3 when the users are located close to the cell

edge.
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5.7 Numerical Results and Discussion

In this section, we present some numerical results obtained using the analytical
results presented in Sections 5.4 and The results in Figs. [5.2]
and [5.4] are obtained assuming fixed positions for MSs close to the BSs, while the
results of Figs. and [5.8] are obtained using random locations for MSs close to
the cell edge. The location of the relays are fixed at a distance % from the center
of the cell. The cell radius is assumed to be 250 m. In all numerical results, except
for the results in Fig. [5.8] the predetermined SINR threshold 7y, for a successful
reception to support the desired data rate, is assumed to be 10 dB. Unless otherwise
mentioned, the path loss is calculated using a reference distance of 10 m, carrier
frequency of 2.4 GHz and a path loss exponent of 2.5.

For the cases with fixed MS locations close to the BSs, we have used v, = 27p,
Y8, = 29, YBL,R2 = L, T = 64, Q = 64, and & = P, = 8. For simulation
results, we used 10° channel realizations per data point. For the cases with random

MS locations, the MSs are assumed to be located in the shaded area of Fig. [5.1
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with Ry = 220 m. In the simulations, 50,000 random MS locations are considered
and for each location 10,000 fading realizations were used to estimate the outage
probability and the coverage probability. The noise power was set to -116 dBm and
the transmit power per node was set to 40 dBm for the results in Fig. [5.8]

Fig. [5.2] shows the outage probability performance for Scenarios 1 and 2. High-
SNR approximations are shown using dashed black lines. As predicted by the
asymptotic analysis, the outage probability reaches a floor for these two scenarios.
However, estimating the first-hop interference CSI provides a significant perfor-
mance improvement over the MRC-MRT system. The two SC schemes perform
almost identically for the MRC-MRT system since the performance is dominated
by the first hop. However, in the MMSE-MRT system, the SC-1 scheme outper-
forms the SC-2 scheme in the high SNR regime. However, the SC-2 scheme does
not require instantaneous CSI of the interference links, making it the sensible option
for an uncoordinated network. Furthermore, one can observe excellent agreement
between the theoretical results and the simulation results.

Fig. [5.3]compares the outage probability performance of the MMSE-ZF scheme
and the BT-1 scheme. An interesting observation from the results of Fig. [5.3is that
the MMSE-ZF scheme outperforms the MMSE-BT scheme in the high SNR regime
when v, > 77, . However, the CSI estimation and feedback overhead for the MS
is higher in the MMSE-ZF scheme, since the MSs have to estimate and feedback
the desired channel and interference channel information separately in the MMSE-
ZF scheme, while the MMSE-BT scheme requires estimating and feeding back the
only the CSI of the superimposed channel. Therefore, when selecting between the
MMSE-ZF scheme and the MMSE-BT scheme, one must consider both the channel
quality and the overheads of CSI estimation and feedback.

Fig. [5.4] compares the outage probability performance of MMSE-BT-1 and
MMSE-ZF schemes with SC and OC at the MSs. One can observe that OC marginally
outperforms SC. Both schemes require the same amount of memory while the com-
putational complexity of OC is higher compared to SC since it requires a matrix
inversion operation.

Figs. 5.3 and [5.6] compare the system outage probabilities with multiple anten-
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nas at the source nodes. One can observe that implementing multiple antennas at the
source nodes improves the performance of Scenario 1 significantly. However, for
the MMSE-MRT scheme, a performance gain is observed only in the medium SNR
regime, and in the high SNR regime, the performance approaches the performance
of the single antenna source system. For the MMSE-BT1 and MMSE-ZF schemes,
a performance gain is observed when /V, is increased from 1 to 2. For N; > 2,
the performance does not show an identifiable improvement. For the MMSE-BT2
scheme, a significant performance gain cannot be observed with multiple antenna
source nodes.

Fig. compares the area outage probability for the MMSE-ZF scheme com-
puted using the proposed approximation technique with the simulation results. When
N, = 2, the approximation is extremely accurate and almost indistinguishable from
the simulation results. When NV, is increased, there is a discrepancy between the ap-
proximate outage probability and the simulation results. However, this discrepancy
is less than 1 dB. We used path loss exponent values 2.5 and 3 since these are the
most commonly observed values of 7. The accuracy of the approximations is rea-
sonably good and they result in a significant amount of computational time savings
compared to computer simulations.

Fig. 5.8 shows the coverage probability of MS; with the MMSE-MRT scheme,
for different SINR threshold values. The coverage probability is computed as
1 — P,y The curves are magnified for clarity. One can observe that the the pro-
posed approximations are capable of estimating the coverage probabilities with a
reasonable accuracy, while saving significant amounts of computational time.

The numerical and theoretical results can be used to obtain the following basic

rules of thumb for system design.

* From the view point of the MSs, with symmetric fading channels from R,
and R, it is preferable to implement BT-1 or BT-2 schemes for relay coor-
dination. If the MSs are located such that MS;, is closer to R;, BT schemes
are preferred. However, the backhaul capacity between the relays should be
increased to exchange the user data symbols. With an M-ary modulation al-

phabet, the increase in feedback will be M bits.
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* When MS;, is closer to Ry, the relay coordination scheme should be selected
carefully. One must consider the increase in feedback load from MS;, to Ry
to feedback the CSI of both channels separately. If this increase can be suffi-
ciently supported by the feedback channel, it is desirable to use the MMSE-
ZF scheme.

* Implementing multiple antennas at the source nodes will not change the sys-
tem diversity order. However, it results in an improvement of the high-SNR
performance in Scenario 1, 3 and the BT-1 scheme. In the high-SNR regime,
the performance gain is significant only for the case when N, = 2, and a

further increase in /V; will be a waste of resources.

5.8 Conclusion

A comprehensive outage probability analysis was provided for relay coordination
schemes in two-hop DF relay networks. A practically relevant case where the cells
are coordinated only with the cell which causes the strongest interference was con-
sidered in the analysis. Closed-form outage probability expressions were derived
for four relay coordination schemes. Simplified outage probability expressions
were derived for the high-SNR regime to identify important parameters such as
array gain and the diversity order of the system. Furthermore, an approximation
technique was proposed to incorporate the impact of user location randomness in

outage probability computations.

5.A The derivations of and

We consider the following general case where we derive the CDF of the RV V' given

as

(5.59)

-
I
—
Sy I N
(S
Q< Q=

IN V
B'|“< o=
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Following [27, 6-77], the CDF of the RV V' can be obtained as

X_v
prly <B r
CD+rl vE S }

Fy(v) =Pr [X < Av, X 5

Av =2
=Pr[X < Av,Y < Bv] +/ / : fxy(z,y)dyd.
CBv J By

Av T
= Fxy(Av, Bv) + /C / fxy(z,y)dyde. (5.60)
CBv J By

The 4-fold integral in (5.23) is obtained by averaging over the distributions of 7,
and ~;9. It is solved using the binomial theorem and the identity [31, 3.351.3], and
the CDF of 73}, can be found as (53.24)). Setting B = 1, and D = 1, one can obtain
a general form for the case when the reception at M1 is interference free. The CDF

of v3,, can be found as (3.23).

5.B The Derivations of Asymptotic Outage Probabil-
ity Expressions

In this appendix, we present the derivations of asymptotic outage probability ex-
pressions given in Table 5.2l When 7z — oo, we only consider the terms with the

largest exponent of 4. We apply Taylor series expansions on the PDFs of the RVs

MRT . BTZF _BTMRT . .
YMRC,1> YM1,15 Vhrt 25 T 29 IMMSE, 15 Yaih 20 YM1,2> Varies Yaie - and obtain their

asymptotic CDF representations as

Ny
o) ~ x 00 -~ T
F’YMRC1('T) ~ (x_'_q)) ’ F’YM1,1('T) ~ <$—|—T)

Vhri2 z + ) TM1,2 I‘(N + 1>7M
Nr+1
0o (.T) ~ vth

YMMSE, 1

F(Nr)'ygr 1(’Yth + @)

Z‘Nr_l
F’Yzzx§1,2 (l‘) ~ I‘(N ),yAf\gr—l
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ZIZ'NT'_l

oo ~
F“/?lepz (JJ) ~ P(Nr) (’_YM-;“_/MI)N"_l

I’NT
oo ~
“/JBVHET (.TJ) ~ Fna+7nr \ Ve
D(N, + 1) (L)

The asymptotic CDFs of yvrc 2 and yumisk, 2 can be deduced from the CDFs F2° (x)
and F,, . , in a straightforward manner. Substituting the relevant asymptotic CDFs
and considering only the terms with the largest exponent of 7z, we obtain the outage

probability expressions for the high-SNR regime.
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Chapter 6

Shared Relay Networks With Linear
Receivers at the Relay: Two-Cell
Scenario

The downlink performance of a two-cell relay enhanced wireless network is in-
vestigated. A single relay is shared by the two base stations in the system. The
relay is assumed to be placed in a geographic region covered by both base stations.
The relay station is operating in the decode-and-forward mode. Closed-form ap-
proximations which estimate the exact results extremely closely are derived for the
outage probability and the ergodic rate of the system. The impact of finite rate

channel state information feedback on the user ergodic rate is examined.

6.1 Introduction

The performance of users at the cell edges in a cellular wireless network is gener-
ally degraded due to the high level of inter-cell interference (ICI). To overcome this
problem, the idea of coordinated base stations (also known as coordinated multi-
point (CoMP)) has been proposed [1]. However, CoMP schemes require high ca-
pacity backhaul capabilities among the coordinating base stations.

In [2], the concept of shared relays was introduced as a low complexity solution
for the ICI problem. In shared relay networks, multiple interfering base stations
(BSs) share a multi-antenna relay station to process the received signals from mul-

tiple base stations and retransmit the signals to corresponding users, such that the
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effective ICI level for each user is minimized. The scheme proposed in [2]] uses
multiuser detection in the first hop to decode the signals from multiple base stations
and uses dirty paper coding in the second hop transmission. A recent paper [3]
proposed a sum rate maximizing precoding scheme for two-cell shared relay net-
works where the relay is equipped with a single antenna. However, [3]] assumed
that the base stations are connected using a high capacity backhaul link. Problems
regarding scheduling and resource allocation in shared relay networks have been
addressed in [4]].

In this chapter, we investigate the performance of a two-cell shared relay sys-
tem (SRS) with a multi-antenna decode-and-forward (DF) relay, in terms of out-
age probability and ergodic rate. We assume linear receivers at the relay with
zero-forcing (ZF) and minimum mean-square error (MMSE) combining. Although
more sophisticated receiver/transmitter structures have been proposed for shared
relay networks [5.6], we consider linear processing at the relay as a benchmark for
performance comparisons. Analytical solutions for performance metrics of shared
relay networks are rare in the literature. We derive exact closed-form expressions
as well as closed-form approximations for the system outage probability and the
ergodic rate. In our analyses, we include the direct links between the base stations
and users, which have been ignored in previous studies [7]. Our contributions are

highlighted below.

* Closed-form approximations are derived for the outage probability and the
ergodic rate of the shared relay network model described in Section We
propose an analytically tractable alternative system model, which performs
extremely close to the original system model and derive exact expressions for

performance metrics of this alternative model.

* Although closed-form solutions are preferred for exact performance evalu-
ations, they may not provide direct insights into the system performance.
Therefore, we derive outage probability and ergodic rate expressions for the

system in the asymptotically high signal-to-noise ratio (SNR) regime.
* The transmissions at the relay require channel state information (CSI) of the
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relay-to-user links. We analyze the case when the available CSI at the relay
is not perfect when CSI quantization is performed by the users to feedback
the estimated CSI. This analysis helps to understand the feedback channel

requirements for SRSs.

The remainder of this chapter is organized as follows. In Section [6.2] we de-
scribe the SRS model and different system configurations to be studied. Section[6.3]
provides detailed analysis on the end-to-end (e2e) signal-to-interference plus noise
ratio (SINR). In Section we provide expressions to compute the outage prob-
ability of the SRS. Section presents ergodic rate computations for the system.
In Section [6.6] we investigate the impact of finite rate CSI feedback on the ergodic
rate of the system. Some numerical and simulation results are provided in Section
[6.7] and the chapter is concluded in Section Detailed derivations are provided
in the Appendices.

The following notations will be used throughout this chapter. The probability
density function (PDF) and the cumulative distribution function (CDF) of a random
variable (RV) X are denoted as fx(z) and Fx(x), respectively. The symbol E[:]
denotes expectation while the probability of an event A is denoted Pr(.A). A com-
plex Gaussian distribution with mean y and variance o2 is denoted as CN (u, 0%). A
Gamma distribution with parameters k and 6 is denoted by I'(k, ¢). Euler’s Gamma
function is denoted as I'(-). We use lowercase bold letters to denote column vec-
tors and uppercase bold letters to denote matrices. The transpose and the conjugate
transpose of a vector or a matrix are denoted (-)? and (-)¥, respectively. The 2-norm

of vector x is denoted ||x||.

6.2 System Model

The network model used in this chapter consists of two BSs (BS1 and BS2) which
use identical frequency bands to serve their selected mobile stations (MSs) (MS1
and MS2). A relay station (RS) is located at the edge of the cells where ICI is
strong. The RS is equipped with /V; > 2 antennas and the BSs and MSs are single

antenna devices. Single antenna BSs are used for analytical tractability. However,
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Cell 1 Cell 2

E— Desired signal

——— Interference

Figure 6.1: The shared relay model used for analysis.

the analysis can be extended for the case with multiple antenna BSs which use trans-
mit antenna selection for transmission. It is assumed that the BSs are synchronized
such that they transmit to their selected MSs at the same instant. In the first time
slot, each BS transmits the data symbols intended for the MS it serves. No infor-
mation is shared among the BSs. It is assumed that the relay has perfect knowledge
of all the BS-RS channels and the RS-MS channels. The RS uses linear processing
on the received signals and decodes the corresponding data symbols of two MSs.
Without loss of generality, we select MS1 for our analysis.

The received signals at the RS and MS1 during the first time slot can be repre-
sented as

yr = Hs +npg (6.1a)

Yms1,1 = 91,151 + 92,182 + g (6.1b)

where ng ~ CN (0, NoIy,) is a N; x 1 additive white Gaussian noise (AWGN)
vector at the RS, s = [s; s9]7 is a symbol vector from each BS with unit energy
symbols, H is the IV; x 2 channel matrix between BSs and RS with columns h,
and ho, g1 is the channel coefficient of the direct link from BS1 to MSI, g9 is
the channel coefficient of the direct link from BS2 to MS1 and n; ~ CN (0, Ny)
is AWGN at MS1. Fading channel coefficients are modeled as complex Gaussian
RVs whose variances are determined by the path-loss of the signal. The elements
of the vectors h; and h are distributed as CN (0, L;), i € {1,2} with L; given by

the free space propagation model,

02

Li=P— s
(47chdi)2

(6.2)
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where P; is the transmit power of the i BS, ¢ = 3 x 10% m/s, f. is the carrier
frequency and d; is the distance from the ;™ BS to the RS. The RVs 91,1 and ga 1
are also complex Gaussian distributed with CA/(0, Ly; 1), and i € {1, 2} where L,
can be computed by substituting the distances between BS1-MS1 and BS2-MS1 in
(6.2)) instead of d;.

The RS applies linear combining on yz by multiplying it with a /V; X 2 weight

matrix W to obtain the combiner output
g =Wyp. (6.3)

The structure of W is determined by the combining scheme used and we consider
two well known receiver structures, namely ZF and MMSE. With ZF combining,
the weight matrix is obtained from the pseudo-inverse of H as W = H(H” H)™!,
and the output SNR for BS1 can be obtained as

1
T TN [((HPTH)

(6.4)

where [B];; denotes the (1,1)™ element of matrix B. For MMSE combining, the

first column w; of the weight matrix W is found using
w; = R 'hy (6.52)
R = hyh + NoIy,. (6.5b)
The output SINR for BS1’s signal is given by

=h R 'h,. (6.6)

YRymse

It is assumed that if the SNR/SINR of a user is above a predefined threshold
Yrr, the RS can successfully decode the user symbol. In the second time slot, the
RS will perform one of the following tasks, depending on the received signal SNRs

in the first time slot.

* If the RS is able to decode both user symbols successfully, it uses ZF precod-

ing for second hop transmission. We refer to this mode as the ZF mode.
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* If RS is able to decode only one user symbol, it uses a control channel to in-
form the other user that there will be no transmission intended for that user in
the next time slot, and uses maximal ratio transmission (MRT) [8]] to transmit

the symbol of the decoded user. We refer to this mode as the MRT mode.

* If the RS is able to decode only one user’s symbol, it has the option to transmit
the decoded user’s symbol with MRT using only /NV; — 1 number of antennas
(for analytical tractability, we assume that the relay will use a fixed antenna
set without considering the channel quality for selecting /V; — 1 antennas)
and half the transmit power. It can be shown that this option also results in
the same SNR distribution for the decoded user as in the ZF transmission
mode. We call this mode the power save (PS) mode. This mode is proposed
as an analytically tractable alternative system model for the SRS since exact

performance measures can be derived for the SRS using PS mode.

* If the RS is not able to decode either user’s symbol, it will inform the MSs
using control channels and the MSs will use only the direct signal from the

BSs to decode the data.

In the ZF mode, the RS precoding matrix 7' is derived by normalizing the

columns of the pseudo-inverse of the multiuser channel matrix H g given by [9]
Hp = [ hgol” (6.7)

where hr; and h gy are the N, x 1 channel vectors from the RS to MS1 and MS2,
respectively. The elements of hg;, i € {1,2} are distributed as CN (0, Lg;), i €
{1,2} and the variance Lp; can be calculated using the free space path-loss model

given in (6.2)). The received signal at MS1 can be represented as
yzr = i tisi + no (6.8)

where ¢; denotes the 1 column of T" and ny ~ CN (0, Np) is the AWGN at MS1

in the second time slot.
In the MRT mode, the RS weight vector tyrr for MS1 is computed as

h g

ERRL— 6.9
T (€2

tMRT =
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The received signal at the MS1 in this mode can be given as
ymrr = ||Pgi|[s1 + na. (6.10)

If the RS used the power save mode for the second hop transmission, the pre-
coding vector at the RS is computed similar to the MRT mode using only N; — 1
number of transmit antennas. For simplicity, we do not consider antenna selection
at the RS in the analysis, and assume that the N; — 1 antennas are predetermined
for the PS mode irrespective of the channel quality. The received signal at MS1 in

this mode can be given as

1
Yps = \/;HhPSHSl + ng (6.11)

where hpg is the N; — 1 x 1 channel vector from the [V, — 1 transmit antennas used
at the RS to MS1. The elements of h pg are distributed as CN'(0, Lg;).

The MSs use a diversity combining scheme to combine the signals they received
in the first and second time slots before they decode the data symbols. In this chap-
ter, we consider two diversity combiners at the MSs, namely selection combining

(SO) [10,[11] and MMSE combining (optimum combining (OC)) [12]].

6.3 Output SINR Analysis

In this section, we present the statistical properties of the SNRs and the SINRs at
the RS and MS1. Without loss of generality, we assume that Ny = 1.

6.3.1 SNR/SINR analysis at the relay

When a ZF receiver is used at the RS, the distribution of v, ., can be found as [13]

R
th—Ze I

(N, — 1)Lt

Frrge, (£) = (6.12)

which is a gamma distribution with I'(V, — 1, L;). The distribution of v, can
be found similarly.

To find the statistics of v, s, ,» We use eigendecomposition of R™" and rewrite
VYRymse 48

=h{/UA'U 'h; = a"A ' (6.13)

'VRMMSEJ
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where o = U 'hy, U is a unitary matrix, and A is a diagonal matrix of eigenvalues
of R. The matrix R has a special structure where it is an addition of a rank-1 matrix
and a diagonal matrix. Therefore, the eigenvalues of R have a special structure
where one eigenvalue is equal to 1 + ||hy||? and the other N; — 1 eigenvalues are

equal to 1. Then yg,,,,s, can be given as

|a1| 2
= 6.14
VYRymser = 1+ ||h ||2 + Z |ak| ( )
z
where oy, k € {1,2,---  N;} are the elements of . Due to the fact that the

product of a Gaussian random vector and a unitary matrix has statistics identical to
the original Gaussian random vector, the elements in o have identical statistics as

the elements in h,. The CDF of vr,,,,s,, can be derived as

Lyt g1

Ny
LY (g—; + a:) (V)

F'YRMMSEJ (:L’) - FZ(x) o

XoFy (NmNt —1; Ny %ﬂ)] (6.15)

Lo

where Z is chi-square distributed with 2/N; —2 degrees of freedom and 5 F (a, b; ¢; 2)
is the Gauss hypergeometric function. A similar expression can be derived for the
SINR of BS2 by interchanging the values of L; and Ls. The derivation of (6.13) is
presented in Appendix

6.3.2 SNR/SINR analysis at the MS

We first consider the case when the MS is using selection diversity combining on
the received signals in two time slots. The MS selects the signal with the largest
SNR or SINR for data detection. The SNR/SINR at the MS after combining can be

found as

Yms,sc = max.(Ysp, Yrp) (6.16)
where vsp is the SINR of the signal received in the first time slot and yzp is the
SNR of the signal received in the second time slot. The SINR s can be found as

|91,1|2

—_— 6.17
1+ [g2,1]? (©I7

YsD =

124



and the CDF and PDF of vgp are given by

T —x
FA/SD(CL’) =1- (m) exXp <Lg171) (6183)
T 1 T —x
= 6.18b
Frso(2) {(x TP L (56 + T)] P (Lgm) (6150
where T = % The distribution of vzp depends on the transmit mode used by

the RS and we give the CDF of ~zp for each mode.

e If the RS used the ZF mode, vgrp zr = M, and it follows a Gamma

distribution I'(kzr, 07r) with kzp = Ny — 1 and 65 = 28 [9].

* If the RS used the MRT mode, Yrp prrr = ||hr1||? and the distribution can

be found as F(I{JMRT, 0MRT) with kMRT = Nt and GMRT = LRI-

* If the RS used the power save mode, since N; — 1 number of antennas are
selected without considering the channel quality, vgp ps is distributed as
['(kps,O0ps) with kpg = Ny — 1 and fpg = % which is identical to the
ZF mode.

Next, we consider the case when the MS uses MMSE combining on the received
signals. To perform MMSE combining, the MS requires knowledge of the channel
coefficients of the direct links from its BS and the interfering BS. In order to conduct

the output SINR analysis, we first write the received signals using vector notations
y=hsi+hiss+n (6.19)

where b = [||he||” 91.1] ‘) || Fregr||? is the effective channel from the RS to the MS,
hy =10 9271]T and n = [ng nz]T. The received signal vector is multiplied by the

weight vector w),,, which is computed as
wy = Ry hy (6.20)

where h,; = [1 gil] T and Ry = hlh? + I,. The matrix R, is diagonal and the
SINR at the MS can be represented as

2
Yusoc = R wy = LU + e (6.21)
1+ |g2,1| S——
—_— YRD
YsD
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It is cumbersome to derive the CDF of 7,ss o¢ for arbitrary values of NV, and L.
Therefore, we only consider a special case where the RS uses the power save mode

and L, 1 = L /2. The CDF of y)/50c¢ can be found as

Lg11exp (%) gt
* LRy Ne—1
Ly D(Ny) (B4)

2

)] o )
— | =+ Fi{1l,N—1;,Ny; — 6.22
[ <L9271 x 211 t tT+x ( )

with ygp distributed as I'(kpg, Ops). The derivation of (6.22) is similar to (6.13),

F“/Ms,oc (‘T) = f'vrp

and hence is omitted.

6.4 Outage Probability Analysis

In this section, we provide an outage probability analysis for the SRS. The outage
probability is defined as the probability of the output SINR, v,,s, dropping below a

predefined threshold value, 7.

6.4.1 Selection combining at the MS

With SC at the MS, the outage probability is given by

PI\%I(S: = Pr (max.(vsp, Yerp) < Yrm) - (6.23)

Since the distribution of vz depends on the transmit mode used at the relay, we use
the total probability theorem to derive an expression for the system outage proba-

bility, namely

Prrsc = [Pr(vr, < vrr) X Pr(vsp < yru)]
+ [Pr(vr, > yrrand g, > yrr) Pr (max.(ysp, Yrp,zr) < Yru)]

+ [PI‘(’)/Rl > YTR andvR2 < ’VTR) Pr (max.(%qD, ’VRD) < ’}/TM)] . (624)

If the relay uses the power save mode for transmission when it decodes only one
BS’s signal in the first time slot, the distributions of yzp zr and vgp pg are iden-

tical. Therefore, whenever the RS decodes BS1’s signal correctly, vzp follows a
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Gamma distribution I'(kz ¢, 6 7). Then the system outage probability for the power

save mode can be simplified to

PlRsc = [Pr(vr, < vrr) X Fyg, (yru)]

+ [Pr(%'ﬁ > ’}/TR) X F’YSD (VTM)F'YRD,ZF ('VTM)} . (6.25)

For the case when ZF reception is used at the RS in the first time slot, Yr, = Vr,p,

and

_ Ne—2
Pr(,yRZF,l < ’}/TR) =1- €xXp <$) ;127@ (626)
k=0 1

An exact closed-form expression for the system outage probability can be derived

as
pPS 1 — exp <—7TR) MZ_2 V:I?R (1 . ( T ) exp (_'YTM))
e Ly ) & KL} Yrm + T L1
exp <—7TR) Py TR <1 . < T ) exp <—7TM)
Ll =0 ]{Z'L]f YT M + T Lgl
. N¢—2 k
x [ 1—exp ( WM) TT;K . (6.27)
Ozr — k0%

When MMSE reception is used at the RS, Pr(ygr, < yrr) = F

TRAMMSE L (

+

~Yrr), and
the outage probability with the power save mode can be found similarly.

If the RS uses the MRT mode when it successfully decodes only one BS’s sym-
bol, the outage probability with SC at the MS can be given as

Pyc = [Pr(vr, < vrr) X Fyg, (vru))]

+ [Pr(7R1 > yrrand yg, > fyTR>F’YSD (’VTM>F’YRD,ZF (’YTM)}

+ [Pr(yr, > yrrandyr, < v1r) X Py, (vra1) Fypp ire (rar)] - (6.28)

In general, the events (yg, > 7rr)and (yg, > 7rgr) are not independent. This
makes deriving an exact closed-form expression for the outage probability intractable
for a general case. However, assuming independence between these events, we de-
rive an approximation which closely estimates the precise outage probability ob-

tained using simulations. The approximate system outage probability for the MRT
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mode can be found by substituting
Pr(vr, > yrrandyg, > yrr) = (1 — F,p (vrr))(1 — o (h7R))  (6.292)

Pr(vr, > yrrand g, <yrr) = (1 — F,; (v7r)) (Fyp, (V7R)) (6.29b)

into (6.28).

6.4.2 Optimum combining at the MS

With OC at the MS, the outage probability is given by

Pﬁg = Pr (ysp + vrp < vrMm) - (6.30)

Applying the total probability theorem, the outage probability for the power save

mode is computed using

Pl\l/)[i/ISE-OC = [Pr(vr, <vrr) X Fyep (yrm)]

+ [Pl‘(’le > ’VTR> X F’YMS,OC(/-VTJ\/[)] . (6.31)

6.4.3 Asymptotic outage probability

The closed-form expressions derived for the outage probability are useful for nu-
merical computations. However, they may not provide direct insights such as di-
versity gain and array gain of the system. Therefore, in this section, we derive
outage probability expressions for the asymptotically high-SNR regime and iden-
tify the diversity and array gains of the SRS. For simplicity, We assume Ly = kL,
Lgiaw = nly, Lgp1 = CLy, Lpy = 7Ly and let L; — oo. The asymptotic out-
age probability for the SRS when ZF is used at the relay and SC is used at the

destination can be found as

N¢—1
pe TR
ZF-SC (N 1 7 LNt—l

( t) +C’YTD 1
7y N,
+ L +0 (LTN) (6.32)
AL\ Ne—1
V) (14 25 ) (75)
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where O(L; ™) denotes the terms where the exponent of L, is smaller than N, — 1.
The asymptotic outage probability for the PS mode is shown to be exactly the same
as (6.32). The proof is given in Appendix
The asymptotic outage probability for the SRS when MMSE is used at the relay
and SC is used at the destination can be found as
Vrk [1 L
1+ 2L ) TN LY (vrr+7)

00 —
PMMSE-SC - <

N¢—1
YD —N,
+ + O (L7™). (6.33)
L\ Ne—1
(V) (1 + cm) (Le)

The proof is shown in Appendix
The asymptotic outage probability for the SRS when ZF is used at the relay and

OC is used at the destination can be found as

Ne—1 Nig—1
Prroc = i 1D N,
g L\ N1
I'(Nt) (1 + ﬁ) Lyt (V) (734)
1
Ng— v B
- ZWTM 1 +0 (L) (6.34)
(V) ()™ (0 + 2)
where

Ny —1
L C i R G P T
('YTDn) ¢ 'VTD_I'Z

YD+t
The proof is given in Appendix [6.Bl
The asymptotic outage probability for the case when MMSE is used at the relay

and OC is used at the destination can be deduced as

Ni—1 1

TR 1— K
Ne—1 (v + )
1+ C%) D(N) L2 YR+ )

o0 —
PMMSE-OC - (

Ni—1 Ni—1
TrD Mrp V. —N,
— — + O (L7™). (6.35)
V) (59) ™ o) (22) 7 (vrp + 2)

It can be identified from the asymptotic outage probability expressions that the SRS

has diversity order of N, — 1.
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6.5 Ergodic Rate Analysis

In this section, we provide a closed-form expression for the ergodic rate of the SRS,
when SC is used at the MSs. A simple upper bound based on the commonly used
Jensen’s inequality is derived for the case when OC is used at the MSs. The ergodic

rate of a wireless communications system with SNR/SINR + is given by

1 1 [
€= 3B log,(1+7) = 5 [ log,(1+ )1, (1) (6.36)
0

Changing the base of the logarithm to the natural logarithm, and applying integra-
tion by parts, one can rewrite (6.36) in terms of the CDF of ~ as [14]]

_1 ool_F“/(x)
C= 2/0 7(1—1—@ dx. (6.37)

The factor % comes from the half-duplex operation of the relay.

6.5.1 Selection combining at the MS

Applying the total probability theorem, the ergodic rate for the system when the

power save mode is used at the RS can be evaluated from

1

©1—-F, (x)F (z)
Cpssc = |Pr(vr, > vrr) _/ YsD YRD,ZF
0

1+2x

dx

S

2

I1(0zF,Nt—2)

1 [*1-F, . (x
+ | Pr(vr, <77r) 5/ %;()dx (6.38)
0
A

The solutions for the integrals Z; and Z, are provided in Appendix [6.Cl Similarly,
the approximate ergodic rate with SC when the PS mode is not used at the relay,

can be found as

Cyurrsc = (1= Fyp (vrr))(1 = Fyp, (vrr) 21 (028, Ny — 2)
+ (1= Ey (vrr))(Fyg, (vrr)) T2 (Onirrs Ne — 1) + (B, (97R)) 2. (6.39)
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In the high SNR regime, the ergodic rate is given by

Ne—1 % n
1 | YR (‘1_ﬂ10g(z)> 7Ly
O™~ — < + 1o (—)+ N —1 6.40
> T(N) LV g5 ) HolNi—1) (6.40)

where () is the psi function [15} 8.360]. The derivation is explained in Appendix
From (6.40), it can be observed that the ergodic rate grows linearly in the high
SNR regime.

6.5.2 Optimum combining at the MS

Due to the complicated form of the CDF of /s oc, derivation of an exact expres-
sion for the ergodic rate when OC is used at the MSs is intractable. Instead, we
apply a commonly used upper bound on the ergodic rate based on Jensen’s inequal-

ity, namely
1 1
Coc = Elog, (1 +vusoc)] < logy (1 +Elyarsoc]) - (6.41a)

Since vyr5,0c = Vsp + VRD »

E[ymsoc] = Elvsp] + Elyrp] (6.41Db)

where

T T
= — 6.41
Elyso] = Yexp <Lgl,1> B <Lgl) (0.41¢)
and
N, — 1)L

Elvgrp] = % (6.41d)

The ergodic rate upper bound for the system with power save mode is computed

using

Cpsoc < [Pr(vr, > yrr)log, (1 + E[ymsoc])] +
[PI‘(’)/Rl < ’}/TR)IOg2 (1 + E[VS’D])] . (642)

6.6 Impact of Finite Rate CSI Feedback

In a frequency division duplex (FDD) system, downlink channel conditions may be

significantly different from uplink channel conditions. Therefore, in order to obtain
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CSI of the RS-MS links at the RS, the RS must rely on the feedback it receives
from the MSs. In this section, we have relaxed the assumption of the availability of
perfect CSI of the RS-MS channels at the RS, due to imperfections in the feedback
channel. It is assumed that the MSs estimate their own RS-MS channel and feed
back the channel direction information (CDI) given by hg;/||hg1|| and hgo /|| Rs||
to the RS. Before sending back, the MSs quantize the CDI using distinct codebooks
Cusi={ci1, -+ ,¢198} and Cprso = {€21, -+ , €298 }. Codebooks consist of 25
number of /N;-dimensional unit norm vectors, where B is the number of feedback
bits used. For simplicity, we assume random vector quantization is used to generate
the codebooks [16]]. The index of the codeword for the k™ MS is selected according
to

ny = arg max |hh, ¢y ;| (6.43)
1<j<2B

and the indices are fed back to the RS. The RS compiles the estimate of the mul-
tiuser channel as

H = [ﬁmilm] = [€1,mC1n,)- (6.44)

In the MRT mode, the weight vector is given by h rk, While in the ZF mode, the
precoding vector vy, for the £™ user is found by normalizing the k" column of the

pseudo-inverse of H.

6.6.1 Output SINR analysis

In this section, we present the statistics of the e2e SNR/SINR at MS1 when finite
rate feedback is used. The SNR at the MS1 for the second hop reception when the

MRT mode is used by the RS can be given as

YMRT,q = |hR1i'fR1 |2- (6.45)

The exact statistics of vyyrr,, are complicated. Therefore, we use a tight approxi-

mation proposed in [16],

__B_
R~ ||he [ (1 —2 Nt*l) : (6.46)

The approximate distribution of /g1, can be found as I' (kyrrr.g, Orrrr,,) With

__B_
k]\/[RT,q = Nt and GJV[RT,q = LRI <1 -9 Ntfl).
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If the RS uses the ZF mode for the second hop transmission, the inter-user
interference is not fully eliminated due to the finite rate feedback. The MSs are not
aware of this additional interference and treat it as additional noise. The SINR at
the MS1 for the second hop reception in the ZF mode can be found as

%|hg1'01 ?

—_— 6.47
1+%‘h31’02|2 ( )

YZzFq =

The desired signal term is chi-square distributed with 2N, — 2 degrees of freedom
[L7], while the noise-plus-interference term is assumed to be a zero mean complex
Gaussian RV with variance 1 + o7, where o7 can be computed for the case when

Ny =2 as [[16]
1

N,
— Lp288 (28 LA 4
R1 5 < ) Nt — 1) (6 8)

1 L
o] = §E[|hR1’U2|2| = %E[HhmHz]E vy

[P R1]|

‘ h g

For other values of N,, reference [17] proposed the approximation o? = 2_%.

Then the SINR 75, is distributed as I' (kzp,07F,) With kzp, = N; — 1 and

_ _Lm
O2rq = 2(1407)"

6.6.2 Ergodic rate analysis

Following similar steps as employed in Section V-A, the ergodic rate with SC at the

MSs can be found as

Cscyg = (1 = Fyp, (yrr)) (1 = Fyp, (vrR)) L1 (0259, Ni — 2)
+ (1= Fyp, (vrr)) (Fyn, (vrr))Z1 (Orr R, N — 1)
+ (Fyp, (vrR)) Lo (6.49)
An upper bound for the ergodic rate when OC is used at the MSs can be found by
replacing E[ygp| in with
E[Yarrgl = kvrro@yvrrg (6.50)

or
Elvzrq = kzre0zrq (6.51)

accordingly.
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Figure 6.2: The outage probability of the system with ZF at the relay and SC at the
destination.
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Figure 6.3: The ergodic rate with ZF at the relay and SC at the destination.
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Figure 6.6: The ergodic rate with ZF at the relay and SC at the destination for
different codebook sizes.

6.7 Numerical and Simulation Results

In this section, we present some numerical results obtained from the analyses pre-
sented in Sections IV and V. It is assumed that the RS is located at the intersection
region of the two cells such that it is placed equidistant from the two BSs. Fur-
thermore, we assume that the BSs use identical transmit powers, so L; = Lo. The
system outage probabilities and the ergodic rates are calculated by varying the first
hop (BS to RS) link average SNR. The RS to MS link average SNR Lz, = 7L and
we assume 7 = 1 in our numerical results. Also, we set Ly;; = 2L and Ly; = %
The threshold SINR at the relay and the MSs is set to 10 dB.

Fig. gives the outage probabilities of MS1 for different values of /NV; when
ZF reception is used at the RS and the MS uses SC. One can observe excellent
agreement between the theoretical and simulation results for the PS mode, while
the approximations derived for the system without the PS mode follow the simula-

tion results extremely closely. When the BS to RS link average SNR increases the

outage probability approaches the performance of the PS mode, since the common
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transmit mode for both systems, the ZF mode, dominates the performance in the
high-SNR regime. The asymptotic outage probabilities in the high SNR regime are
shown using dotted lines in red color.

Fig. shows the ergodic rate in nats per second per bandwidth unit for MS1.
The theoretical values are in excellent agreement with the simulation results for the
PS mode and the theoretical approximations for the MRT mode follow the simula-
tion results with small discrepancy. Again, we observe that the rate gap between the
PS mode and the MRT mode decreases with increasing SNR and with the number
of antennas at the RS. This occurs due to the small probability of outage for both
users in the first hop.

Fig. shows the outage probability of MS1 when MMSE reception is used at
both the RS and MS1. The theoretical results are in excellent agreement with the
simulation results for the PS mode and can be used as accurate approximations to
compute the outage probability with the MRT mode in the high SNR regime. The
asymptotic outage probabilities in the high SNR regime are shown using dotted
lines in red color.

Fig. [6.5]compares MS1’s outage probability for the MMSE/MMSE system with
the MMSE/SC system operating in the PS mode. The performance gain obtained
by MMSE reception over the SC receiver at the MS decreases as /N, increases. For
N, = 2, the gain with MMSE reception at the MS is around 1.5 dB, while the gain
drops to a fraction of a dB when N, = 4. The asymptotic outage probabilities for
the MMSE/SC system in the high SNR regime are shown using dotted lines in red
color.

Fig. 6.6 shows the impact of finite rate feedback on the ergodic rate of MS1
when N; = 2. Performance with different codebook sizes are compared with the
case with perfect CSI at the RS. One can observe that 12-bit feedback will achieve
ergodic rate performance close to the perfect CSI case. Our analysis tells the design

engineer that resources will be wasted by implementing more than 12-bit feedback.
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6.8 Conclusion

In this chapter, we presented an analysis of the downlink performance of a two-cell
two-user SRS. Exact closed-form expressions were derived for the outage probabil-
ity and the ergodic rate for any user when operating in the PS mode. Approximate
expressions derived for the system without the PS mode can be used to estimate
the performance metrics with high accuracy. Finally, we examined the feedback
requirements for the RS-MS links and derived approximate expressions for the er-

godic rate when finite rate feedback is used for the RS-MS links.

6.A The Derivation of (6.15)

In this appendix, we outline the derivation of (6.15]). One has

\041|2
F'YRMMSEJ ({L’) =DPr (VRAHVISEJ < {L’) =Pr (W as

= Pr(Jaif? < (z = Z)(1 + ||hal[?))
- /0 /0 Fayp (2 = Z2)(1+Y) finay2(Y) f2(Z2)dY dZ. (6.52)

The RV | |? is exponentially distributed and ||hs||? is chi-square distributed. Then
the double integral in (6.52)) is solved using the identities [15} eq. 3.35.3] and [18|
1.2.4.3].

6.B The Derivations of Asymptotic Outage Probabil-
ity Expressions

In this appendix, we present the derivations of asymptotic outage probability ex-
pressions given in (6.32), (6.33) and (6.34). When L; — oo, we apply the Taylor
series expansions of the PDFs of vr, ..., ¥sp, Yrp,zr and vrp, v rr and obtain their

respective CDFs as

F (¥) ~ ———— 77 F“/SD('I>%$_|_T

TRzp
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- N x
FPYRRD,ZF ('T) ~ F(Nt) (%)Nt—lu
2!Vt

00 ~
B b ainr (T) & TN, + LY

Then we substitute the respective CDFs in (6.24) and considering only the terms
with the largest exponent of L, we obtain (6.32). One can observe that substituting
the relevant CDFs in (6.25]) and considering only the terms with the largest exponent
of L1, the PS mode results in the identical asymptotic outage probability expression
as the system without the PS mode.

Using the series representation of the hypergeometric function and the expo-
nential function and considering only the terms with the largest exponent of L, the

CDF of VR, 155., 18 approximated as

(6.53)

N1 1
F'YRMMSEJ (:L’) ~ F(Nt)Llth—l - (:L’ + %) K

Then the asymptotic outage probability of the system can be found as (6.33).
When OC is used at the destination, the high SNR CDF of 7,5 oc 1s obtained
using the Taylor series expansion for the exponential function and the alternative
representation for the hypergeometric function given in [[19],
Ne—1 Ne=1y/

P x nx

’YMS,OC(:C) ~ F(Nt> (%)Nt_l N CF(Nt) (%)Nt_l <SL‘ + g)

(6.54)

6.C The Solutions for 7Z; and 7,

In this appendix, we present the solutions for the integrals Z; and Z,, used in (6.38).
One has
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Nt—2
t {L'k

exp (e_z—F> kz MO, (Z5) exp (ﬂ;)

T = 1/ =0 +
Y N 1+ B 1+a
5 Jz(irgl,l)
Mi Yok ex<x<1+1))
— RO p(z+ ) P Lypa Oz
- — dz. (6.55)
Js

The integrals 71, J> and [J3 can be solved using [14, Lemma 3] and the result can

be found as

k

N¢—2
1 —nan
Jy = ¢"zr E, (ﬁ) +y T [Z(n — D(=1)F"07
k=1

n=1
(—1)"leTr E, <L)]
HZF

T 1
L T T 1
gl,1 gl,1
Tl B, (Lgu) Tl E, (LW)

j2<Lgl,1) =7

-7 T -1
T3 = T (1) + z_: lei T <(—T)"E1(,MT) + Z ( )
(et T ) (1 En)
~ (n wepp s (p— 1)
+; <p>< e ; glpr )]

1
Lgi1,1

where p = % + and E;(z) is the exponential integral function of order 1.

Also, one can observe that Zy = Jo(Lg11).

6.D The Derivation of (6.40)

In the following, we present the derivation of (6.40). Substituting the relevant high
SNR CDFs in (6.39) and assuming max(vgp, Ysp) = Yrp in the high SNR regime,

the ergodic rate expression can be given as

Voo 1
Py ——2 T+ —T. 6.56
F(Nt>L{Vt_1 2 2\71 ( )
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Using the series representation of the E; (-) given in [20] and the asymptotic expan-

sion of Ei function [21], and using some manipulations, [/; can be approximated

as
TL
Jh ~ log (71) + ho(N; — 1). (6.57)
Applying the same expansions, Z, can be approximated as
z L og(1) (6.58)
= — (0] . .
2 -7 g
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Chapter 7

Average Rate Analysis for
Full-Duplex Underlay
Device-to-Device Networks

A theoretical framework is presented for the evaluation of sum ergodic rate of a full-
duplex underlay device-to-device network, when it shares the uplink resources of
a conventional cellular user. The sum-rate of the full-duplex network is compared
with a half-duplex network with equivalent radio frequency hardware complexity.
Closed-form approximations are derived for the sum ergodic rate of the systems.
Furthermore, the sum-rate performances are investigated for the case when a trans-
mit power constraint is imposed on the underlay network to minimize the interfer-
ence on the cellular network. The analytical results presented can be used as a tool
to identify when full-duplex transmissions are viable in underlay device-to-device

networks.

7.1 Introduction

Almost all the current wireless communications technologies enable bidirectional
communications using frequency division duplexing (FDD) or time division du-
plexing (TDD). This requires allocating orthogonal time (TDD) or spectral (FDD)
resources for transmission (Tx) and reception (Rx). Although this mechanism has
proved to be extremely successful, it may not be able to cater for the spectral ef-

ficiency requirements of future generation wireless communication technologies.
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Therefore, recently there has been a surge of interest on the systems where Tx
and Rx is performed using the same time or spectral resources. These systems are
commonly known as full-duplex (FD) systems, while conventional TDD and FDD
systems are referred to as half-duplex (HD) systems. An inherent challenge of FD
system is the interference on Rx by it’s own Tx. This is known as self interference
(SI). Recent studies [[1,12] have proposed SI cancellation schemes that can achieve
110 dB isolation between the Tx and the Rx. Experimental results of [3]] have shown
that FD systems are capable of achieving higher spectral efficiencies than HD sys-
tems for SI isolation above 74 dB. However, these gains have been observed in
point-to-point FD systems with short distance between the nodes. Exploiting this
fact, we aim to investigate the applicability of FD technique in device-to-device
(D2D) networks, where the communications are generally short range.

In a D2D network, users connect with each other without communicating through
the central base station (BS) to improve the overall spectral efficiency of the sys-
tem, to reduce battery consumption and to reduce the workload of the BS [4,15].
Recently the idea of underlaying D2D communications has gained interest in cel-
lular networks, where D2D network coexists with a conventional cellular network
while maintaining a maximum interference constraint on the cellular network. The
results of [6] point out the feasibility of underlay D2D networks in 3™ generation
partnership project (3GPP) long term evolution-Advanced (LTE-A) networks.

Surveys [7] indicate that the D2D type communications will become more com-
monplace in the future. It has been added as a study item in 3GPP and investigated
as a feature in possible 5th generation (5G) communications. Several works have
proposed efficient communication techniques for D2D networks including resource
allocation [8], and power optimization [9]]. However, all the previous works on D2D
networks, did not consider FD communications for D2D users. It is interesting to
combine the concepts of FD and D2D, since it may allow us to harvest the benefits
of both technologies to improve the spectral efficiency of wireless communications.
For example, latest wireless standards such as LTE-A do not support FD communi-
cations. However, introduction of FD communications to underlay D2D users that

coexist with other LTE-A users, may result in increased total network throughput
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without changing the infrastructure of the network.

In this chapter, we investigate the feasibility of FD communications in under-
lay D2D networks. We study the sum ergodic rate of an underlay D2D network
when D2D users operate in FD mode and compare the performance to a HD under-
lay D2D network with equivalent total energy and radio frequency (RF) hardware
complexity. Furthermore, we compare the performance of both HD and FD D2D
networks to a conventional cellular network. Next, we analyze the case when trans-
mit power adaptation is used at the D2D nodes to maintain a maximum interference
constraint on the cellular network. Our analytical results can be used to identify
when FD networks are advantageous to improve the overall system sum-rate. To
the best of authors’ knowledge, this is the first work investigating the sum ergodic
rate of FD D2D networks.

The remainder of this chapter is organized as follows. In Section[7.2] we present
FD, and HD D2D network models. Section presents the ergodic rate analysis
of each network configuration. Section [7.4] presents numerical results and compar-
isons while Section concludes this chapter. The derivations are presented in

appendices.

7.2 System Model

In this Section, we present the network models used for our analytical study. We
consider a single circular cell with radius R, with BS located at the center of the
cell. A single cellular user (CU) and a pair of D2D users (D1 and D2) are located
inside the cell. The D2D pair is assumed to be operating using the same resources
as the uplink of the CU. We assume that the transmitters do not have channel state

information (CSI). Two communication modes are considered for the D2D pair.

1. FD Mode: In the FD mode, both D2D users transmit and receive at the same
time instant using the same frequency band. We assume a 1 x 1 FD D2D
system where each node requires 1 up-converting RF chain for Tx, 1 down-
converting RF chain for Rx and 1 up-converting RF chain for SI cancellation.

A total transmission period of 7" seconds is considered. The available power
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Figure 7.1: Underlay D2D network model, where the solid lines denote the desired
signals and the dashed lines denote the interference links.

at D2D nodes is P;. Therefore, the total energy consumed by the D2D pair
in the FD mode 1s 2P,;T'.

2. HD Mode: In the HD mode, each D2D user transmit for % time period. In
order to make a fair comparison between the FD mode and the HD mode,
we assume that both systems have equal RF hardware complexity. Since
in the FD mode, a D2D node uses 2 up-converting RF chains and 1 down-
converting RF chain, similar to [3,10]], we define an equivalent HD system
with two up-converting RF chains for Tx and one down-converting RF chain
for Rx. Therefore, the RF equivalent HD system for 1 x 1 FD pairisa 2 x 1
multiple-input single-output (MISO) system. In order to keep the total energy
consumption of the two modes equal, each antenna transmits with power P,

with unit energy symbols, such that the total energy consumed is 2P, T

In the first stage of this work, we assume that there is no interference coordina-
tion between the cellular network and the D2D pair. The channels between all the
entities are assumed to be flat Rayleigh faded with average fading power of unity.
We assume a log-distance path loss model with reference distance of 10 m. The
performance metric we are interested in is the sum ergodic rate of the network. We
derive closed-form expressions for the sum ergodic rate for both FD and HD modes.

Furthermore, to understand the feasibility of D2D networks over conventional net-
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works, we compare both FD and HD D2D systems with a two-way relay network
(TWRN), where the BS acts as a relay between the two D2D users to facilitate the

data exchange in a spectrally efficient manner.

7.3 Ergodic Rate Analysis

In this Section, we present the sum ergodic rate analysis for each D2D communica-

tion mode.

7.3.1 FD mode

The signal received at the BS can be written as

2
yBs;pp = \ PyLyhys, + Z vV PaLaiharsar + na
=1

where P, is the transmit power of CU, L, is the path loss between the CU and the
BS, h, is the flat fading channel coefficient between the CU and the BS, s, is the
unit energy signal transmitted by the CU, n; is the additive white Gaussian noise
(AWGN) with variance N, at the BS, sy is the unit energy signal transmitted by the
k™ D2D user, Lg, and hg, are the path loss and the flat fading channel coefficient
between the k™ D2D user and the BS, respectively. The signal-to-interference-plus-

noise ratio (SINR) at the BS can be written as

YUJFD = =3 i 5 . (7.1)
> et PaLak|hax|* + No
The path loss coefficients are computed using
32 4 201 d ifd < 10
60 + 10nlog,,(d/10) ifd > 10

where f. = 2.4 is the carrier frequency in GHz, d is the distance between the nodes

and 7) is the path loss exponent. The received signal at the ™ D2D user is given by

Yk = / PaLliohijsj + / PyLughuiSu + I + 1, k7 € {1,2},k# 5 (7.3)

where L, h,. are the path loss and the fading channel coefficient between the CU

and the k™ D2D user, L5, and hy; are the path loss and the channel coefficient
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between the D2D pair, and 7, is the AWGN with variance d,,;, Ny at the k™" D2D
user. The SI I at the £™ D2D user is modeled as additional Gaussian noise with
variance o%,. The variance %, depends on the SI cancellation technique used at the
nodes. According to the experimentally verified SI model given in [3], 0%, can be

computed using
o%.(dBm) = Py(dBm) — Lg;(dB)
— (\M(dB/dBm)(Py(dBm) — Ls;(dB)) + 3(dB)) (7.4)

where Lg; is the passive SI cancellation due to antenna isolation, A and /3 are co-
efficients depending on the active cancellation [11]]. The SINR at the £™ D2D user

can be given as

PyLyo|hy;|?
WEZRMMMi%MWR (7.5)
The sum ergodic rate of the system can be computed using
Ru o )
Rpp,p2p = E[log, (1 +7upp)] + Y E[log, (1 + Yir)] (7.6)

k=1

-~

g

Rpap Fp

where Ry pp and Rpop pp are the ergodic rates of the CU and D2D pair, respec-
tively. For our analysis, we assume that the position of the CU is randomly located
at a distance r; from the BS and the D2D pair is fixed at a distance of 75 from the
BS (see Fig. [7.3)). The mean distance between the CU and the k™ D2D user can be

found using

uk T A+ B 7.7)

o _2/ATB ( 2B )
where A = r? + r2, B = 2rry, and K(-) is the complete elliptic integral of the
second kind [12} 8.112]. The derivation of (Z.7)) is given in Appendix A. To account
for the randomness of the CU location, we propose to substitute dyr in [Z2), for
calculating the values of L. This approach is mathematically tractable compared
to averaging over the PDF of d,, and results in extremely good approximations for
the ergodic rate. The ergodic rate of the CU, I rp, can be computed by solving the

integral

©1_F
Ryrp = log,(e) / ﬂdx (7.8)

0 (1+2)
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where F, . () is the cumulative distribution function (CDF) of ~yyrp given by
T 1
Eyw@)=1—exp|— | ——= (7.9)
Tu <1 + ?—"x)
Yu
where 7, = Pk, and 3, = PdTLO‘““. The closed-form solution for (7.8) is given by

1 1 1 2 1
=1 T2 | (= — —ewE, [ =
Rypp = log,(e) [1 7 <T e <%)>

1 1 1 1 0 1
e (5) e ()] oo

where T = Z{—’Z, and E(-) is the exponential integral function.

The CDF of v, gp 18 given by

Dexp <_x<1+fk>>

Yk ,FD

F. =1- 7.11
Yk ,FD ([E’) (JZ‘ _'_ (I)) ( )
and the ergodic rate of the k™ D2D user can be found as
l+ik _ 1+fk _
Ty o (i) e By (ﬂ)

R — l (b Yk, FD Vi u 712

D2D,FD 0g,(e) d_1 11— ( )
where & = 1’:”, Yk FD = P‘jé)”, Ve = PuTLouk and I, = % The derivations of

[7.9), (.8, and are shown in Appendix B.

7.3.2 HD mode

In the HD mode, the D2D pair forms a 2 x 1 MISO system. Therefore, during
the first 7'/2 period, 1st D2D user transmits using 2 antennas and the other user
receives with a single antenna. Since CSI is not available at the transmitter, D2D
users transmit using Alamouti space-time code (STC) to achieve transmit diversity.
Then, the received signal at the BS in a particular symbol period during the first %

interval can be written as
2
yr/2up = \ PuLyhys, + Z V PaLy il 1561 +nq (7.13)
k=1

where sy, ; is the transmit signal from the k™ Tx antenna of the 1st D2D user, Ljq

and hy ; are the path loss and the fading channel between the BS and the k™ Tx
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antenna of the 1st D2D user, respectively. The SINR in the first 7'/2 period is given

by

Py Lu|ha/?
S PaLpalhia|? + Ny
Since the D2D transmitter uses Alamouti STC, we consider two symbol periods for

YT/2,HD = (7.14)

analysis. The received signal vector at the 2nd D2D user can be given as

youp = \/ Palia [ Zé :Z% ] [ z; } +n+ P Ll
where h, hy are channel gains between the two transmit antennas of the 1st D2D
user and the 2nd D2D user, s 1, 52,1 are the symbols transmitted by the 1st D2D
user, n is the AWGN vector with covariance matrix Nyl and 1, is the interference

vector from the CU at the 2nd D2D user. After matched filtering, the SINR per

symbol is given by
_ PyLis(Jha]? + [ha]?)
Y2,HD = 2
PuLul|hul| + NO
The SINRs at the BS and the 1st D2D user in a particular symbol period during the

(7.15)

second 7'/2 interval can be found similarly. One can observe that if Ly, = Lo
Vk € [1,2], the overall SINR at the BS during the time period 7" in the HD mode
has similar form as the SINR in the FD mode. Then, SINR CDFs of the BS are
equivalent, and the ergodic rate for the HD mode can be found as (Z.8)). Following
the procedure given in Appendix B, the CDF of the SINR at each D2D user can be

found as
x A x A
E =1- —— 7.16
man(#) = 1= exp ( 7) L; AT @t d) Tt A)J 710
where 7 = PdTLOlQ, and A = ;/ki Using the integral identities given in [13], the

ergodic rate for each D2D user in the HD mode can be found in closed-form as

= 1 z 1
o) |28 E (5) AR (3)

Bnp 2 (1—A) (A—1)
g (1 2o By (L
Aok () LA (=)
1-A 'Vk,u(A - 1) (1 - A2)
AQ%El (%)
—— U (71.17)
(A—1)
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7.3.3 Comparison with TWRN

In order to understand the gain of underlay D2D deployment, we also compare the
sum rate results of FD and HD D2D networks with conventional cellular network.
To perform this comparison, we select TWRN as the conventional cellular counter-
part of the D2D network, since TWRNSs have been identified as a spectrally efficient
scheme for data exchange between two nodes with the aid of a central network en-
tity.

In the TWRN model, communication occurs in three time slots. In the first time
slot, CU communicates with the BS. In the second time slot, the two users (D1 and
D2 in D2D model) send their data to the BS which functions essentially as a relay.
The BS applies a gain on the received signal and transmits the amplified signal in the
third time slot. The users D1 and D2 subtract their own signal parts from the signal
received and use the remainder for data decoding. In order to make comparisons
fair, we assume D1 and D2 are equipped with 2 Tx antennas and the BS (relay)
is equipped with a single antenna. The users apply maximal ratio transmission
(MRT) for data transmission and maximal ratio combining (MRC) for reception. A
similar system model was analyzed in [[14] for users with correlated antennas. For
simplicity, we do not consider the antenna correlation in this chapter. To make sure
that the energy consumptions of D2D model and the TWRN model are equal, per
antenna transmit power of D1 and D2 is set to % and the transmit power of the BS
is set to P, thus making the total energy consumed by the network during the two
time slots to be equal to 2P, 7. The sum ergodic rate for the system can be written

as
Ryrwen + 2RrwrN
3

where Ry rw gy is the ergodic rate of the CU and Ry gy is the ergodic rate of the

TWRN. The ergodic rate of the CU is given by

1 1
Ryrwrn = exp (—) E, <—) - (7.19)
Yu Yu

Rsum,TWRN = (7 1 8)

The ergodic rate of the TWRN can be found using the results presented in [[14, Sec.
II-CJ.
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7.3.4 Impact of an interference constraint

Next, we analyze the sum rate of the system when a maximum interference con-
straint is imposed on the D2D network, when the D2D nodes are operating in the
FD mode. In this situation, the BS measures the interference it receives from the
D2D users and informs them through a control channel to limit their transmit power
accordingly. The maximum interference threshold is computed to maintain a mini-
mum quality of service (QoS) guarantee for the CU. Then the transmit power at the

D2D users are adjusted according to

. Lip i
P g [ A — P 7.20
k,D2p = NN (Ldk|hdk|2’ d) ( )

where Iy, i, is the maximum interference allowed from the k™ D2D user. The SINR
at the k™ D2D user is given by

Pk,D2DL12|hkj|2

P, Lyk|huk|? + o1 + No

Yk,D2D = (7.21)

In this situation, to compute the statistics of SI, one must require the average trans-

mit power of D2D nodes. The average transmit power ka pop can be found as

_ Q Q
Py pap = / ), Pyexp (——) w 10 ( ) +
Q
P, (1 -0 (1, Fd)) (7.22)

2p,) T\ By
where Q = 225 W, , (-) is the Whittaker function [12| eq. 9.221.1] and @ (c, d)
is the incomplete gamma function [12, eq. 8.350.2]. (The derivation of (Z.22)) is
given in Appendix C.) Then the variance of SI can be computed by replacing P;
with Py pop in (Z.4).

Obtaining an exact expression for the ergodic rate of D2D users appears to be
intractable with the SINR expression (Z.21)). Therefore, we approximate the inter-
ference component from the CU by its average value P, L, and treat interference

as an additional Gaussian noise. With this assumption, the CDF of v;, p2p can be

found using [[15} eq. (8)], and has the form

oo exp (_OcL112DIth,k)
12 d
F“/k,D2D(x) =1 + €Xp <_ Pd ) N 1 —1

alip i

o2x
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2

where 0° = P, Ly, + o1 + Ny and o = é—‘l“; Now the ergodic rate can be derived

as

alialip )

L 2 L 2 exXp (—
Ry pap = exp < 129 )El ( 129 ) — Fa

Pd Pd Lis0? (alth,k o 1)
P

d o2

aLiolip i Lizo? Liso?
Xp ( ———= ) ex E
© p( Pq CXp\"hs 1 Pq
alyp g
alyp g, aLiolip,k _aliplp g
0’2 El ( Pd eXp Pd

1 alip k Liso2 1— alip i
o2 Py o2

For the HD mode, exact analysis becomes intractable with Alamouti STC trans-

_|_

+ (7.23)

mission. Therefore, we propose to approximate the ergodic rate of the D2D users

by substituting P psp instead of P, in (Z.13).
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7.4 Numerical Results and Discussion

In this Section, we provide some numerical results to verify the analysis conducted
in Sec. For our numerical results, we assume a circular cell of radius 250 m.
The CU location is uniformly distributed at a distance r; from the BS. The position
of the D2D pair is fixed at a distance 75 from the BS. Carrier frequency of 2.4 GHz
is used for path loss calculations with path loss exponent of 2. The D2D pair is
assumed to be located 10 m apart from each other. The transmit power of the CU is
set to 24 dBm. Noise variance N is assumed to be -116.4 dBm. In all simulation
results, 10000 random CU locations were used with 1000000 independent channel
realizations. MATLAB software is used to perform the simulations and to compute
the theoretical values of sum ergodic rates.

Fig. shows the sum rate performance comparisons for each mode as a func-
tion of the distance of the D2D pair from the BS. Transmit power of the D2D users
is set to 20 dBm with no maximum interference constraint. The CU is located near
the BS at a distance of 75 m. One can observe that the theoretical results are in
excellent agreement with the simulation results. It can be observed that the D2D
communication is beneficial when the users are closer to the cell edge. The HD
mode outperforms FD mode when the self interference cancellation is below 75
dB.

Fig. shows the system sum rate comparisons for each mode as a function
of the transmit power of D2D pair. The sum rate in the FD mode decreases with
increasing transmit power due to the increase in SI. The ergodic rate of the HD mode
remains almost constant and outperforms FD mode for SI cancellations below 75
dB. When the SI cancellation capability increases, the sum rate tends to improve
with the increasing transmit power.

Fig. gives the sum rate performances with the distance between the D2D
pair, with P; = 20 dBm. It is clear that the FD mode outperforms the HD mode
when the distance between the D2D pair is shorter. As the distance increases, FD
with 80 dB SI cancellation results in lower sum rate than the HD mode. The per-

formance of TWRN does not depend on the distance between the nodes, hence not
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considered for this comparison.

7.5 Conclusion

A theoretical framework was derived to evaluate the sum ergodic rate of underlay
D2D network operating in FD and HD modes. Closed-form expressions were de-
rived for the sum ergodic rates, when the location of the D2D pair is fixed, while the
CU is randomly located. The derived expressions can be conveniently evaluated us-
ing common mathematical software packages. The theoretical results were verified
using extensive Monte-carlo simulations. The new expressions can be used to save
computation time in performance evaluation of underlay D2D networks operating
in FD and HD modes. Analytical results can be used to identify the performance

crossover point between the HD and FD modes.

7.A The Derivation of

In this Appendix, we present the derivation of (Z.7)). The CU is randomly located at
a distance r; from the BS and the locations of D1 and D2 are fixed. We assume that
the angle @ is a uniformly distributed random variable (RV) in the interval [—, 7].
We consider the case when r, > r; where D2D communication is beneficial over
conventional system. The results for 7 < 7; can be found in a similar manner.

Applying the cosine law on the triangle, the squared distance can be found as
di,k =72 4+ 15 — 2ryrysin(h).

Applying standard transformation principles, the probability density function (PDF)

of d2 ;, can be found as

fdi}k(y) =

ye{A—- B, A+ B}.

8- ()’
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Applying the variable transformation % = cos(z) and solving the resulting in-
tegral using [12 eq. 3.670.1], the mean distance between the CU and D1 can be
found as in (Z.7). Due to the symmetry, the mean distance between CU and D2 is

also equal to ciu,k.

S

Y

Figure 7.5: The distance between the CU and D1

7.B The Derivations of (7.9), (7.8), and

In this Appendix, we present the derivations of (Z.9), (Z.8), (Z.1I) and (Z12). As-

suming L4 = Lo, the total interference power at the BS is gamma distributed and

X X
f’n(‘r) = %exp <_%) .

The CDF of vy p is found using

the PDF is given by

F’YU,FD ([l?) =Pr 3 5 <z
> ey PaLak|har|* + No
& z(y +1
= [1-ew (—%) For (4)dy (7.24)
0 u

and a closed-form solution is found using [12, 3.381.4]. Substituting in (Z.8)
and applying the result in [[13, Lemma 3], the ergodic rate is found in closed-form
as (1.8). The derivation of (Z.11I) and (Z.12) follow the same method as (7.9)) and
(Z.8)), and can be deduced in a straightforward manner.
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7.C The Derivation of (7.22)

In this Appendix, we present the derivation of (Z.22)). The RV Py psp is a mixed

RV with a continuous and discrete components in the PDF. The RV X = ﬁ is

inverse gamma distributed with PDF

o) - sy (1),

Then Py pap can be computed using

_ Py o)
Py pop :/ xfx(x)dx + Py fx(z)dx
0 P Py

7

v g

T Z>

en-e(:)

Using the variable transformation % = t and applying the integral identity [12, eq.

with

3.381.6] the integral Z; can be solved in closed-form.
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Chapter 8

Concluding Remarks and Future
Research Directions

This thesis attempted to advance the theory in wireless communications and obtain

valuable system design insights in multiple aspects.

* Chapter 13| presented an outage probability analysis for multiuser relay net-
works in the presence of CCI. Exact expressions as well as approximations
were derived for the outage probabilities of the network configurations as-
suming interference limited network entities. From the results one can iden-
tify that the outage probability is less sensitive to the number of interferers
at the destination, while it is mainly dominated by the interference at the re-
lay. Furthermore, the analytical results can be used to identify the maximum

tolerable delay for the feedback channel.

¢ Chapter 4l used a second-order moment matching technique to derive simple
approximations for the ergodic rate of limited feedback DASs operating in the
presence of out-of-cell interference. The tightness of the approximations was
tested using extensive simulations. The results show that even though RVQ
based beamforming proved to be effective in conventional MISO systems, it
is highly suboptimal for DASs and the results can be used to obtain a worst

case performance benchmark.

* Chapter[3presented a detailed outage probability analysis for relay coordina-

tion schemes in two-hop DF relay networks. Closed-form outage probability
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expressions were derived for four relay coordination schemes. Simplified out-
age probability expressions were derived for the high-SNR regime to identify
important parameters such as array gain and the diversity order of the sys-
tem. Furthermore, an approximation technique was proposed to incorporate
the impact of user location randomness in outage probability computations.
The results were used to come up with some thumb rules useful in designing

coordinated relay networks.

* Chapter |6 presented an outage probability and average rate analysis for a
shared relay based interference coordination scheme. The results show that
by implementing linear transceiver structures at the shared relay node can
effectively reduce the ICI levels. Even though the analysis was conducted
using single antenna source nodes, the results can be easily extended to a
system model with multiple antenna source nodes where source nodes use
TAS for first-hop transmission. Furthermore, the impact of CSI quantization
on the average rate performance was investigated to identify the necessary

codebook sizes to maintain a desirable level of system performance.

 Chapter[7|presented an average rate analysis for an underlay full-duplex D2D
network. The analysis compared the average rate performance with conven-
tional half-duplex network with equivalent hardware complexity and energy
consumption. The results can be used to identify the SI cancellation require-
ments required to outperform half-duplex systems. Furthermore, the analyti-
cal results can be used to identify the performance cross-over points between

FD and HD modes.

The results of this thesis have provided basis for many other research works
including [[1H5]. Apart from these works, the results of this thesis may be used as a

basis for the following future research directions.

 The analytical results in Chapters [3] and (4] are derived assuming a homoge-
nous deterministic interference model. However, future wireless networks

will support heterogeneous services in multiple tiers. Therefore, it is im-
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portant to revist the problems studied in Chapters 3 and 4] with interference

models accounting for heterogeneous user services.

The analysis in Chapters [3] and |6 assumed that the coordinating cells have
similar QoS requirements. However, the heterogeneous nature of the future
wireless networks will result in the need to coordinate interference among
cells with different types of QoS requirements. For example, one cell may
contain users with guaranteed QoS, while the other cell may contain best
effort users. It will be interesting to design resource allocation schemes at the

relay to cater the demands of users with different QoS levels.

The results developed in Chapter [7] are still in a preliminary stage, where
the performance of a simplified network model is studied. It is important to
conduct further theoretical analysis on FD D2D networks with complex net-
work topologies, by computing the achievable data rate and the probability of
service outages. It is expected that 5G networks will be ultra-dense and het-
erogeneous. Several types of networks may co-exist in the same spectrum.
Therefore, it is crucial to identify the impact of different types of interference
from other networks on FD D2D networks. D2D networks such as vehicular
networks will operate in environments where impulsive noise sources and in-
accurate CSI estimates are common performance degradation factors. Due to
the safety critical nature of D2D applications, designers must make sure that
the systems are capable of extremely reliable communications in the presence
of these hostile conditions. Therefore, it is important to consider the impacts
of impulsive noise and CSI estimation errors in the analysis. Experimentally
verified Laplace noise model can be used to model impulsive noise sources in
the analysis. Furthermore, the results of these analyses can be used to develop
new transceiver structures to enhance the performance of FD D2D systems in
the presence of practical imperfections such as interference, CSI estimation

errors and impulsive noise.
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