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Abstract
Relaying Strategies for Cooperative Systems

Xuehua Zhang, PhD.
Concordia University, 2014

In this thesis, we investigate several relaying strategies for cooperative networks with the aim
of finding techniques to improve the performance of such networks. The objective here is to
increase the spectral efficiency while achieving full diversity. Therefore, we focus on two-way
relaying and relay assignment since they are both efficient ways in improving the spectral
efficiency of cooperative networks. Specifically, we propose efficient relay strategies to cope
with the asymmetric data rates in two-way relay channels and address practical issues in
relay assignment.

In the first part of the thesis, we consider two decode-and-forward (DF) relaying schemes
for two-way relaying channels where the two sources may have different rate requirements.
One scheme combines hierarchical zero padding and network coding (HZPNC) at the relay.
The novelty of this scheme lies in the way the two signals (that have different lengths) are
network-coded at the relay. The other scheme is referred to as opportunistic user selection
(OUS) where the user with a better end-to-end channel quality is given priority for transmis-
sion. We analyze both schemes where we derive closed form expressions for the end-to-end
(E2E) bit error rate (BER). Since the two schemes offer a trade-off between performance and
throughput, we analyze and compare both schemes in terms of channel access probability and
average throughput. We show that HZPNC offers better throughput and fairness for both
users, whereas OUS offers better performance. We also compare the performance of HZPNC
with existing schemes including the original zero padding, nesting constellation modulation
and superposition modulation. We demonstrate through examples the superiority of the
proposed HZPNC scheme in terms of performance and/or reduced complexity.

In the second part of the thesis, we consider a hybrid relaying scheme for two-way re-

lay channels. As per the proposed scheme, if the E2E signal-to-noise ratio (SNR) of both
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users is above a specified threshold, both sources transmit over orthogonal channels and
the relay node uses hierarchical modulation and network coding to relay the combined sig-
nals to both sources in the third time slot. Otherwise, the user with the better E2E SNR
transmits, while the other user remains silent. The advantage of the proposed scheme is
that it compromises between throughput and reliability. That is, when both users transmit,
the throughput improves. Whereas when the better user transmits, multiuser diversity is
achieved. Assuming asymmetric channels, we derive exact closed-form expressions for the
E2E BER, access probability and throughput for this scheme and compare its performance
to that of existing schemes. We also investigate the asymptotic performance of the proposed
scheme at high SNRs where we derive the achievable diversity order of both users. We show
through analytical and simulation results that the proposed scheme improves 1) the overall
system throughput, 2) fairness between the two users, and 3) the transmission reliability.
This all comes while achieving diversity two for both users, which is the maximal diversity.

In the third part of the thesis, we study relay assignment with limited feedback. In net-
works with many multiple source-destination pairs, it is normally difficult for destinations
to acquire the channel state information (CSI) of the entire network without feedback. To
this end, we design a practical limited feedback strategy in conjunction with two relay as-
signment schemes, i.e., fullset selection and subset selection, which are based on maximizing
the minimum E2E SNR among all pairs. In this strategy, each destination acquires its SNR,
quantizes it, and feeds it back to the relays. The relays then construct the E2E SNR table
and select the relay assignment permutation from all possible relay assignment permutations
or only a subset of these permutations. We analyze the performance of these schemes over
independent Rayleigh fading channels in terms of the worst E2E SNR. We derive closed-form
expressions for the E2E BER and investigate the asymptotic performance at high SNR. We
show that relay assignment with quantized CSI can achieve the same first-order diversity as
that of the full CSI case, but there is a second-order diversity loss. We also demonstrate
that increasing the quantization levels yields performance that is close to that of having full

knowledge of the CSI.
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Chapter 1

Introduction

1.1 Cooperative Communication

It is well known that diversity is a powerful technique in combating channel fading. Coopera-
tive diversity is a kind of spatial diversity that can be obtained by exploiting the distributed antennas
belonging to each node in a wireless network [1]-[3]. A typical three node cooperative diversity
relaying model comprising a source node S, a destination node D, and a relay node R (where

R helps the communication between S and D) and the corresponding time division protocol are

illustrated in Fig. 1.1.

N
‘ ) Relay

Source ([ § }
N

S—> RD

R —»

Figure 1.1: Cooperative diversity relaying and the corresponding time-division protocol.

{ D )Destination
N




Due to the half-duplex constraint, the relay can not transmit and receive at the same time.
Therefore, the relay normally uses different time slots for transmission and reception as shown in
Fig. 1.1. In the frst time slot, the source transmits to the destination. Owing to the broadcast
nature of wireless communications, the relay can also overhear the transmission. Then in the
second time slot, the relay forwards the received signal to the destination. After the two time
slots, the destination obtains two copies of the same signal sent over two independent channels.
By employing appropriate detection schemes such as maximum likelihood (ML), maximum ratio
combining (MRC) or selection combining, diversity can be achieved.

The relaying schemes are normally classif ed as amplify-and-forward (AF), in which the relay
can simply retransmit, or forward, the noisy analog signal received from the source, and decode-
and-forward (DF), in which the relay decodes each symbol transmitted by the source, and then

forwards its encoded symbol to the destination. The capacity of AF relaying is given as [4]

w YSRVRD
Car=—1o 1+ + , 1.1
ATy e ( Tsp Ysr+Yrp +1 (11

where W is the bandwidth and vgp, Yzp, and vgp are the instantaneous signal-to-noise ratio
(SNR) for the links S — R, R — D and S — D, respectively. While for DF, the capacity is given
as [5]

w .
Cpr = o min {logy(1 + Vsg),loga(1 +vgp +Vsp)} (1.2)

If only the direct path is used, the capacity of direct transmission is given as
Cp = Wlog, (1 +7sp) - (1.3)

Comparing (1.1) and (1.2) with (1.3), it is observed that the capacity of cooperative commu-
nications is not always greater than that of direct transmission. This is attributed to the fact that
cooperative communications needs two time slots to complete one transmission, whereas direct

transmission only needs one time slot. Thus, one of the challenges in cooperative communications



is to reduce the spectral loss caused by this half-duplex constraint. Various solutions have been
proposed to solve this problem. One of them is relay selection where only one of the best relays
or a subset of the relays are selected to transmit. Recently, a signif cant attention has been given to
network coding (NC) (see [6], [7]) since it can also reduce the required time slots for transmission

by allowing the relay to help multiple transmissions at the same time.

1.2 Two-way Relaying

The concept of NC was frst proposed by Ahlswede, et. al. in [8] as a routing method in
lossless wireline networks. The key idea of NC is that the relay linearly combines the received data
from different sources instead of sending them individually, resulting in an improved bandwidth
eff ciency. In wireless communications, NC comes naturally due to the broadcast nature of wireless
medium where multiple destinations can receive the same signal at the same time. The authors in
[9] adapt NC to relay networks.

A variety of NC schemes have been proposed and studied in the literature for different network
settings [10]-[26]. Among all the works in this f eld, much attention has been given to half-duplex
two-way relaying [13]-[26], in which two users communicate with each other through one relay,
as it is a basic building block in most wireless networks. The frst version of two-way relay chan-
nels is introduced by Shannon in [13] an information theoretical context and recently investigated
extensively in the context of wireless relaying networks. For traditional cooperative communica-
tions, users transmit to each other one at a time as shown in Fig. 1.2. Therefore, four time slots are
required to complete a new transmission.

If NC is used, the relay applies NC to the signals received from the two users and broadcasts
the resulted signal to both nodes. As a consequence, one time slot is saved. Various NC protocols

have been proposed for this two-way relay channel. All proposed protocols can be classif ed into
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Figure 1.2: Traditional cooperative communications.

two types: three time slot schemes [9] and two time slot schemes (i.e., analog network coding
[14]-[16] and physical-layer network coding [17]-[20]) which are illustrated in Figs. 1.3 and 1.4,
respectively. The difference between two time slot schemes and three time slot schemes comes

from whether or not the two users transmit simultaneously.

“/;W“ ;\./ér\\<b0bob0b0b0bob0’0'/;77\“
LA .
Timeslot 1 Tedea Time slot 2
- e Timeslot 3

Figure 1.3: Three time slot NC scheme.

Three-time-slot NC combined with threshold-based relaying to control error propagation with
MRC and ML are studied in [21], [22] and [23], respectively. In [24], the authors address the prob-
lem of relay assignment for cooperative networks comprising multiple bidirectional transmitting
pairs. The problem of relay selection is addressed in [25].

While for two-time-slot NC schemes, the two users transmit simultaneously in the frst time
slot as shown in Fig. 1.4. A two-time-slot DF NC scheme is proposed in [17] and [26] as physical-
layer network coding (PNC) where the additive nature of simultaneously arriving electromagnetic
waves is exploited and the relay only decodes the received sum of the signals and maps it to a

corresponding zero or one. Analog network coding (ANC), which is another two-time-slot NC

4



Timeslot 1 — . — Time slot 2

Figure 1.4: Two time slot NC scheme.

scheme, is proposed in [14]. Unlike PNC, the relays in this scheme just amplify and forward the

mixed signal to the destination without decoding it.

1.3 Relay Selection

An active research area in cooperative communications is selection diversity, which aims at uti-
lizing the system/network resources in a more eff cient way [27]-[36]. Specif cally, in the presence
of multiple relays, only one or a subset of the relays are selected to cooperate, while maintaining
full diversity.

Relay selection based on the exact end-to-end (E2E) SNR is studied in [27] and it is shown
that this scheme achieves full diversity. A relay selection scheme based on the max-min criterion
for both AF and DF is proposed in [28] and [29]. The diversity-multiplexing trade-off is shown
to be the same as that of the space-time coding scheme proposed in [30]. According to whether
relay selection is performed before or after actual data transmission , this selection scheme can be
classif ed into two main relay selection methods: proactive and reactive opportunistic relaying. In
proactive opportunistic relaying, relay selection is based solely on the quality of the subchannels,
which takes place before the source actually transmits its signal. Specif cally, the relays are ordered
according to their respective weakest subchannels, i.e., bottlenecks, and the one exhibiting the
best bottleneck is chosen. In reactive opportunistic relaying, on the other hand, relay selection is

performed after the source transmission over the frst hop. That is, the selected relay is the one



that has successfully decoded the source’s message and whose relay-destination subchannel is the

strongest. Both proactive and reactive opportunistic relaying are extensively studied in [31]-[36].

1.4 Problem Statement and Motivation

It is shown in the previous sections that one of the challenges in cooperative communications is
how to reduce the spectral loss caused by half-duplex relaying. To remedy this, two-way relaying
and relay selection/assignment have been introduced where the former attempts to improve the
spectral eff ciency and the latter aims at improving the reliability. In this thesis, we focus on these
two aspects and aim at developing eff cient ways of combining these two techniques, particularly

for sources that have different data rate requirements.

1.4.1 Relaying Strategies for Two Way Relaying with Asymmetric Data Rates

In most of the work mentioned in Section 1.2 that deals with bidirectional transmission, it is
normally assumed that the two transmitting nodes (or users) have the same rate. In many practi-
cal scenarios, however (such as having different quality of service (QoS) requirements, different
available traff ¢ and so on), the two users may not have the same transmission rate. In light of
this, the immediate question that comes to mind is how the relay nodes can cope with this data
rate asymmetry without sacrif cing the bandwidth eff ciency. This is one of the problems that we

address in this thesis.

1.4.2 Relay Assignment in Multiple Source-Destination Cooperative Net-

works with Limited Feedback

It is shown in Section 1.3 that relay selection for one pair and multiple relays has been ex-

tensively studied. Recently, relay assignment where multiple simultaneously transmitting pairs



compete for the same pool of relays has also attracted much attention. Most of the existing works
on relay assignment assume that there is a central controller in the network that knows the channel
state information (CSI) of all the links. However, for a network with multiple source-destination
pairs, from a practical point of view, none of the nodes can acquire the CSI of the entire net-
work without feedback. Therefore, it is crucial to design a practical limited feedback strategy in

conjunction with relay assignment, which is considered in this thesis.

1.5 Thesis Contributions

The main contributions of the thesis are summarized as follows.

1.5.1 Relaying Strategies for Two Way Relaying with Asymmetric Data Rates

e We propose a hierarchical zero padding network coding (HZPNC) scheme in [37] to cope
with the data rate mismatch problem at the relay. This involves employing hierarchical mod-
ulation by the user with the higher data rate and at the relay, while padding zeros at specif ¢
positions of the shorter bit sequence at the relay. The proposed scheme outperforms other
existing schemes such as the original zero padding scheme, nesting constellation modula-
tion and superposition modulation in terms of the bit error rate (BER) performance and/or

complexity.

e We analyze the opportunistic user selection (OUS) scheme in [37] with DF relaying, assum-
ing asymmetric data rates, and compare its performance to that of the HZPNC scheme in

terms of BER performance, access probability and throughput.

e We derive the probability density function (PDF) of the SNR for each hop with asymmetric

channels for the OUS scheme. We derive closed-form expressions for the E2E BER perfor-



mance for HZPNC, OUS, and the original zero padding. We also derive expressions for the

access probability and throughput for the HZPNC and OUS schemes.

e We propose hybrid network coding and opportunistic user selection (HNCOUS) scheme in
[38] which offers a better performance compared to that of OUS in terms of E2E BER,
access probability and throughput. In addition, our proposed HNCOUS scheme has almost

the same access probability and throughput as that of HZPNC at high SNR.

e We derive the PDF of the instantaneous SNR for OUS and HZPNC. These PDFs are needed

to derive the E2E BER performance of the proposed HNCOUS scheme.

e We derive exact closed-form expressions for the E2E BER performance for our proposed
HNCOUS scheme over asymmetric channels for asymmetric data rates. We also derive ex-

pressions for the access probability and throughput for this scheme.

e We examine the asymptotic E2E BER performance of HNCOUS at high SNR for both users
and determine the achievable diversity gain. It is shown that the proposed scheme achieves

full diversity, which is the number of available users.

1.5.2 Relay Assignment in Multiple Source-Destination Cooperative Net-

works with Limited Feedback

e We present a limited feedback quantization strategy and investigate two relay assignment
schemes that are based on the quantized CSI in [39] and [40]. That is, the relay assignment

is performed based on quantized CSI instead of full CSI, which is a practical scenario.

e For both subset and fullset selection, we derive exact E2E BER expressions in terms of the

worst E2E SNR among all pairs.



e We examine the asymptotic performance at high SNR in terms of the worst E2E SNR among

all pairs. The optimal threshold function is identif ed and conf rmed by simulation results.

e We adopt a generalized diversity measure to determine the achievable diversity gain. It is
shown that the presented relay assignment schemes can achieve diversity (n, —(n — 1)) with
quantized CSI and (n, 0) with full CSI, where n is the number of relays. So even with only
quantized CSI, our relay assignment schemes achieve the f rst-order full diversity. However,

we show that there is a second-order diversity loss.

1.6 Thesis outline

The remainder of this thesis is organized as follows.

Chapter 2 provides some relevant background and literature review on the topics pertaining to
our proposed research.

In Chapter 3, we focus on proposing eff cient relaying strategies at the relay nodes to cope
with asymmetric data rates in two-way relay channels. In particular, we propose two DF relaying
schemes. One scheme combines HZPNC at the relay. The other scheme is referred to as OUS
where the user with a better E2E channel quality is given priority for transmission.

Based on the results obtained in Chapter 3, in Chapter 4, we propose an HNCOUS scheme that
aims at taking advantage of both OUS and HZPNC.

Chapter 5 is concerned with practical issues in relay assignment. In particular, we design a
practical limited feedback quantization strategy in conjunction with relay assignment schemes.

In Chapter 6, we summarize the thesis and present some potential future works.



Chapter 2

Background and Literature Review

2.1 Existing Techniques for Two-way DF Relaying with Asym-
metric Data Rates

When one user uses a higher modulation scheme than that of the other one in two-way relaying,
the data sequence lengths received at the relay will be different. Since the data bit sequence lengths
received at the relay are different, we cannot apply XOR network coding directly. Some approaches

have been proposed to tackle this issue. They are listed as follows.

e Original zero padding: The simplest way to cope with this unmatched data sequence length
problem at the relay nodes is zero padding whereby we append zeros to the end of the shorter
data sequence to make the two data sequences have the same length. This zero padding
process suggests that both users need to operate at the higher modulation scheme which will

deteriorate the performance of the system.

e Nesting constellation modulation: The nesting constellation modulation scheme is proposed

in [41], in which NC is reinterpreted as a mapping of modulation constellation. Then both
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users only need to deal with their original intended modulation scheme. But this joint modu-
lation/NC approach requires considerable changes to the de(modulator) design and increases
the detection and demodulation complexity, making it unfavorable in practical implementa-

tion.

e Superposition modulation: Besides the above mentioned bit level NC schemes, i.e., original
zero padding and nesting constellation modulation, rate mismatch can also be solved by
symbol level network coding scheme, i.e. superposition modulation [42], in which the relay
divides its power between the two decoded symbols and broadcasts the sum of the two
symbols to the destinations. Since the power at the relay is not shared by the two symbols
as the case of bit level network coding schemes, it will have a worse BER performance

compared to that of bit level NC.

2.2 Hierarchical Modulation in Cooperative Systems

Hierarchical modulation offers different degrees of protection to the transmitted bits according
to their relative importance. In [43], the authors derive an exact recursive BER expression for
hierarchical M-ary quadrature amplitude modulation (M-QAM). Most of the work on hierarchical
modulation focuses on point to point communication. However, with the development of cooper-
ative communication techniques, some efforts have been made to study hierarchical modulation in
the context of cooperative communications.

In [44], the authors frst study hierarchical modulation combined with cooperative communi-
cations, in which a multi-tier cooperative broadcasting strategy is presented and eff cient detection
schemes are designed. A simple cooperative communication system model which consists of one
source, one relay and one destination is considered in [45]. The authors focus on building up an

analyzing model which is used to derive the exact closed form BER expression for this cooperative
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communication system with hierarchical modulation. In [46], hierarchical modulation is used to
at the source to improve the throughput of cooperative systems with distributed channel coding.
Hierarchical modulation is employed at the relay in a multiuser cooperative system to improve the
network throughput in [47].

In Fig. 2.1 below, we illustrate the 4/16 hierarchical constellation, which we use in Chapters 3
and 4. The f'lled circles represent the f ctitious quadrature phase shift keying (QPSK) symbols and
the blank circles represent the actual transmitted 16-QAM symbols. The transmitted bit sequence
consists of two subsequences, high priority (HP) bits and low priority (LP) bits. The HP bits are
assigned to the positions of the fctitious QPSK symbols, while the LP bits are assigned to the
remaining positions. In the f gure, 2d; is the distance between two f ctitious QPSK symbol points
and 2d, is the distance between the actual transmitted 16-QAM constellation points within one

quadrant. The constellation priority parameter is denoted by d = d; /ds.
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Figure 2.1: 4/16-QAM hierarchical modulation.
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2.3 Multiuser Diversity in Cooperative Systems

Multiuser diversity exists when there are multiple users that want to communicate and they
experience independent fading. Thus, similar to other classical diversity techniques, multiuser
diversity is also obtained by exploiting the multiple independent faded paths. The idea is to let the
user with the best instantaneous SNR transmit.

To elaborate, we plot a downlink of a multiuser wireless system in Fig. 2.2, where a base

station transmits to multiple users.

User1 (D,)

User 2 (D,)

Base Station (S)

User k (Dx)

Figure 2.2: Downlink of a multiuser wireless system.

Let S and Dy, (k = 1,2, ..., K) denote the base station and kth user, respectively. Thus

k*:argmkax{VSDk, kzl,Q,...,K}, 2.1

where k* represents the index of the selected user and g, is the instantaneous SNR from the base

station to the kth user. It is clear from (2.1) that multiuser diversity is proportional to the number of
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users. This is attributed to the fact that the more users available, the more chance to have a better
channel quality for the best user.

Since the total uplink or downlink capacity can be maximized by selecting the user with the best
E2E instantaneous SNR to transmit, multiuser diversity has been extensively studied for traditional
networks [48], [49]. Although higher throughput can be achieved by picking the user with the best
E2E instantaneous SNR to transmit, the performance improvement comes at the expense of failing
to achieve fairness among users. That is, the users with the strongest channels on average will
occupy the channel most of the time. In order to cope with the fairness issue, proportional fair
scheduling is proposed and studied in [50]-[52]. The best user is selected as the one which has the
best E2E instantaneous SNR compared to its own average SNR.

Recently, multiuser diversity has also been studied in conjunction with cooperative communi-
cation in order to improve the reliability of networks. Zhang et al. studied a multiuser diversity
based cooperative network with one relay and multiple users in [53] which is extended to a general
multiuser diversity based cooperative network with multiple users and multiple relays in [54] and
[55]. It is shown that both cooperative and multiuser diversity can be achieved. By considering the
correlation of effective SNRs of different source-relay pairs, Kim et al [56] investigate the effec-
tive diversity order of a downlink of N users with M relays. The authors show that the maximum
diversity order of M N + N can be only achieved under certain conditions.

Since bidirectional communication can also be viewed as a multiuser system where two users
communicate with each other, the authors in [4] study the scheme that supports two sources op-
portunistically based on the E2E instantaneous SNR for AF relaying. In particular, only the source
with the better E2E instantaneous SNR transmits at a time and the other one remains silent. Joint
source and relay selection for this scheme is considered in [57]. It is shown that better reliability

can be achieved.
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2.4 Relay Assignment in Cooperative Systems

Most of the works in relay selection consider selecting the best relay, according to a certain
criterion, to serve a pair of nodes in a network. Recently, relay assignment in a network setting
where multiple simultaneously transmitting pairs compete for the same pool of relays has attracted

a lot of attention [24], [58]-[64]. Some existing schemes are listed as follows.

e Random Selection: Relay assignment choice is randomly selected from all the assignment
permutations. It is shown in [24] and [58] that the performance of this scheme is the same

as the case of one pair with one relay. That is, the diversity of this scheme is one.

e Sequential Selection [24]: We frst pick one relay and one pair which have the largest value
of E2E SNR, then we remove this pair and this relay. The same thing repeats until all pairs
have their corresponding selected relays. As such, all pairs have an equal opportunity to
be served by the best relay, the second best relay, etc., leading to equivalent performances
among all of them. Furthermore, since the performance in dominated by the case when the
pair is assigned last in the process, the overall diversity of this scheme is n — m + 1, where
n is the number of the relays and m is the number of pairs. That is, when the last pair is
assigned a relay, only n — m + 1 relays are left for assignment, hence the relays contribute

only n — m + 1 to the diversity.

e Max-min Capacity: In [62], the authors propose an assignment scheme, which is based
on maximizing the minimum capacity among all pairs. The authors focus on reducing the
complexity by developing a polynomial time algorithm, which has a linear complexity for

each iteration.

e Max-min E2E SNR: In [24] and [60], we consider two relay assignment schemes, fullset

and subset selection, which are based on maximizing the minimum E2E SNR among all
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pairs. They are extended to the case of one relay helping multiple pairs in [61]. These
two schemes can be viewed as an extension of the opportunistic proactive relaying scheme
proposed in [28] and [29] to the case of multiple pairs. Fullset selection is also investigated in
[62] and [63] with an effort to reduce the search complexity and investigate the performance
analytically. Compared to fullset selection, subset selection signif cantly reduces the search

complexity while achieving the same diversity order, which is the number of relays.

Selection Cooperation: In [32], the authors extend the opportunistic reactive relaying scheme
to a network setting. In this scheme, the relays are selected from the relays that have decoded
the message correctly. Each destination picks the relay with the highest instantaneous relay-
destination SNR independently. If one relay is selected by more than one destination, it

divides its power among the pairs that it helps.

Maximize Sum Rate: In [65], the authors examine the diversity of an assignment scheme,
which is based on maximizing the sum rate among all pairs and show that the sum-rate

scheme achieves full diversity if all of the E2E channels are independent.

2.5 Quantized CSI Strategies in Cooperative Systems

Most of the current work on cooperative communications assume that some central node has

exact knowledge of the network-wide CSI. In many practical scenarios, however, only a quantized

version of the CSI may be available via feedback. Therefore, it becomes essential to investigate

the performance of cooperative networks under the assumption of quantized CSI.

The performance of cooperative networks with quantized CSI has been studied for several

scenarios. As a general result, it is shown that the performance of cooperative communication

with limited feedback is close to that of having full knowledge of the CSI with even a few number

of feedback bits [66]-[71].
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In [66], the authors investigate power control in a cooperative network with different forms
of feedback and show that only a few bits of feedback can achieve most of the gains of full CSI.
The authors in [67] study DF relaying with quantized feedback in terms of the outage exponent
and show that signif cant performance gains can be achieved with even one bit of feedback. The
performance of relay selection in dual-hop AF systems with full CSI and quantized CSI is studied
in [68]. It is shown that the performance of relay selection with quantized CSI approaches that of
perfect CSI with only a few feedback bits.

Beamforming with quantized feedback for one transmitting pair is investigated in [70] and
[69]. It is shown that both maximal diversity and high array gain can be achieved with only a few

feedback bits. It is generalized to interference networks with multiple transmitting pairs in [71].

2.6 Conclusions

In this chapter, we reviewed existing techniques for two-way DF relaying with asymmetric data
rates and relay assignment. We have seen that some challenges still remain untackled, including
the absence of eff cient techniques coping with two-way DF relaying with asymmetric data rates,
and some issues facing the implementation of relay assignment schemes. This motivates us to
propose eff cient relaying strategies in the following chapters to tackle these issues. We have also
reviewed hierarchical modulation and multiuser diversity that are related to the work done in this

thesis.
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Chapter 3

Hierarchical Zero Padding Network Coding
(HZPNC) and Opportunistic User Selection

(OUS)

3.1 Introduction

In this chapter, we consider a cooperative network comprising two users and an intermediate
relay node. The users are assumed to have different data rates. Without loss of generality, and for
ease of presentation, we assume that one user uses 4-QAM and the other uses 16-QAM (we also
consider 64-QAM later on.). The relay receives and decodes the bits received from both users in
the frst two time-slots.! In the third time-slot, the relay applies exclusive-or (XOR) to both bit
streams and broadcasts the resulting bit stream to both nodes. Since the data sequence lengths
received at the relay are different, we can not apply XOR network coding directly. In [41], the
author try to solve the rate mismatch by reinterpreting network coding as a mapping of modulation

constellation. However, this joint modulation/NC approach requires considerable changes to the

LA time-slot in this context implies the time required to transmit an entire frame.
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de(modulator) design and increases the detection and demodulation complexity. In contrast, one
simple way, without increasing the complexity of demodulation, is to append zeros to the end of
the shorter bit sequence to make the two bit sequences have the same length. This zero padding
process suggests that both users need to operate at 16-QAM which will deteriorate the performance
of the system.

To remedy the rate mismatch challenge without much performance degradation, we propose to
use 4/16-QAM hierarchical modulation at both the source and relay. The 4/16-QAM hierarchical
modulation consists of two different transmission priorities for the data stream, HP bits and LP
bits. Specifcally, the bit stream corresponding to the user using 16-QAM is divided into two
substreams, high and low priority. At the relay, the HP substream is XORed with the 4-QAM
stream coming from the second user, and the LP substream is unchanged. Therefore, the proposed
NC scheme can be viewed as modif ed zero padding. The difference between the original zero
padding and the proposed one is that the zeros are added at specif ¢ positions in the latter case. At
the destination of the user employing 4-QAM, it only needs to decode the high priority bits which
corresponds to a f ctitious 4-QAM constellation instead of 16-QAM constellation. Compared to the
original zero padding scheme, the complexity of the proposed scheme remains unchanged while
the performance is improved. In addition, employing hierarchical modulation gives more freedom
to adjust the E2E performance of the two users by adjusting the relative distances between the
constellation points. We hereafter refer to the proposed scheme as HZPNC.

We point out that we are not the frst to relate hierarchical modulation to network coding. In
fact, the authors in [72] propose to use 4/16-QAM hierarchical modulation at the source to cope
with the performance degradation caused by asymmetric relay channels. Comparing our work with
[72], there are three main differences. Firstly, the problem we address here is how to cope with
the data rate mismatch at the relay, while in [72], the authors address the problem of how to avoid

performance degradation caused by asymmetric relay channels. Secondly, the scheme proposed
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in [72] relies on the direct path to alleviate the problem of asymmetric relay channels, rendering
that scheme inapplicable in the absence of the direct path. There is no such constraint for our
scheme. Finally, since the direct path can not be utilized for MRC detection at the destination for
the scheme proposed in [72], one user will only have diversity order one although the direct path is
available. For our scheme, however, both users are expected to achieve diversity order two in case
the direct path is available.

On another relevant aspect, two-way relay channels have been studied in the context of multi-
user systems. Specifcally, in the presence of multiple users, only the user with the best E2E
instantaneous SNR transmits and the rest remain silent until their channels improve. In [4] and
[57], the authors study the performance of this scheme for AF relaying. It is shown that higher
reliability is achieved. In this chapter, we extend this scheme to the DF relaying case, and we refer
to it as OUS. The reason for considering OUS here is that it provides another solution to the data
rate mismatch problem, which renders itself a competitor for the proposed HZPNC scheme. Obvi-
ously there is a sharp contrast between the two schemes. For instance, OUS is expected to achieve
better performance compared to the HZPNC scheme due to the multiuser diversity. However, the
performance improvement comes at the expense of using more time slots as compared to HZPNC,
as well as failing to achieve fairness among users. We study the performance of both schemes
over independent Rayleigh fading channels. We derive closed-form expressions for the exact E2E
BER performance. We also study the access probability of OUS since it lacks fairness among
users. A performance comparison between HZPNC and existing schemes such as zero padding,
nesting constellation modulation [41] and superposition modulation [42] is given to demonstrate
the superiority of the HZPNC scheme. We present several examples through which we validate the
theoretical results.

The remainder of this chapter is organized as follows. The system model is presented in Section

3.2. In Section 3.3, the proposed HZPNC and OUS schemes are presented. We analyze the E2E
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BER performance of the two proposed schemes in Section 3.4. We compare the HZPNC and OUS
schemes in terms of access probability and throughput in Section 3.5. We present several numerical

examples in Section 3.6, and Section 3.7 concludes this chapter.

3.2 System Model

We consider a bidirectional cooperative network with two users denoted by S; and S5, and
one relay denoted by R, where the users communicate with each other via the relay node over
orthogonal subchannels. For simplicity, we assume that there is no direct path between the two
users. Both users and the relay are equipped with a single antenna and operate in a half-duplex
mode. The two users have different data rates. In particular, we assume that one user uses 4-
QAM and the other uses 16-QAM. (We also give results for the case when the second user uses
64-QAM.)

The network subchannels are assumed to experience independent slow and frequency non-
selective Rayleigh fading. Let hy,., ha,, h,1 and h,o denote the fading coeff cients for the following
hops 51 — R, S — R, R — Sy and R — S5, respectively. Similarly, let v,,., vo,, 7,1 and v,
denote the instantaneous SNRs for the links S; — R, Sy — R, R — S; and R — S5, respectively.
To make the presentation simpler, we denote the instantaneous SNRs over different links by v;,,
forv = 1,2 and m = 1,2 where v,; = V1, Y12 = Vr2> Y21 = Vor a0d Vo9 = 7,4, 1.€., index ¢ refers

to the user and m refers to which hop of that user. To this end, the pdf of vy;,, is given as

1 1.
foo (Vi) = =€ Tim 1, (3.1

Yim .
m

where 7v;,, = pE& thm|2] is the average SNR for different links and p = % For DF relaying, the

E2E SNR of user 7 is approximated as v, = min(+y;;,¥;2) [73], and its pdf is expressed as
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L, (v;) = e 77, (3.2)

where 7, = % Thus the E2E SNR of \S; in this part refers to v, = min(v,;, 7;2)-

il 2

3.3 Proposed Schemes

3.3.1 Hierarchical Zero Padding/Network Coding (HZPNC)

As mentioned above, this scheme involves using a 4/16-QAM hierarchical modulation, where
one user uses 4-QAM and the other uses 16-QAM. Since the two user sequences received at the re-
lay have different lengths, we use hierarchical zero padding with network coding. In the following

subsections, we elaborate on how this scheme works.

Hierarchical Zero Padding

Since we assume that the two users have different data rates, the length of the bit sequences
received from the two users at the relay will be different. In order to clearly illustrate the network
coding schemes at the relay, we assume that the detected bit sequences from S; and S5 at the relay
are 31 = 1101 and 32 = 11101011, respectively. Conventional zero padding involves appending
zeros to the end of 31 to make it have the same length as that of /b\g. Thus, 31 = 11010000.
Consequently, b, = 31 @ 32 = 00111011, which will then be modulated into a 16-QAM sequence
and broadcasted to both users. In order to get their desired received data, both users need to decode
these 16-QAM symbols.

For hierarchical zero padding, instead of adding zeros to the end of 61, we append zeros to
particular positions of /b\l. Since 4/16-QAM hierarchical modulation is used at S5, /b\g consists of
HP bits (b2 = 1110) and LP bits (b, = 1011). Note that the frst two bits of every symbol are HP

bits. At the relay, 31 1s XORed with 3’21 and the resulting bits are placed on the position of HP bits
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again. Then we get Bf} = 0011. The LP bits (Elz = 1011) remain unchanged and placed on the LP
bit positions, that is, Blr = 1011. Then Zr =00101111 (the HP bits are underlined.) We can also
understand this process in the following way. We treat the original bits of 31 as HP bits, that is,
5}1‘ = 1101. We put zeros on the position of LP bits of 61, that is, 1311 = 0000. Then we get the new
by which is 11000100. Then b, = by & by = 00101111. b, is then modulated by the 4/16-QAM
modulation and broadcasted to the two users. We can see that we put zeros on specif ¢ positions of
31 to make it have the same length as 62, hence the name hierarchical zero padding/network coding.

From the above description, the advantages of our proposed HZPNC scheme over original zero
padding can be summarized as follows: 1) S5 needs to only decode the f ctitious 4-QAM symbols
instead of decoding the 16-QAM symbols; 2) the E2E BER performance of .5 is only inf uenced
by the BER of the HP bits from S5, which has better BER than that of the LP bits; and 3) According
to 1) and 2), our proposed HZPNC scheme will have better E2E BER performance than that of the

original zero padding for 57, and this comes at no additional complexity.

Three time-slot DF Network Coding

Let 3y, and y5, denote the signals received at the relay from S; and S,, respectively (over two
time-slots). These signals can be expressed as y1, = \/2ph1,x1 + ny, and Yo, = /Apho,xs + nay
where x; (i = 1,2) denotes the transmitted signal from user ¢, and n;, are additive white complex
Gaussian noise (AWGN) samples with zero mean and unit variance. The relay then uses ML

detection to detect the two signals (arriving from the two users over two time-slots). That is,

T = arg min ‘ylr -V QPhlrl"l)
r1€4—QAM
Ty = arg min ‘y2r — \/4phgrx2) .

©2€4/16—QAM
The resulting sequences are network-coded and modulated by 4/16-QAM modulation. The modu-

lated signal z, is broadcasted to both users in the third time-slot. The signals received at the two
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users are expressed as y,; = v/4ph,;x, + n,; (1 = 1,2). Then the received signals can be decoded

at the destination using ML as

Y

T4 = argmin ’yrl — \4ph.1x,
z€16—QAM

and
Yro2 — V 4phr2mr

respectively. Note that the data of S; is embedded within the HP bits of x,.. As such, S5 needs

Tpog = arg min
€ fictitious 4—QAM

Y

to only decode the HP bits which comprise the f ctitious 4-QAM. Since each user knows its own
transmitted signal, it can decode the desired signal according to the network coding scheme used

at the relay.

3.3.2 Opportunistic User Selection (OUS)

For this scheme, only one user with the best E2E instantaneous SNR transmits at a time. That
is, ify; > v; (i = 1,2; j = 1,2, s.t. i # j), only user 7 transmits to user j with the help of the
relay. Let us assume user 1 is selected as an example. So in the frst time slot, the selected user
1 transmits to the relay, the received signal at the relay is y, = \/2phi,z1 + ny,. Then the relay

decodes the received signal as

Yr — \/%hlrxl

T1 = argmin
r1€4—QAM

The resulting sequence is modulated by 4-QAM modulation. The modulated signal x, is trans-
mitted to the user 2. The signal received by the user is yo = \/2ph.ox, + n,.o. Then the user can

decode the received signal as

Yo — \/%hﬁmr .

T, = argmin
rr€4—QAM
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3.4 Bit Error Rate Performance Analysis

In this section, we derive closed-form expressions for E2E BER for the two relaying schemes,
namely, HZPNC and OUS. For both schemes, we assume that .S; employs 4-QAM and S, employs
4/16-QAM. However, the proposed schemes and performance analysis of these schemes can be

extended to other hierarchical modulation schemes following the results of [43].

3.4.1 HZPNC Scheme

According to the proposed HZPNC, the bits from S; are XORed with the HP bits from Ss.
Consequently, S5 decodes only the f ctitious 4-QAM constellation of the 4/16 hierarchical constel-

lation. The E2E BER at S is given as [24]

Pe,lr (]-_Pehpr) Pe,l?" <1_Pehpr)
Py = (1-PI%,) i 1- T R 63
+Pe}fz2)r (1 - Pe,lr) +Pe}fgr (1 - Pe,lr)

where Pe}f 7. and Peh’ P, are the probabilities of making an error over the Sy — R and R — S, links,

respectively, for the HP bits from Ss; P 1, is the BER over the S; — R link for the bits from 5.

For the 4-QAM modulation, the BER over any of the links can be expressed as

o0

Pe,im = /P;IQAM(szm>f«,2m
0

where PA@AM(~. Y is the exact conditional BER, conditioned on the instantaneous SNR, and is

given by

1
PfQAM(’Yim> = §erf0\/%‘ma (3.5)

and f. (7,,,) is expressed by (3.1).

Plugging (3.1) and (3.5) into (3.4) and carrying out the integration, we obtain
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Pe,im - Il (Lﬁzm) ’ (36)

where [74]

1 1 1 b
Li(a,b) = /ierfc,/afyimge%W"d%m =3 (1 — a ) : (3.7)

0

Consequently, P. ;,, for the case i = 1, m = 1 (S} — R link) is given as P, ;, = I; (1,7,,) -
In order to get the BER expression for Sy, we still need the BER expression for the HP bits for

4/16-QAM, which can be expressed as

4/16QAM
Pe}ffm = /Pe,{zp “ (fyzm)f%m (f}/zm) d/ymw (38)
0
where Pe47 %GQAM (7;m) 1s the exact conditional BER for the HP bits, conditioned on instantaneous

SNR for the 4/16-QAM modulation, and is given by [43]

e,hp (/yzm) - 2

a6Qans, 1|1 \/2(d2 -2d+1) 1 \/2(d2 +2d + 1)
P [2erfc 5 & Vim T 2erfc TP

%m] , (39
where d = d;/d, is the constellation priority parameter def ned in Chapter 2. Plugging (3.1) and

(3.9) into (3.8) and carrying out the integration, we obtain

1 2(d* —2d+1) _ 2(d® +2d+1) _
Pe,im - 9 ljl ( 1—|—d2 >/yzm> +Il ( 1 +d2 » Vim . (310)

Note that Pg P = Pe}f P, and P:’ Py = Pe}f T Plugging these expressions as well as that of P, ;, into
(3.3) yields a closed-form expression for F ;.

Now for the BER at Sy, recall that the bits coming from S5 consist of HP and LP bits. The HP
bits are XORed with the bits from .S; and the LP bits are relayed without network coding. As such,

the E2E BER at S; is obtained as

P.o =5 (Pl +Plh). (3.11)

N —
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where Pe}fé’ and Pelf’z represent the E2E BER of the HP and LP bits, respectively. Now ijg can be

expressed as [24]

P (1 - Peh”r) P (1 - Peh”r)
Ply=(1-rm)| " 2 - 2 P, (3.12)
+P£§r (1 - Pe,lr) +P£§r (1 - Pe,lr)

are defned above. When i = 2, m = 2, we have P'” Pe}f Py Having found

erl —

h
where P, 1, and P,

e,2r

expressions for all the terms in (3.12) ,we can easily f nd a closed-form expression for Pelf 2.

Concerning the LP bits, since they are relayed without network coding, the corresponding E2E

BER is given by
Pt = Ph (1—Pr)+(1— P, )PY,, (3.13)
where .
P, = / POy, N E (Vim) @i (3.14)
0

and PY/16QAM

e lp (7:m) 1s the exact conditional BER for the LP bits, conditioned on the instantaneous

SNR, for the 4/16QAM modulation and is given by [43]

2 1 2(4d2—4d+1)
piisQaM .,y _ 1 erfey /17 Vim + gerfe 1taz  Jim (3.15)
e,lp im/) — 9 . .
1 2(4d244d+1)
—§erfc Tz Vim

Plugging (3.1) and (3.15) into (3.14) and carrying out the integration, we obtain

2 1 2(4d* —4d + 1) 2(4d* +4d + 1)
eim 1<1+d2’7zm)+2[1( 1+ d2 a’yZm) 1( 1+ d2 » Vim
(3.16)
By setting i = 2, m = 2 in (3.16), we obtain Péf;l = Pelf’m. We can similarly obtain Pelﬁr = Pelil.

. . 1 . . . h
These expressions lead to a closed-form expression for P.f,. Having obtained expressions for P,

and Pelf’z, P, 5 is obtained by plugging Pelf ? and Pelf)g into (3.11).
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3.4.2 Original Zero Padding

We derive in this section the E2E BER performance of the original zero padding scheme,
whereby the zeros are just added at the end of the shorter bit sequence. Recall that the bits from 5

are XORed with the bits from S,. Therefore, the E2E BER at S5 can be expressed as

Pe,lr (]- - Pe727’) Pe717’ (1 - Pe727")
Pe,l - (1 - Pe77’2) +|1- Pe77’2a (317)

+Pe,2r (1 - Pe,lr) +Pe,2r (1 - Pe,lr)
where P, ;, is derived above. Since we do not distinguish HP and LP bit in the original zero

padding scheme, the BER over different links is the same and can be expressed as

Prim =1 (Pl

2 e,im

n ij';m) , (3.18)

where P and P”

e, m eaim

are given in (3.10) and (3.16), respectively. Therefore, we have P =

e,2r

hp hp __ php lp
Pe,21> P, - Pe722’ P,

e,r2 e,2r

= Pelgl and Pelf;Q = Pelf’m. Plugging the expressions for Pe}f 2. and Pelf;r

into (3.18) yields an expression for P, 5,. An expression for P, .o can be obtained the same way.

Plugging the expressions of P, j,, P, 2, and F, ;2 into (3.17) yields an an expression for P, ;.
Now we derive an expression for P, 5. Note that half of the bits from S; are XORed with the

bits coming from S, while the remaining bits are forwarded to the destination without network

coding. Consequently, the E2E BER at S; can be expressed as

1
P.,= §(P6{VQC + PO, (3.19)
where
Pe,lT (1 - Pe,2T> Pe,lr (1 - Pe,2r>
P = (1—P.n) + 1= P (3.20)
+Pe72r (1 - Pe717") +Pe72r (1 - Pe,lr)
and
PISNC = Poop(1= Pe) + (1= Pegy)Peg. (3.21)

From (3.18), we can obtain an expression for F, ,;. By plugging the expression of F, ,1, P. 2, and

P. 1, into (3.20) and (3.21), we can get expressions for P and P'g"¢.
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3.4.3 OUS Scheme

For this scheme, if the instantaneous E2E SNR of S, is greater than that of S}, only S; transmits
to S;. Thus, when either the S; — R or R — S link is in error, the received signal at S; will be in

error. Therefore, the E2E BER of \S; can be expressed as

P(e; ‘%’ > ;) = P(éim }%’ > ;) (1= Plein }%’ > ;) + P(ein }% > ;) (1= P(&im }% >9;)),

(3.22)
where i, = 1,2, where i # j, and m,n = 1,2, where m # n. The indices have the same
def nition as that of ,,, in Section 3.2, that is, P(e1; |y, > 7, ) refers to P(ey, |y, > 75 ), which
represents the BER over the S; — R link given that v, > ~,. Since S; employs 4-QAM, the BER

over different links can be expressed as

[o.9]

P(eim |71 > 72) = /PEQAM(%m)fmmI%MQ (Yim) @V 1m (3.23)
0

The pdf of ,,,, conditioned on ~y; > ~, is derived as (see Appendix A. 1)

¥ Vi +7;) (—;%m —<%+%>%m), (3.24)

L sy (Yim) = o——==—== (e Tm "™ —e
’Yzm|72>7] /yzm77,(77,n + /y])

Plugging (3.5) and (3.24) into (3.23) and carrying out the integration, we obtain

7111(71 _'_ 72) — — 7172 7172
Pleim|n > 7)) =0—2——= {7 mlt (L Y1,) — ———"h (1,_ = )} . (325
LRy M (e ) LT A 4+, Y1+ Vs

Note that P(e1, [v; > 7,) = P(eaz |71 > 72) and P(era |y, > 72) = P(e12]7; > 7). Plugging
these expressions into (3.22) yields a closed from expression for P(eq |y, > 7).
Since Ss uses hierarchical 4/16-QAM modulation and we do not distinguish between the HP

and LP bits, P(ga, |74 > 7, ) is given by

1
Pleam |v2 > 1) = §(P<€g£z |ve > 1) + P(ElQZ;n |72 > 71)), (3.26)
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where P(4?, |y, > 7, ) represents the BER of the HP bits given that v, > ~,,and P(¢% |y, > 7, )

represents the BER of the LP bits given that v, > ;. The BER of the HP bits can be expressed as

h 4/16QAM
P<€2£’L ‘/72 > 71) = /Pe72p ? (72m)f72m|72>71 (fYZm)de%n (327)
0
Plugging (3.9) and (3.24) into (3.27) and carrying out the integration, we obtain
( 2(d?—2d+1) — )
[ (e s
Tom 2(d?+2d+1)
| mmtT o (e 5, )
P |y > ) = 22T+ 70) e (3.28)
29 V2 (Van + 71) I (2(d2*2d+1) Y172 )
7 ! a0 547,
V1t 2d2+2d+1) .7
\ +h ( I+d? > 7114'722) Y,

h h
Note that P(5” |, > 7,) = P(e55 |7, > 1) and P(}F |7, > 1) = P(5% |72 > 7).

Similarly, the BER of the LP bits can be expressed as

l % 4/16QAM
P(eg, |72 >71) = /0 Pe,{p N (72m)f72m‘72>71 (Yom)dVom (3.29)
Then plugging (3.15) and (3.24) into (3.29) and carrying out the integration, we obtain
( B T 3
Il (T2dZ772m)
v 2(4d®—4d+1) —
/72m +%Il (%a 72m>
o 1y (2(4d2+4d+1) = )
+ 1 » Yom
P, by > ) = a2t 1) L - (3.30)
Yam V2 (V2 +71) I ( 2 N7 )
ANET TR
_ 2 2(4d®—4d+1) 7,5
711+722 +%I 1 ( 1+d2 ’%11722)
i (2(4d2+4d+1) Y5 )
\ | 2! 2 347, ) | )

! !
Note that P(ey, |7, > 7,) = P(eg; |79 > 7, ) and P(Elﬁ% > ) = P(Elf; V2 > 1)

Having obtained the expressions for P(eh2 |y, > v, ) and P(eZ |7y > 71), P(ear |79 > 1)

is obtained by plugging P(£h? |y, > ~,) and P(e?. |y, > ~,) into (3.26) and P (e, |y, > 7, ) is
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obtained by plugging P(¢"? |y, > ~,) and P(¢” |y, > ~,) into (3.26). Plugging the derived ex-
pressions P(ga, |74 > 1) and P(g,1 |y, > ;) into (3.22), we obtain a closed form expression for

P(ea |y > vy ), as desired.

3.5 Access Probability and Throughput Analysis

In this section, we compare the HZPNC and OUS schemes in terms of access probability and

throughput.

3.5.1 Access Probability

According to the HZPNC scheme, both users transmit via channel sharing. The two users
communicate with each other over three time-slots. During the three time-slots, each user occupies

two time-slots with one time-slot overlapping. Therefore, the access probability for both users is

2
PiHZPNC _ g (331)

As for the OUS scheme, a user transmits once its instantaneous E2E SNR is greater than that of

the other one, resulting in an access probability of

PPYS = P (v > ;)

S— } (3.32)

a ki

(3.33)

where k; 2 7, /7;- From (3.33), we observe that PPYS only depends on the value of k;. For

symmetric channels, for example, the average E2E SNRs are the same, i.e., k; = 1, suggesting
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that both users will have the same access probability, which is P°YS = 0.5. In this case, the OUS
scheme has a lower access probability compared to that of the HZPNC scheme for each user by %.

Now defne AP, as

2 k;
APZ éPHZPNC—POUS _Z _ ¢
‘ ‘ 3 k41

(3.34)

which represents the access probability difference between the two schemes. Solving % — fkﬁ > 0,
we obtain % < k; < 2, which is the range of k; for which the HZPNC scheme has a higher access
probability than that of the OUS scheme for both users. Beyond this range, one user of OUS

scheme will have a higher access probability than those of HZPNC scheme, whereas the other one

will have a lower access probability.

3.5.2 Throughput

We do the throughput analysis for the general case where it is assumed that S; uses 22°*-QAM
and S, uses 22%/2%"-QAM hierarchical modulation for s = 1,2,...,7 — 1,andr = 2,3,..., R.

Since three time-slots are used for HZPNC, the corresponding throughput can be expressed as
2
THZPNC _ % bits/time slot, (3.35)

whereas for OUS, when a user transmits, it needs two time-slots to f nish its transmission, thus the

corresponding throughput is expressed as

qous _ 25 X Pr(01 > 75) +2r X Bi(75 > 1)
: .

(3.36)

Plugging (3.32) into (3.36), we obtain

~ ~ k
qous _ STy SHLET L ime slot, (3.37)

Y172 kit 1

where k; is def ned above. Now defne AT as

2(s+71)  Sski+r
AT A THZPNC’ . TOUS — o 3.38
3 ki+17 (3:38)
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which is the throughput difference between the two schemes.

For symmetric channels, i.e., k; = 1, we have AT = =L suggesting that HZPNC achieves
a higher throughput, as expected. However, it is not straightforward to say which scheme has a
higher throughput for asymmetric channels, that is, when k; # 1. For fxed values of s and 7,
AT is only a function of k;. We can consider two cases as examples. One is the example used
throughout this chapter where s = 1 and » = 2. Plugging s = 1 and r = 2 into (3.38), we obtain

AT = THZPNC

; oU S k1
k +1, is greater than T’ by o

Another example is when s = 1 and » = 4, which corresponds to S; using 4-QAM and S,

using 4/256-QAM hierarchical modulation. Plugging s = 1 and » = 4 into (3.38), we obtain

AT = 3?,21 Jj) By solving 3?,21 Jﬁ > 0, we fnd that AT > 0 when k; > 2, meaning that 7##PN¢
is greater than TOUS by ?,LZJF—I for k; > 2. On the other hand, TV¢ < T°US by 37_121+_1 when

ky < 7. Nonetheless, the probability that 7V is less than T°YS is very small, and it happens only

when one user has a much higher modulation and access probability than those of the other user.

3.6 Simulation Results

We present in this section numerical examples that aim at validating the E2E BER expressions
derived for HZPNC and OUS. We also study the impact of varying the priority parameter d on the
BER performance of HZPNC. In addition, we compare the two schemes in terms of E2E BER,
access probability and throughput. Throughout the simulations, we assume that S; uses 4-QAM
and S5 uses 4/16-QAM hierarchical modulation, d = 2 and all channel variances are set to one,
unless mentioned otherwise.

In Fig. 3.1, we compare the simulated E2E BER and the theoretical one based on the expres-
sions derived in Section 3.4 for the original zero padding and HZPNC schemes (for S7). We also

plot the simulation results for the case when S; uses 4-QAM and S5 uses 4/64-QAM. As shown in
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Figure 3.1: E2E BER performance of the original zero padding and HZPNC schemes (for S).

the f gure, the simulation results agree with the theoretical results. We also observe the superiority
of HZPNC over the original zero padding scheme for .S;, which is about 1 dB for 4/16-QAM and 3
dB for 4/64-QAM, and this comes at no additional complexity. This improvement is attributed to
the fact that S, needs only to decode the f ctitious 4-QAM instead of 16-QAM, and the E2E BER
performance is only inf uenced by the BER of the HP bits from S5, which have a lower BER than
that of the LP bits. The results for S, are reported in Fig. 3.2. We also observe from the f gure the
perfect match between theory and simulations. In addition, our proposed HZPNC scheme achieves
the same performance as the original zero padding for 5.

In Fig. 3.3, we examine the inf uence of the value of d on the BER performance of the two users.
We consider two values of d, namely 1.5 and 2. We observe from the f gure that the performance
of S; improves as d decreases from 2 to 1.5, whereas the performance of S, deteriorates. The

improvement in the performance of .5 is due to the fact that the BER of the HP bits is improved as
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Figure 3.2: E2E BER performance of the original zero padding and HZPNC schemes (for S5).

d decreases, and this comes at the expense deteriorating the BER of the LP bits. The consequence
of this is a deterioration of the BER performance S, since it depends on the LP bits. So the
conclusion here is that changing the value of d improves the performance of one user while it
deteriorates the performance of the other.

In Fig. 3.5, we compare the E2E BER performance of HZPNC against that of the nesting
constellation modulation proposed in [41]. For nesting constellation modulation, the sequence
length mismatch at the relay is taken care of by using repetition coding. For example, let 31 = 1101.
Then it is encoded into /b\l = 11110011, which now has the same length as that of /b\z = 11101011.
Then Er = /b\l &b /b\g = 00101111 is modulated as 16-QAM and broadcasted to the destinations.
For S, to recover the signal of interest, it needs to do a constellation conversion from 16-QAM
to 4-QAM according to Table I in [41]. As shown in the f gure, the performance of .S; is slightly

better than that of HZPNC and the performance of .S, is the opposite. As a whole, both schemes
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Figure 3.3: Effect of variation of d on the E2E BER performance for two users.

almost have similar sum BER performance (the average performance of both users), except that
the nesting constellation modulation is more complex.

In Fig. 3.6, we compare the E2E BER performance of HZPNC with that of superposition
modulation [42]. For the latter scheme, after the relay decodes the 4-QAM symbol z; from S; and
the 16-QAM symbol 75 from Sy, it divides its power between these two symbols and transmits
T, = m:&l + \/?352 to the destinations. Then a destination subtracts its own symbol and
decodes the desired signal. In the simulations, we set v = 0.8, v = 0.5 and v = 0.2. It is shown
in the f gure that the performance of HZPNC is better than that of superposition modulation, and
the gap increases as 7y decreases. We remark that the plotted performance is the average of the
performance of the two users.

We compare in Fig. 3.7 the BER performance of HZPNC and OUS for S;. For presentation

convenience, we let the set { £ [|h1,|*] , E [|har|*] . E [|hs2|?], E [|h1|’]} denote the variances
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Figure 3.4: Comparision of E2E BER performance of Nesting constellation modulation and
HZPNC.

of the four subchannels. In the simulations, for both schemes, we randomly set channel 1 as
(3, 4. 4, 1), channel 2 as (3, 1, 3, 1), and channel 3 as (1, 1, 1, 1). Form the f gure, we ob-
serve the following. First, there is a perfect match between simulations and theory, which validates
our analysis. Second, it is shown that HZPNC achieves diversity order one, while OUS achieves
diversity order two, which is expected since OUS benef'ts from the multiuser diversity gain. Fi-
nally, it is shown that OUS has a better E2E BER performance than that of HZPNC for all channels.
The E2E BER performance for Ss is shown in Fig. 3.8, with similar observations. However, the
performance superiority of OUS over HZPNC comes at the expense of much reduced throughput,
as will be demonstrated below.

In Fig. 3.9, we show the access probability for different values of k; for HZPNC and OUS. The

access probability of HZPNC remains unchanged during all the range, which is % Whereas, for

OUS, when7; < 7,, 57 has a lower access probability than .S;. The opposite is true when vy, > 7,
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Figure 3.5: Comparision of E2E BER performance of Nesting constellation modulation and
HZPNC.

10

T
—<— HZPNC 1
—+— Superspoition modulation r=0.8 |4
—©6— Superspoition modulation r=0.5|1
—— Superspoition modulation r=0.2|

bit error rate

10

15 20 25 30
p (dB)

Figure 3.6: Comparision of the sum BER performance of Superposition modulation and HZPNC.
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Figure 3.8: Bit error rate performance (simulated and theoretical) of HZPNC and OUS for Ss.
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which is expected. It is also shown that both OUS users have a lower access probability than the
HZPNC users for the range % < ky < 2. While for the range k; > 2, S; has a higher access
probability and S5 has a lower access probability than those for HZPNC. However, for k; < %, the
two OUS users exchange roles. For £; = 1, both users have the same chance to access the channel.
For this case, the access probability is 3 for both users which is ¢ less than that of the HZPNC
scheme.

In Fig. 3.10, we show the throughput for different values of %; for both HZPNC and OUS.
We consider two cases. In both cases, S7 uses 4-QAM, whereas S5 uses 4/16-QAM or 4/256-
QAM. For all scenarios, we fnd that the throughput of OUS decreases with increasing k;. This
is expected since S; uses a lower order modulation scheme than that of S5. Obviously if S; has a
better chance to transmit, the average throughput will decrease. In addition, if .S; employs 4/16-
QAM, the throughput of HZPNC will always be higher than that of OUS. However, if S5 uses a
much higher modulation scheme such as 4/256-QAM and this user also has a much higher access

probability, the throughput of OUS will be higher than that of HZPNC, which is illustrated in the

f gure.

3.7 Conclusions

We have studied in this chapter two DF relaying schemes for two-way relay channels with
asymmetric data rates, namely HZPNC and OUS. We analyzed both schemes where we derived
closed-form expressions for the E2E BER performance. We also studied both schemes in terms
of the access probability and throughput. We showed that each scheme offers certain advantages
over the other. For instance, the HZPNC scheme offers better throughput, but this comes at the
expense of degraded E2E BER performance as compared to that of OUS. On the other hand, the

OUS scheme achieves better E2E BER performance, taking advantage of the multiuser diversity.
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The pitfall of OUS, however, is the lack of fairness between the communicating users. That is,
depending on the individual channel quality, one user may enjoy better access probability than the
other. We also compared the performance of HZPNC with existing schemes, including the original
zero padding, nesting constellation modulation and superposition modulation. We demonstrated
the eff cacy of the HZPNC scheme over all schemes in terms of the BER performance and/or
complexity. Since these two schemes offer different advantages, it is natural to devise a hybrid

scheme that combines these two schemes. This will be considered in next chapter.
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Chapter 4

Hybrid Network Coding and Opportunistic

User Selection (HNCOUS)

4.1 Introduction

To remedy the rate mismatch challenge without increasing the complexity or deteriorating the
performance, we have proposed a HZPNC scheme in Chapter 3, which involves employing hierar-
chical modulation by the user with the higher data rate, while padding zeros at specif ¢ positions
of the shorter bit sequence at the relay. We also considered another scheme which is referred to
as OUS where the user with the better E2E channel quality is given priority for transmission. The
OUS scheme improves E2E BER performance, taking advantage of the available multiuser diver-
sity. The pitfall of OUS, however, is the lack of fairness between the communicating users. That
is, depending on the individual channel quality, one user may enjoy better access probability than
the other. This motivates us to design a new relaying strategy, which can improve fairness, while
still exploiting multiuser diversity.

In this chapter, we propose an HNCOUS scheme that aims at taking advantage of both OUS and

HZPNC. Specif cally, the proposed scheme captures the multiuser diversity offered by OUS and
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improves the throughput through HZPNC. For simplicity, we consider a relay network comprising
two users and one relay. The two users are assumed to transmit at different data rates. To achieve
fairness, the proposed scheme allows not only the user with the better E2ZE SNR to transmit but also
the other user if the channel quality of this user is above a predetermined threshold. In addition, to
improve the throughput, HZPNC is employed at the relay when both users transmit. Thus, when
both users transmit, the relay XORs the signals received from the two users (over two time-slots)
and forwards the resulting signal in the third time-slot. Since the two received sequences have
different lengths, i.e., users have different rates, a certain form of zero padding is done at the relay
to make the two sequences suitable for XORing.

We examine the performance of the proposed HNCOUS scheme on asymmetric independent
Rayleigh fading channels. We derive closed form expressions for the E2E BER, access probability
and throughput and compare it with HZPNC and OUS scheme. We also derive the asymptotic
BER expression at high SNR and show that the maximum diversity order is achieved, which is
the number of users. We also present several examples through which we validate the theoretical
results.

The remainder of the chapter is organized as follows. The system model is presented in Section
4.2. In Section 4.3, the proposed HNCOUS scheme is presented. We analyze the E2E BER
performance of the proposed scheme in Section 4.4. The diversity order of the proposed scheme
is derived in Section 4.5, and we examine its performance in terms of access probability and
throughput in Section 4.6. We present several numerical examples in Section 4.7, and conclude

the chapter in Section 4.8.
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4.2 System Model

We consider a bidirectional cooperative network with two users denoted by S; and Ss, and
one relay denoted by R, where the users communicate with each other via the relay node over
orthogonal subchannels. For simplicity, we assume that there is no direct path between the two
users. Both users and the relay are equipped with a single antenna and operate in a half-duplex
mode. The two users have different data rates. In particular, we assume that one user uses 4-QAM
and the other uses 16-QAM, but the scheme and analytical approach can be extended to other
modulation schemes.!

The network subchannels are assumed to experience independent slow and frequency non-
selective Rayleigh fading. Let h;,, h,; for ¢,j = 1,2 denote the fading coeff cients for the fol-
lowing hops S; — R, R — S}, respectively. The subchannels are assumed to be independent
and asymmetric, i.e., all the subchannels have different average SNRs, which is the most general
case. Let v,,, 7,; denote the instantaneous SNRs for the links S; — R, R — 5, respectively. To
make the presentation simpler, we denote the instantaneous SNRs over different links by +;,,, for
1,m = 1,2 where v1; = V1, V12 = Vp2> Vo1 = Vo a0d Y9y = 7,4, 1.€., index ¢ refers to the user

and m refers to the mth hop of that user. The pdf of ,,, is given as

1
f"/im (71m> ==¢ Wm%’”’ (4.1)

where 7,,, = pE [|hlm\2} is the average SNR for the pertaining link and p = % For DF relaying,
the exact E2E instantaneous SNR of .S; is well approximated as y, = min(~,;,7;5) , and its pdf is

expressed as
fo (i) = ze 5 (4.2)

where 7, = %U%fg Thus, the E2E instantaneous SNR of S; in this paper refers to -y, = min(~,;, 7;2)-

1'We merely use specif ¢ modulations in the development of the proposed adaptive scheme just for ease of presen-
tation. The results obtained in this chapter are in fact independent of the modulation schemes employed.
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4.3 Proposed HNCOUS Scheme

As mentioned above, the proposed HNCOUS scheme aims at improving the fairness by op-
portunistically allowing the second user to transmit although it has a worse channel. In particular,
for a given threshold +,,;,, if both instantaneous E2E SNRs are above v,;,, both users transmit and
HZPNC is used; otherwise, the user with the better E2E SNR transmits while the other user re-
mains silent. In this section, we describe the mode of operation in each case. Note that when
v, = 0, the proposed adaptive transmission scheme reduces to the case when both users always
transmit, i.e., HZPNC, whereas when ~y,,, = o0, the proposed scheme reduces to the case when

only the best user transmits, i.e., OUS.

4.3.1 Description of the HZPNC Scheme

When HZPNC is used, in the frst two time-slots, the two sources transmit their signals in
succession. The relay node decodes the two received signals, applies HZPNC to the decoded
signals (after applying some form of zero padding if needed), and broadcasts the resulting signal
to all nodes.

We assume that S; uses 4-QAM modulation and S5 uses 16-QAM hierarchical modulation.
The received bit sequences EZ (1 = 1,2) corresponding to one symbol at the relay will not be equal
in length. Since S5 employs 4/16-QAM hierarchical modulation, 32 consists of 2 HP bits and 2
LP bits. Then the 2 bits of 31 are XORed with the 2 HP bits of 62 and the 2 LP bits of S, remain
unchanged. The resulting bit sequence is then modulated by 4/16-QAM hierarchical modulation
with the NC bits as HP bits and the unchanged bits as LP bits. The modulated signal z,. is then
broadcasted to all nodes in the third time-slot. The signals received at the two users are expressed

as Yri = 4ph.;x,. + n,; for 1 = 1,2. These received signals can be decoded at their respective
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destination using ML as

Yr2 — \/4_ph'r2xr

Ty = arg min
x,Ef ctitious 4—QAM

Y

and
Yr1 — V 4phr1mr

respectively. As shown above, since the data of S at the relay is only involved with the HP bits

T, = argmin
2,€4/16—QAM

Y

of x,, Sy only needs to decode the HP bits, which correspond to a f ctitious 4-QAM. Since each
user knows its own transmitted signal, it can decode the desired signal according to the NC scheme

used at the relay.

4.3.2 Description of the OUS Scheme

For this scheme, only the user with the better instantaneous E2E SNR transmits at a time. That
is, if v, > 7, (4,5 = 1,2, s.t. i # j), only S; transmits to .S; with the help of the relay. Let us
assume that S; is selected as an example. So in the frst time-slot, S; transmits to the relay. The

received signal at the relay is y, = \/2phy,x1 + ny,.. Then the relay decodes the received signal as

Yr — \/%hlrxl

T1 = argmin
r1€4—QAM

The resulting sequence is then remodulated by the 4-QAM modulator. The modulated signal,
denoted by z,., is transmitted to Sy in the second time-slot. The signal received by S5 is y, =

V2phyox, + n.o. Then Sy can decode the received signal as

T, = argmin ’yg — \/2phpox,| .
Ir€4—QAM

4.3.3 On the Optimal Threshold

As mentioned above, the threshold y,;, 1s employed to decide whether to allow both users or the

user with the better E2E SNR to transmit. The criterion used to derive v,,,, which is the optimal
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threshold, is to minimize the worst E2E BER of the two users. For instance, the optimal threshold

for S;, denoted by v, can be obtained as

Vopt = arg_min (),
Yim» Vth

where the E2E BER of §;, denoted by F;, is a function of the average SNR and +,,. Since the
E2E BER expression for S; is not invertible, the exact optimal thresholds can only be obtained by
numerically minimizing the E2E BER with an exhaustive grid search [75], and this is the approach
followed in this chapter. However, in Section 4.5, we give the optimal threshold function and verify
it via simulations in Section 4.7. As far as implementation is concerned, we assume that a central
controller in the network has the CSI of all links. It calculates the optimal thresholds and decides

which transmission mode to use.

4.4 [End-to-End BER Performance Analysis

In this section, we derive a closed-form expression for the E2E BER for the proposed HNCOUS
scheme. We assume that S; employs 4-QAM and Sy employs 4/16-QAM. However, the perfor-
mance analysis can be extended to other hierarchical modulation schemes following the results of

[43].

Lemma 4.1 The E2E BER corresponding to user S; can be expressed as

—(L+L
9¢ (erWj )’Ythp(gi }mln(”}/z, '7]) > ’Yth)

1 1 _ (A1
26*(7—i+7—j)%h _‘_3%’1%]. (1 e (7i+7j )’Yth)

P@':

3 71 1 _(%J’_%)Vth P .
7 € (5 [vs > 7575 < vm)
(%‘F%)’Yth + 3%1’% (1 . 6—(%+%)’Yth> ’

(4.3)
2e

where P(g; ‘min(%, Y;) > Vi) represents the E2E BER of S; conditioned on min(v;,7;) > Y,
which is the E2E BER for S; when using HZPNC, and P (e; hi > ;7 < Vi) denotes the E2E

BER of S; conditioned on vy; > 7;,7; < V4, which is the E2E BER for S; when using OUS.
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Proof. See Appendix B. 1. m

In what follows, we derive closed-from expressions for these probabilities. We will start with
the expression P(g; !min(%, Y;) > Y ). According to the HZPNC scheme proposed in , the bits
from S; are XORed with the HP bits from S, (assuming that S; uses 4-QAM and S5 uses hi-
erarchical 4/16-QAM). Consequently, Sy decodes only the f ctitious 4-QAM constellation of the
hierarchical 4/16-QAM constellation. The E2E BER at S, conditioned on min(v;,v;) > 7y, is

given as

Pey jmin(11,72) > ) = (1= PEB e > ) [P, > ) (1= PER e > 7))
+ PR 1ar > 7in) (1= Plers I > 7))
+P(£5 Vr2 > Yen)
A= [Pew e > 7) (1= PER e > 7))

+P(e8? |79 > vu) (1 = Plery |7y, > %h))] } , (4.4)

where P(h? |y, > 7, ) and P(e"2 |v,5 > v,;, ) are the probabilities of making an error over the
Sy — R and R — S, links, conditioned on 7y, > v, and 7,5 > 7,,, respectively, for the HP bits
from Ss; P(ey, |71, > 74, ) 18 the BER over the S — R link, conditioned on 7y,, > ~,,, for the
bits from S;. Since v; = min(7y;y,7;2), min(7y;,v;) > vy, is equivalent to v;; > vy, Viz > Vins
Yj1 > Yens Vj2 > Ven- The instantaneous SNRs of different links are independent, therefore the
BERs over different links are only related to the instantaneous SNR of their respective links. Thus,

we only remain the effective items in the condition of (4.4).

Lemma 4.2 The BER over any of the links employing 4-OQAM modulation and for the HP bits from

Sy conditioned on vy;,, > 7y, can be expressed as

1

P(Eim |/7im > ’Yth) - ewim%hj(laﬁima Yih 00)7 (45)
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and

Ut [ 2 =24+ 1) 2(d? +2d+1) _
P(gjl:; h/zm ~ f}/th) - 56727}17 ' [I< 1 + d2 » Yims Vtho OO) + I( 1 -+ d2 » Yims Vtho OO) )
(4.6)

where [76]

Yth(141)

1 1
I(av b, ’Ythla%h(zﬂ)) = / §erfcw/afyge 5V dry
Ythi
1 1 1 ab 1
= e VMerfey/ayy, — 5\/merfc\/%m(a +7)

1 . 1 1
—56 b%h(l“)erfc CVYth(Hl) + 5\/1 + be7’fc\/7th(l+1 (CL + b)

Proof. See Appendix B.2. m

Note that P(e1, [v1, > ) = P(e11 111 > 7 )s PR [Var > Yin) = P(€57 [721 > 74,) and
P(M 17,5 > ) = P(e" |715 > 7, )- Plugging these expressions into (4.4) yields a closed-form
expression for P(ey |min(7yy,v9) > V4 )-

Now for the BER at 57, recall that the bits coming from S5 consist of HP and LP bits. The HP
bits are XORed with the bits from S; and the LP bits are relayed without NC. As such, the E2E

BER at S; is obtained as

: 1 : :
P(ex [min(yy,72) > 75) = 5(P(e5” [min(y,75) > vi) + P(ef [min(y1,7) > 7)), (47)

where P(e? |min(7,, v,) > 7,5, ) and P(e? |min(v,,~,) > 7,;, ) represent the E2E BER of the HP

and LP bits conditioned on min(v,,y,) > 74, » respectively. Now P(£? |min(7,,v5) > 7y, ) can
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be expressed as

Py [min(y,,70) > ) = (1= P 1 > 7m))
- [P(En Vir > Ven) (1 = Pe3) 112, > ’m))
+ PR 1rar > i) (1= Plers [ > 7))
+PET i > Tin)
: {1 - [P(Slr Y1r > Yen) (1 — Py |72 > %h))
.

P > ) (1= Pl > )|} @9)

where P(ey, |7y, > 7,,) and P(eh? |v,, > 7,;,) are defned above. When i = m = 2, we have
P |y, > ) = P2 (792 > 7,5,) - Having found expressions for all the terms in (4.8), we can
easily fnd a closed-form expression for P(e5? [min(v,, v5) > 7,3, )-

Concerning the LP bits, since they are relayed without NC, the corresponding E2E BER is

given by

. !
P(ey |min(yy,7,) > vy) = (52r Vor > Ve )(1 = P( 1701 > i)

FPER Yoy > Y) X = PR |70, > 7). (49)

Lemma 4.3 The BER of the LP bits over any of the links conditioned on vy,,, > ~,, can be ex-

pressed as
t 2 1 (2(4d? —4d +1) _
P(gifn h/zm > f}/th) = ewmﬂ " [] ( d2771m77th7 ) 21 ( 1+ 2 » Vims Vtho OO)
1 (4d® +4d + 1)
— =1 4.10
92 ( 1 + d2 771m77th7 >:| ( )

Proof. See Appendix B. 3. m
By setting i = m = 2in (4.10), we obtain P (7,1 > 7,,) = P& (799 > 7,1,) - We can similarly
obtain P(e |7, > 7, ) = P(e |79, > 7,3, )- These expressions lead to a closed-form expression

for P(? |min(v,,7,) > 7,;,). Having obtained expressions for P(ch? [min(v,,7,) > 7,,) and
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P(ef [min(v1,72) > v )s P2 [min(y1,72) > 7, ) is obtained by plugging P(e3” [min(v1,72) > 7un)
and P(c? |min(v,,7v,) > 7, ) into (4.7).

Now we derive a closed-form expression for P(e; hi > ;7 < Va,) given in (4.3). This
corresponds to the OUS scheme, for which if the instantaneous E2E SNR of S; is greater than
that of S;, where ¢« # j, only S; transmits to S;. Thus, when either the S; — R or R — 5
link is in error, the received signal at S; will be in error. Therefore, the E2E BER of S; given

Yi > V457V < Ve, can be expressed as

P(e "Yz‘ >V < Yin )
= Plem |7 > 757 < Yan) (L= Plewm [ > 7575 < )
+P(ein }% > 757 < V) (L = Pleim }% > Y5 % < Ven))s (4.11)

where i, j,n,m = 1,2, and 7 # j,m # n.

Lemma 4.4 For M-QAM modulation, the BER over any of the links can be expressed as
log, VI (1-2~%)v/M~1
P(eim i > Vi Y < =
(€im |73 > 7575 < Yan) J—b&r Z Z

e -1

Vin (Vi +7;)
—(F=+£)7n
Vi Vi (Tin +7;) (1 —e v )
_ 3logd!(2i + 1)?
e
|: 1 < 2(M—1) a’71m>7th
7 (3log§4(2z' +UP A h)]
Vi +7; 20M =1) i+
Vin (Vi +7;) (1 _ e Gt ’%h)
7<%+%>m) Jim

Nim Vi Fin + 73') <1 — €

3logy (2i 4 1)?

Note that for our case, M = 4 for Sy and 16 for S,.
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Proof. See Appendix B. 4. m
Note that Fepr = Plew |71 > 72,7 <Y )s Pesz = Plenzlv > 72,72 <vm)> Pear =
P(ear v > 71,71 < V) and Pe 1 = P(eaa |75 > 71,71 < V4, ). Plugging these expressions into

(4.11) yields a closed-form expression for P(g; hi > %Y < Yen)-

4.5 Achievable Diversity Order

While the BER performance expressions derived above are exact, they do not yield the diversity
order achieved. In this section, we derive the corresponding asymptotic expressions at high SNR
to show the achievable diversity order. For simplicity, we assume symmetric channels, i.e., all
the channel gains are modeled as zero mean, unit variance complex Gaussian random variables,
and d = 2 since the diversity order does not be change with the channel setting and modulation
scheme, as demonstrated in [77].

With the assumption made above, it is easy to obtain thaty, =7, = %p. Since S5 uses a higher
modulation scheme than that of S, the E2E BER of S5 is worse than that of .S;. Then according

to (4.3), we have
P} + P; < P} + P2

Pl S P2 - = )
267%7th _I_ % (1 _ ef%W/th) 2

(4.13)

where P} = 2¢ 7 P(e; [min(7,, 75) > vy, ) and P} = 3 (1 - 6_%“) Plealyve > 71711 < ven)-
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Now we can upper bound P; as

1 . .
P21 < 2 li(P@gp lmin(yy,7,) > i) + P(5l2p Imin(yy,vy) > ’Yth))}

S (5zm h/zm > f)/th + 2P h/zm > f)/th + 2P h/zm > f)/th
< epn <—erfcw—%m+erfcw %m+ erfc m> —e fﬂ“”d%m
3 1 1
< b / e Him 2 g~ Himy (4.14)
2 p
Yth
15
< e, (4.15)
4p

where (4.14) follows from erfc/z < %e"”. Similarly, P can be upper bounded as

_4
P} < 3 (1 —e ﬂ“’) P(eim vz > 7171 < Yan)

oo\ (15 [
< _ __'Yth> _ . .
> (]. e r / S erfc /ysz’Y m|vi>; 75 <ven (Vzm) d’7zm
< 1 —677’7’% /—6 57“” (Vim) @V im
1m|'yl>'yj Vi <Vth
< P+ PP
where
= (1o et) / 1g¢ (i) i (.16)
m|Yi>V5 Y <Vth
and
P} = 677’% /—e 57“” (Vim) @iy (4.17)
m|Yi>V5 Y <Vth
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Plugging (B.26) into (4.16), we have

Yih

P221 — /Eie 5'Yzm ’Yim —e p72m> d/y@m

16 3p
S /_6 5Vzm ’Yim —e pyzm) dfylm
- 12 4 (4.18)
Ap*(3 + ;)(g +3)
375
4.19
16,2 (4.19)
where (4.18) follows from Equation B.1 in [43]. Plugging (B.25) into (4.17), we have
< B%Wth/ie—%vime—%Wimd,yim
< P
Yth
2
< —56 th (4.20)
8p
Plugging (4.15), (4.19) and (4.20) into (4.13), we have
15 375 25 35 375
P < e e 3 = g3 4 2= (4.21)
4p 16p? 8/) 8p 16p2

As mentioned before, the threshold ,,, is a function of p. Based on the insight from the asymptotic
BER expression derived above, we plug v,, = nlog(cp) for some constants n and c into (4.21),

which yields

55 2 375 55 375
Py < e o) = =0(p™2 4.22
b= 8/06 + 162 86%";)%”“ + 162 (™), ( )

for n > 2.5. Therefore, we conclude that our proposed scheme achieves full diversity which is the
number of available users. It is also conf rmed through simulations in Section 4.7 that the exact
optimal threshold function for the case when S; employs 4-QAM and Sy employs 4/16-QAM is

in fact in the form of 5 log(cp), which leads to full diversity according to (4.22).
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4.6 Access Probability and Throughput

In this section, we analyze the proposed HNCOUS scheme in terms of the access probability

and throughput and compare it with those of the HZPNC and OUS schemes individually.

4.6.1 Access Probability

According to the HZPNC scheme [37], both users transmit via channel sharing. The two users
communicate with each other over three time-slots. During the three time-slots, each user occupies
two time-slots with one time-slot overlapping. Then the access probability is % for the HZPNC
case. As for the OUS scheme, a user transmits once its instantaneous E2E SNR is greater than that

of the other one, resulting in an access probability of

Vi
PPYS = Po(y; > ;) = - (4.23)

For symmetric channels, for example, the average E2E SNRs for both users are the same, i.e.,
7: = 7j, suggesting that both users will have the same access probability, i.e., PPUS = 0.5.
According to the proposed scheme, a user transmits once its instantaneous E2E SNR is larger than
the other one and the instantaneous E2E SNR of the worse user is below a predetermined threshold

7., or both instantaneous E2E SNRs of the two users are above 7,;,. So the probability that S;

transmits can be expressed as

TOopoSse 1 2
Prrorest = Po(y; > 5,75 < V) X 1+ Pr(min(y;,7;) > ) X 3
= 2 5, (AL
- — 72_ + [_ — = 72_ :| e ’Yi+’Yj )'Yth‘ (424)
Vi t7; 3V +7;

Now defne AP, as

A
APZ A Piproposed _ PiOUS

3 7t
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which represents the access probability difference between the two schemes. When the channels
are symmetric, the average E2E SNRs are the same, i.e.,y; = 7. Therefore, our proposed scheme

)

(g
offers a higher access probability than that of OUS for each user by %e (545 e, As for asym-

metric channels, solving % — % > (, we obtain z— < 2, which is the range for which the
proposed scheme has a higher access probability compared to that of the OUS scheme for both

users. Beyond this range, one user of the OUS scheme will have a higher access probability than

those of our proposed scheme, whereas the other one will have a lower access probability.

4.6.2 Throughput

We do the throughput analysis for the general case where it is assumed that S; uses 22°-QAM
and S, uses 22°/22"-QAM hierarchical modulation for s = 1,2,...,7r — 1,andr = 2,3,..., R.

The throughput of our proposed scheme can be written as

prreresed = THZPNC 5 P (min(yy,72) > Yin)

+TOYS X [Po(vy > Y9, %2 < Yan) + Pr(ve > .0 <va)l,  (4.26)

where TOVS and THZPNC are the throughputs of OUS and HZPNC, respectively, which are given

as

TOUS — _ 11_ s+ — 12_ r bits/time slot, (4.27)
Y1 T V2 Y172

and

2 2
THZPNC _ % bits/time slot, (4.28)
where we assume that S; uses 22*-QAM modulation and S uses 22/22"-QAM hierarchical mod-
ulation. Plugging (4.27), (4.28), (B.4) and (B.5) into (4.26), we obtain

Tproposed _ 67(% +%)’Yth 25 +2r
3

+(1 — e*%—ﬁ*%”th) (_ 5 S 7«) bits/time slot.  (4.29)
Y1+ Ve Y1+ 72
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We know that, in general, HZPNC has a higher throughput than that of OUS [37]. Thus the
throughput of the proposed scheme has a higher throughput than that of OUS. However, in the
extreme case when one user has a much higher order modulation scheme and a higher access
probability than those of the other user, OUS will have a higher throughput than HZPNC. In this

unlikely case, OUS will also have a higher throughput than that of our proposed scheme.

4.7 Simulation Results

We present in this section numerical examples that aim at validating the E2E BER expressions
derived for the proposed HNCOUS scheme. In addition, we compare our proposed scheme with
HZPNC and OUS in terms of the E2E BER, access probability and throughput. Throughout the
simulations, we assume that S; uses 4-QAM and S, uses 4/16-QAM hierarchical modulation, and

d=2.

E2E BER

Figure 4.1: E2E BER performance (simulated and theoretical) of our proposed adaptive transmis-
sion scheme over symmetric channels.
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In Fig. 4.1, we compare the derived theoretical results to the simulation results over symmetric
channels with different thresholds for S;. In our simulations, we set the variances of the channel
coeff cients to ;11. We consider the cases: v,, = 5,10. We also plot three particular cases, namely
HZPNC (i.e. v, = 0), OUS (ie. v, = 00) and vy, = 7,,, Where 7, = [4 6.9 13.2 18.5]
which is obtained numerically by minimizing the worst E2E BER of the two users. We also
include the curve obtained by using %,Which is used as a benchmark. We can see from the f gure
that the performance improves as the threshold increases from 0 to 10. We also see the perfect
match between theory and simulations, which validates the derived BER for symmetric channels.
Furthermore, we can see that the performance of our proposed HNCOUS scheme with v, = 7,
is slightly better than that of OUS. Finally, by comparing the slopes of the curves, we observe that

our proposed HNCOUS scheme achieves diversity gain two.

E2E BER

Figure 4.2: E2E BER performance (simulated and theoretical) of our proposed adaptive transmis-
sion scheme over symmetric channels.

The E2E BER performance for S5 is shown in Fig. 4.2, with similar observations. As shown in
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the f gure, the E2E BER performance for S, with v, is also slightly better than that of OUS and

achieves diversity gain two.

1 T T
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Figure 4.3: Access probability of HZPNC, OUS and our proposed adaptive transmission scheme
corresponding to Figs. 4.1 and 4.2.

In Fig. 4.3, we present the access probability for HZPNC, OUS and our proposed HNCOUS
scheme with the optimal thresholds corresponding to Figs. 4.1 and 4.2. Since the channels are
symmetric, the two users have the same access probability for OUS, which is 0.5. We can see that
the access probability of our proposed HNCOUS scheme falls between that of HZPNC and OUS,
as expected. It is also shown, however, that the access probability for the proposed scheme is close
to that of OUS at low SNRs and approaches that of HZPNC as SNR increases. This is attributed
to the fact that, as SNR increases, it is more likely that both channels are in a good state, leading
to using HZPNC more often.

In Fig. 4.4, we present the throughput for HZPNC, OUS and our proposed HNCOUS scheme

with the optimal thresholds corresponding to Figs. 4.1 and 4.2. It is shown that our proposed
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Figure 4.4: Throughput of HZPNC, OUS and our proposed adaptive transmission scheme corre-
sponding to Figs. 4.1 and 4.2.

scheme has a higher throughput than that of OUS, as expected, but this throughput approaches that

of HZPNC at high SNRs, which follows the behavior of the access probability reported in Fig. 4.3.

In Fig. 4.5, we compare the performance of our proposed scheme with OUS for asymmetric
channels. In our simulations, we set the variances of the channel coeff cients for the S; — R,
R — 55,5, — R and R — 5 links to %, %, i and 1, respectively. We numerically obtain the optimal
thresholds. The optimal thresholds are v,,, = [6.5 9 15.3 21] for p = [15 20 25 30] We see the
perfect match between theory and simulations, which validates the derived BER for asymmetric
channels. In addition, we observe that the performance of our proposed HNCOUS scheme with
Yen = Vopt are slightly better than those of OUS and achieves diversity gain two for both users.

In Fig. 4.6, we plot the access probabilities of HZPNC, OUS and our proposed HNCOUS

scheme with the optimal thresholds ~,,,, corresponding to Fig. 4.5. The access probability of OUS
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Figure 4.5: E2E BER performance (simulated and theoretical) of our proposed adpative transmis-
sion scheme over asymmetric channels.
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Figure 4.6: Access probability of HZPNC, OUS and our proposed adaptive transmission scheme
for asymmetric channels.
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Figure 4.7: Throughput of HZPNC, OUS and our proposed adaptive transmission scheme corre-
sponding to Fig. 4.5.
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Figure 4.8: The optimal threshold values as a function of p for Figs. 4.1 and 4.5.
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for Sy is 0.5556 and 0.4444 for S,. It is shown that the access probability of our proposed scheme
falls between that of HZPNC and OUS for both users. As the SNR increases, however, the access
probability of our proposed scheme for both users increases and approaches that of HZPNC. We
can also observe that the gap between the access probability of our proposed scheme for the two
users is less than that of OUS and decreases as the SNR increases. This clearly shows how our
proposed scheme improves fairness between the users as compared to OUS.

In Fig. 4.7, we illustrate the throughput of HZPNC, OUS and our proposed scheme with the
optimal thresholds v, corresponding to Fig. 4.5. Similar to the observations of Fig. 4.4, our
proposed scheme also achieves a higher throughput than that of OUS in this case.

In Fig. 4.3, we plot the values of 7, that correspond to Fig. 1 (symmetric channels) and Fig.
5 (asymmetric channels) versus p. In the same f gure, we plot the function 5log(0.1p). We observe
from the f gure that all curves have the same behavior, suggesting that v,,, = 5log(cp), which was

assumed in obtaining 4.29.

4.8 Concluding Remarks

We proposed an HNCOUS scheme for two-way communication with asymmetric data rates
that aims at improving fairness and still exploiting multiuser diversity gain. The proposed scheme
either allows only the best user to transmit or both users transmit using network coding, depending
on the user channels quality. If both users have good channels, both users transmit at the same time
using network coding; otherwise, the better user transmits while the other user remains silent. We
analyzed the proposed adaptive transmission scheme in terms of the E2E BER, access probability
and throughput. We examined the performance of the proposed schemes over asymmetric fading
channels. We showed that the proposed scheme retains the diversity achieved through multiuser

selection, and offers throughput that approaches the best possible throughput at high SNRs. The
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implication here is that the two users enjoy better transmission fairness and throughput, while in

general achieving better BER performance.
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Chapter 5

Relay Assignment in Multiple
Source—Destination Cooperative Networks

with Limited feedback

5.1 Introduction

As mentioned in Chapter 2, much attention has been given to problems pertaining to relay
assignment for cooperative networks. However, in networks with many multiple source-destination
pairs, it is normally diff cult for destinations to acquire the CSI of the entire network without
feedback. To this end, in this chapter, we design a practical limited feedback strategy in conjunction
with two relay assignment schemes, i.e., fullset selection and subset selection, which are based on
maximizing the minimum E2E SNR among all pairs. In this strategy, each destination acquires
its SNR, quantizes it, and feeds it back to the relays. The relays then construct the E2E SNR
table and select the relay assignment permutation from all possible relay assignment permutations

or only a subset of these permutations. In addition, we study the impact of using quantized CSI



on the performance of relay assignment by deriving the E2E BER expressions and analyzing the
achievable diversity order.

Some related work in the feld of limited feedback can be found in [78]-[80]. The performance
of multiuser diversity with limited feedback is studied in [78]. Limited feedback has also been
studied for cooperative networks in [66]-[69]. More references can be found in [79]. In [80], the
authors consider several partner selection schemes with limited feedback. However, the schemes
in [80] are based on quantized average CSI and no theoretical insight about the impact of limited
feedback has been provided. Therefore, to the best of our knowledge, few works have been done
to study the impact of using quantized instantaneous CSI on the performance of relay assignment
in multiple source—destination cooperative networks. This motivates our work.

We examine the fullset and subset relay assignment schemes with quantized CSI and analyze
their performance in terms of the E2E BER. In particular, we derive the exact E2E BER expressions
for fullset selection and subset selection in terms of the worst E2E SNR among all pairs over
independent Rayleigh fading channels and carry out the asymptotic analysis (i.e., at high SNR) in
order to show the form of the optimal thresholds used in the quantization process and the achievable
diversity.

The remainder of the chapter is organized as follows. The system model is presented in Section
5.2. In Section 5.3, the proposed limited feedback quantization strategy and the corresponding
relay assignment schemes are presented. We analyze the E2E BER performance for both subset
and fullset selection in Section 5.4, and examine its asymptotic performance at high SNR in Section
5.5. We present several numerical examples in Section 5.6, and conclude the chapter in Section

5.7.
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Figure 5.1: A cooperative network with m communication pairs and n relays.
5.2 System Model

We consider the system model shown in Fig. 5.1, in which the network consists of m pairs and
n relays where n > m.! Each of the nodes is equipped with a single antenna and operates in a
half-duplex mode. In the frst time slot, the source of each pair transmits its signal, i.e., m nodes
transmit simultaneously in the frst time slot using frequency division multiple access (FDMA)
[30]. In the second time slot, the selected relays transmit. Note that only one relay is assigned to
each pair, and this assignment is done before actual transmission takes place. As such, each relay
will have to decode only the signal coming from the pair it is assigned to. We assume there is no
direct path between the sources and the destinations.

Let hg,r, and hg,p, (fori = 1,...,m, j = 1,...,n) denote the fading coeff cient between
the sth source—jth relay and jth relay—ith destination, respectively. Let ys, r; denote the received

signal at the relay from the sth source, which is expressed as ys,r, = \/phs;r;Ts; + ns;r;, Where

'In this chapter, we assume that a single relay is assigned to a single pair at any given time, suggesting that the
number of relays should be at least as many as the number of pairs. This is a realistic assumption because any node in
the network can serve as a relay.
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Tg, is the signal transmitted from the ith source and ng,r; is an AWGN sample corresponding to
the ith source-jth relay link, with zero mean and unit variance and p = % is the per-bit SNR. The
relay forwards the detected signal to the destination. The signal received from the selected relay at
the ith destination is expressed as yr.p, = \/phr,;p,Ts;r; + 1R, D;» Where I, g, is a hard decision
made based on yg, g, 15, -
The channels are assumed to experience independent, slow and frequency-nonselective Rayleigh

fading. Let vg p and vy p, denote the instantancous SNRs for the links S, — R; and R; —
D;, respectively. For DF relaying, the E2E instantaneous SNR is well approximated as v,; =

min(ySiRj , 7RjD¢) [73], and its pdf is expressed as
1
e 77, (5.1)

— _ Texd — 2 — 2
where 7 = %iﬂf%f; and Yg = pE [|hsr|”] and ¥zp = pE [|hrp|”| are the average SNRs for
the links S; — R; and R; — D;, respectively. We drop the index here since the average SNRs
are assumed to be the same for the source to relay links and relay to destination links, respectively.

This corresponds to a network with clustered sources, clustered relays and clustered destinations.

Thus the E2E instantaneous SNR in this chapter refers to 7,; = min(vg, R VR, D,)-

5.3 Relay Assignment with Limited Feedback

In this section, we elaborate on the limited feedback quantization strategy and the correspond-
ing relay assignment schemes. In order to illustrate our relay assignment scheme in conjunction
with quantized CSI, as an example, consider the case in which m = 2 and n = 3. Consequently,
there are six possible relay assignment permutations, which are illustrated in the Table 5.1.

In the table, the frst entry of each row indicates the relay assigned to the frst pair, the second
is the relay assigned to the second pair. As we can see, there is correlation between certain rows

of the table. For instance, rows one and four are correlated since in both cases, R, is assigned to
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Table 5.1: Possible relay assignments based on the full CSI.

Pair 1 | Pair 2
Ry Ry
Subset 1 Ry Rs
R3 Ry
Ry Rs
Subset 2 R2 Rl
Rs Ry

the frst pair. To eliminate the correlation, the six relay assignment permutations can be divided
into two subsets as shown in the table. The objective is to divide the entire set of permutations into
subsets such that no two or more permutations within a subset have the same relay assigned to the
same pair. As a consequence, the rows are mutually independent in each subset. More details of
the steps to construct subsets can be found in [24].

Let ;; denote the E2E instantaneous SNR of pair i when the jy, relay helps it. Then v,
represents the corresponding quantized E2E SNR. As such, the corresponding E2E SNR with

limited feedback is shown in the Table 5.2.

Table 5.2: Quantized CSI based E2E SNR matrix for all possible relay assignments.

Pair 1 | Pair 2
o,
Subset 1 | ~4 v,
M | Ve
SR 0
Subset2 | ~4 ve
1 |7,

Note that for relay assignment with full CSI, the corresponding entries in the table are the
exact value of the instantaneous E2E SNR, i.e., v;;. Let v, .y, denote the worst E2ZE SNR of the
kth assignment choice. Thus, the index of the selected assignment choice for fullset selection is

obtained as

. n!
kE* = arg max {%,mma k=1,2,..., m} . (5.2)
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We remark that the above selection criterion is for both full CSI and quantized CSI depending on
the form of the E2E SNR table. While for subset selection, the best choice is selected within a
subset with only n permutations instead of all permutations. We should emphasize that the relay
assignment choice may not be unique, especially for the case of quantized CSI. In such a case, the
target performance measure of our relay assignment schemes, i.e., the worst E2E SNR among all
pairs, cannot be improved no matter which permutation is selected. So when there are more than
two available choices, we just select the one with the smallest index .

In the following, we outline the steps for the limited feedback quantization strategy and the
corresponding relay assignment schemes.

1) At the end of the training period, each destination will have acquired the CSI for all source-
relay links, as well as the links between all the relays and its own receiving channels.? Possible
ways for the destination to obtain the CSI are illustrated in [63] and [71].3

2) The instantaneous SNR range [0, co] is divided by N —1 thresholds, v, (I = 1,2, ..., N—1),
into IV quantization levels. Then the destination uses logs N bits to feedback the quantization level.
Therefore, each destination sends nlogs N feedback bits for each channel coherence time. The
feedback channels between each destination to the relays are assumed to be error free.

3) Upon receiving the feedbacks from all the destinations, the relays construct the E2E SNR
table for fullset selection or subset selection. Then the relays calculate vy, ,,;,, and determine the
relay assignment choice according to the assignment criterion in (5.2). Since the feedback channels

are assumed to be error free, the relays will have the same E2E SNR table and make the same relay

2Note that each destination can only acquire the CSI of the source-relay links and its own receiving channel, and
each relay can only obtain the CSI of all the sources to itself by training. Therefore, it is impossible for the destinations
to perform relay assignment without CSI feedback. Furthermore, it is not suff cient to ask the destinations to feedback
the relay-destination CSI to the relays.

3The destination can acquire the CSI of the links between the relays and itself via training. The relays can acquire
the CSI of the source-relay link by training. The relays can amplify and forward the received training signals from
the sources to the destination, so that the destination can estimate the product of the source-relay and relay-destination
links. Since the CSI of the relay-destination links is known by the destination, the CSI of the source-relay links can be
estimated.
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assignment decision independently. So there is no need for the relays to communicate with each

other.*

5.4 The End-to-End Bit Error Rate

5.4.1 Preliminaries

As shown in the previous section, the worst E2E SNR, -,. of the selected assignment

,min?
choice is critical in the process of relay assignment. Therefore, in this section, we derive the exact

E2E BER performance with N quantization levels in terms of 7. for both subset selection

and fullset selection. We consider a general modulation scheme for which the conditional error
probability takes the form of d-erfc,/ay [81], where v is the instantaneous SNR, and (d, a) are
constants depending on the modulation scheme (e.g. for binary phase shift keying (BPSK) d = 1
and a = 2). Therefore, tailoring the BER expressions for M-ary phase shift keying (M-PSK) and
M-QAM modulations is straightforward. For example, in Appendix C. 1, we adapt the obtained
expression to M-QAM.

Let~,, (l=1,2,..., N — 1) denote the thresholds separating different quantization levels and

the value of v, increases with [. Thus v,. ., can be either less than v,;,,, greater than -y, ,_; or

,min
belong to the interval hthl, Ven +1)} . To simplify the presentation of the derivation in this part, we

assume that v,;,, = 0 and y,,, 5y = 00. According to the value of ;. ..., of the selected assignment

,min

permutation, we divide the calculation of P, to IV separate parts as

N—-1
Pe:ZPela (53)
=0

4We can design the feedback strategy in such a way that one node collects all the quantized CSI and makes the
decision. However, there will be additional overheads since this node needs to notify the relays to help which pairs.
While for the proposed scheme, the relays make decisions by themselves in a distributed manner and without a need
for additional overheads.
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where P,; represents the BER that v,.. .., belongs to the interval [’sza Yen( +1)} , which is given by

Pa = Pr(Ver < Viermin < Ven1)) P(€ "Ythz < Vi min < Veh(i41) ) (54

where P (Vi < Viemin < Venge1)) TEpresents the probability that vy, < Vi min < Vengs1) and

P(e hthz < Ve min < Ven+1)) 18 the BER conditioned on 7y, < Vi min < Yen1)-

5.4.2 Subset Selection

Lemma 5.1 For a network with m source-destination pairs and n relays, using N — 1 quantization

thresholds and subset selection results in

Pe — (]_ _ 6_%> d- I(a,ﬁmim 07 /ythl)

Nzl Zn _Jthl _mmaen \? _ Jthl \ ]
—I— - e Fmin — (& Ymin (1 — e 7min)
=1 (n =)t

j= 1
d- I<a77min77thl77th(l+l))7 (55)
where
Yth(1+1)
I(a, bﬁthb%h(lﬂ)) = / erfcy/ 7 € "VdV
Vthi

1
— e b'Ythlerfc\/m \/1+ bel”fc\/%hl(a—l— )

BN Derfe, /a7y 4) +\/1+ berfc\/%h I+1) (a+ )

= _ 1 Ysr¥RrD
and Vmin = mYsprtYRD

Proof. See Appendix C. 1. m
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5.4.3 Fullset Selection

Lemma 5.2 For a network with two source-destination pairs and n relays, using N — 1 quantiza-

tion thresholds and fullset selection results in

P = [1- Pr(Vke min > Yen1) — Pr(Vie min < Yor) ] d - T(a,7, Yo Ven(i+1))
l

=

Il
=)

where the probability that . ..., is greater than a particular threshold, 7y, 11, is derived as

,min

n! _ 2Mth41) _Dth@n) \ 202
PT(/yk*,min > /yth(l+1)) - m@ ~ (]_ —e 5 )
u 271' n' Yih(1+1) Yth(141) 2n—t
+> ( ~2 o T (1 e )
| — ) | —+\!
P t(2n —t)! th(n —1t)!
2n 2”' _t'yth_l+1 _'Yth_gl +1) 2n—t
> t2n—n° (1_6 ! ) (5.6)

t=n+1

and the probability that . .., is less than a particular threshold, -y, is derived as

,min

Jthl

‘ 2n 2n—1
P < ) = (1= e %) 4ome ™ (1- %)

2n! n! 2y _emr\ 202
+(2(2n—2)! N (n—2)!)e ’ ( —c )
n n‘ ty . 2n—t
27*w<1—*w) 5.7
+;< e ‘ (5.7

Proof. See Appendix C.2. m

So far, we have obtained closed-form expressions for the E2E BER for both subset and fullset
selection. As expected, these expressions are functions of the average E2E SNR and thresholds.
Since the E2E BER expressions for both subset and fullset selection are not invertible, the exact
optimal thresholds can only be obtained by numerically minimizing the E2E BER with exhaustive
grid search, and this is the approach followed in this chapter. That is, we have used our mathemat-

ical derivation to obtain the exact optimal thresholds numerically

74



5.5 Asymptotic E2E BER Performance

Since the fnal expressions derived above are exact and the optimal thresholds are obtained
numerically, they do not give much insight about the diversity order achieved and the form of the
optimal thresholds. So in this section, we analyze the behavior of the E2E BER at high SNR
while using the optimal thresholds for relay assignment with limited feedback. Since the BER
performance of one threshold is an upper bound on the BER performance of multiple thresholds,

we focus on the asymptotic analysis for one threshold, which is denoted as v,,.

5.5.1 Asymptotic E2E BER

Lemma 5.3 The E2E BER for subset selection can be upper bounded as

n—1 ~Vth
as Vin €
pyy < 24— 5.8

Proof. See Appendix C. 3. m

5.5.2 The Asymptotic Optimal Threshold

To f'nd the asymptotic optimal threshold, v,,,, that minimizes (5.8), we differentiate (5.8) with

respect to 7,;, which yields

P (n—1)yp 2 e
M 4p" 4p

~ 0. (5.9)

It is not tractable to solve the optimal threshold ,,, for any n directly from this equation. While

for n = 2, we have

]_ e_vth
- _ = 0. 5.10
2 4 (5.10)
By solving (5.10), we have
’YOpt = log p-
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Note that v,,, = log p = (2 — 1) log p, where 2 is the number of relays. Therefore, based on the
insight from the asymptotic optimal threshold derived above for n = 2, we extrapolate that the

optimal threshold function could be in the form of

Yopt = (7’1, - 1) log Cp; (511)

where c is a constant which is independent of p. To validate our observation, we plug v,, =

(n — 1) log cp into (5.9), which yields

apasy -1 n—1 1 n—2 1
e (n—1)""(logep)"™ ‘ (5.12)
Men 4p" 4en=tpn
For suff ciently large p, it is obvious that
oPssy
Wth |'yth:(n71) log cp > 0. (513)
Then we plug 7,;, = (n — 1) log (é%p) into (5.9), then we have
opPev (n—1)""}(logcp — log (logcp))" 2 (logep)"™
= — . (5.14)
M 4pn 4en=tpn
For suff ciently large p, we have
oPs*Y
a/yth ’Yth:(nfl)lOg(F;%p) < 0 (5.15)
Since % is a monotonically increasing function with v,,,, we have
(n—1)log (—L—) <~,, < (n—1)1 (5.16)
n—1)lo n —1)logcp. .
g IOg cp Vopt gcp

Then we conclude that v, = (n — 1)logcp — o(logcp). This validates our observation. This

result is also conf rmed by simulations in Section 5.6.

5.5.3 Achievable Diversity

In this part, we analyze the diversity order achieved by relay assignment with quantized CSI

based on the asymptotic E2E BER and the optimal threshold function derived in subsections A and
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B. For comparison purposes, we also include the diversity analysis of relay assignment with full
CSI.
We adopt the following generalized measure of diversity defned in [71] d = (d;, d3), where d;

and d are the frst-order diversity and second-order diversity, respectively. They are given as

log(BE
iy = — lim 28BER) (5.17)
p—oo  log(p)
and
4, — _hmlog(BER) + dy log(p). (5.18)
p—oc log log(p)

As we can see from the def nition, the generalized diversity measure not only encapsulates the
conventional one as the frst-order diversity but also incorporates the second-order diversity which

captures the log p? term in the error rate expression and its effect on the performance.

Proposition 5.1 Subset selection with quantized CSI can achieve diversity order of (n, —(n — 1)).
Proof. From (5.8), we have

Pesv = P& + P, (5.19)

n—1 —
where PY = Zf;n and PY = %. Plugging v,,, = (n — 1)logcp into Py and P3”,

respectively, we have

((n—1)logep)" "

P =
1 4pn

, (5.20)

and

as 1
PS = o (5.21)

Plugging (5.20) into (5.17) and (5.18) and after some simple algebraic manipulations, we can
obtain the diversity achieved by PY, which is (n, —(n — 1)). Similarly, plugging (5.21) into
(5.17) and (5.18), we obtain the diversity for P.y", which is (n, 0). Since the performance of P*Y
in (5.19) is dominated by the term with the lower diversity order, we conclude that subset selection

with quantized CSI and one threshold can achieve a diversity order of (n, —(n—1)). Since the BER
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performance of one threshold is an upper bound on the BER performance of multiple thresholds,
we can also conclude that the subset selection with quantized CSI can achieve diversity order of
(n, —(n — 1)) which is stated in Proposition 5. 1. Therefore, the diversity order of subset selection

with quantized CSI is at least (n, —(n — 1)) for any number of quantization levels.

Till now, we have analyzed the asymptotic performance of subset selection. Since the BER
performance of subset selection is an upper bound on that of fullset selection, we conclude that

fullset selection can also achieve the same asymptotic performance.

Proposition 5.2 Subset selection with full CSI can achieve diversity order of (n,0).
Proof. The E2E BER in terms of the worst E2E SNR for subset selection with full CSI can be

expressed as
1
P, = / §erfc\/phfhk*ymm (h) dh, (5.22)
0

where f,. ... (h) is the pdf of the worst E2E channel gain corresponding to the selected assign-

ment choice, which can be expressed as [31]

f, (h) = ne 2mh(1 — ¢ 2mhyn=1, (5.23)

'k* min

Then plugging (5.23) into (5.22), we have

P. = / %erfc\/p_h [ne™2m"(1 — e ™1 dh

0

1
< / 1 [ne~(Pr2mh(1 — e=2mmyn=1] gp, (5.24)
0
I n !
n! P .
- P 1) 5.25
8771(@,11(2771jLZjL ) (5-23)
| n
< m@mP1l (5.26)
8m  p"

where (5.24) follows from erfc/x < %e’z and (5.25) follows from Equation B.1 in [77]. Plugging

(5.26) into (5.17) and (5.18), we obtain d; = n and ds = 0. As such, subset selection with full CSI
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can achieve diversity order of (n,0). Since the BER performance of subset selection is an upper
bound on that of fullset selection, we conclude that fullset selection can also achieve diversity (n,

0). m

Therefore, relay assignment with limited feedback suffers from a second-order diversity loss
compared to relay assignment with full CSI. This fact is also conf rmed by simulations in the next

section.

5.6 Simulation Results

We present in this section numerical examples that aim at validating the E2E BER expressions
derived for fullset and subset selection. The performance of relay assignment with quantized CSI
and full CSI are also compared. Throughout the simulations, we assume all channel variances
are set to 0.25 and all nodes use BPSK.> The curves in this part are generated by using the exact
optimal thresholds, which are obtained by minimizing the E2E BER expressions.

In Fig. 5.2, we show the performance results for a network with m = 2 and n = 3 for subset
selection. We also include the curves obtained by using p—lg, and (105—3”)2. They are used as references
since these two curves achieve diversity (3, 0) and (3, —2), respectively. By comparing the slopes
of the curves, subset selection with full CSI and limited feedback achieve the achievable diversity
gains (3, 0) and (3, —2), respectively, which is expected. This conf rms our analysis of diversity.
In addition, we can see the degradation in SNR due to using only quantized CSI, which is about
3 dB at BER 10~ for one threshold. This degradation diminishes as the number of thresholds
increases from 1 to 3. Finally, we can also see the perfect match between theory and simulations,
which validates the derived BER expression for subset selection.

The BER performance for fullset selection with m = 2 and n = 3 is shown in Fig. 5.3, with

®We remark that these assumptions are used merely to demonstrate the eff cacy of the proposed schemes. That is,
the proposed schemes and the conclusions do not depend on the modulation scheme adopted.
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similar obervations. We observe fullset selection with limited feedback also achieves diversity gain
(3, —2). As expected, the performance improves as the number of thresholds increases. In addition,
the simulation results match the theoretical results, which validates the derived BER expression for

fullset selection.

T
2 7 —<—n=2
1074 —#— subset n=4 []|
—b— fullset n=4
—+— subset n=10
107 —o— fullset n=10

bit error rate

Figure 5.4: Theoretical bit error rate performance comparison between the fullset selection and
subset selection.

In Fig. 5.4, we present the theoretical BER performance for the following cases: m = 2 and
n = 2, 4, 10. We consider both fullset selection and subset selection. As shown in the f gure,
fullset selection achieves the same diversity as subset selection. We can also see the degradation
in SNR due to the subset selection scheme, which is about 2 dB at BER 107 for n = 4.

In Fig. 5.5, we demonstrate the optimal threshold values and their corresponding asymptotic
values as a function of p for the following cases: m = 2 and n = 2, 3, 4. For all cases, we
consider the case of one threshold. For the asymptotic optimal thresholds, we use the function

(n— 1)log<g‘;%p> by setting ¢ = 0.22, ¢ = 0.058 and ¢ = 0.0336 for n = 2, 3 and 4, respectively.
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Figure 5.6: Comparision of the optimal threshold values as a function of p for subset selection and

fullset selection.
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It shows that the asymptotic values perfectly match the exact ones, which validates our observation
for the form of the optimal threshold in Section 5.5. We also notice that the optimal thresholds
increase as p and n increase.

In Fig. 5.6, we compare the values of the optimal thresholds for fullset selection and subset
selection with m = 2, and n = 3, 4. We consider the case when there is one threshold. As can
be seen in the f gure, the curves for fullset selection and subset selection are parallel. It indicates
that they have the same asymptotic optimal threshold function. In addition, the threshold value of

fullset selection is greater than that of subset selection for the same n.

5.7 Conclusions

In this chapter, we presented a limited feedback quantization strategy and the corresponding
relay assignment schemes for relay networks comprising multiple source-destination pairs. We
examined two assignment schemes, fullset selection, which is based on searching over all possible
assignment permutations, and subset selection, which is based on searching over only a subset on
the possible permutations. We have derived BER expressions for both selection schemes based
on the worst E2E SNR. By studying the asymptotic performance at high SNR, we found that the
asymptotic optimal threshold function is in the form of (n — 1)logcp. We also compared the
performance of relay assignment with limited feedback and full CSI in terms of the achievable di-
versity order and resulting E2E BER. For the diversity analysis, we adopted a generalized measure
of diversity and showed that they can achieve diversity gains (n, —(n—1)) and (n, 0), respectively.
So there is a second-order diversity loss if only quantized CSI is available. As for the E2E BER,

we observed that little loss in performance was experienced as compared to that of full CSI.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Cooperative communications has proven to be an effective way to combat wireless fading by
allowing mobile nodes to share their antennas to achieve spatial diversity. However, for practi-
cal reasons, cooperative nodes should operate in a half-duplex mode, implying a loss in spectral
eff ciency. In this thesis, we focused on proposing relaying strategies to mitigate the spectral ef-
fciency loss and achieve the diversity potential of cooperative communications. We considered
two-way relay channels and addressed the challenge of coping with asymmetric data rates in two-
way relaying. In addition, we studied the impact of quantized CSI on the performance of relay
assignment.

Specif cally, several relaying strategies for two-way relaying with asymmetric data rates have
been proposed and their performance has been analyzed and compared. Moreover, a practical
limited feedback strategy in conjunction with relay assignment has been designed and the impacted
of limited feedback on the performance of relay assignment has been evaluated.

In Chapter 3, a HZPNC scheme has been designed for two-way relaying with asymmetric data

rates. This involves employing hierarchical modulation by the user with the higher data rate and at
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the relay, while padding zeros at specif ¢ positions of the shorter bit sequence at the relay. A OUS
scheme, which exploits the inherent multiuser nature of two-way relaying has also been studied.
For this scheme, only one user with the best E2E instantaneous SNR transmits at a time. The
BER, access probability and throughput of the HZPNC and OUS schemes have been evaluated
analytically.

In Chapter 4, a HNCOUS scheme has been proposed for two-way relaying with an effort to
exploit both spectral eff ciency and multiuser diversity. It is a combination of HZPNC scheme
and OUS scheme. In particular, for a given threshold +,;,, if both instantaneous E2E SNRs are
above +,;,, both users transmit and HZPNC is used; otherwise, OUS is employed. The BER,
access probability and throughput of the HNCOUS scheme has been evaluated analytically. It
has been shown that our proposed HNCOUS scheme have the better E2E BER performance than
that of HZPNC and OUS. In addition, its throughput approach that of HZPNC at high SNR. The
asymptotic E2E BER performance of HNCOUS at high SNR for both users is also examined. It is
shown that the proposed scheme achieves full diversity, which is the number of available users

In Chapter 5, a limited feedback quantization strategy and the corresponding relay assignment
schemes have been presented. In this strategy, each destination acquires its SNR, quantizes it,
and feeds it back to the relays. The relays then construct the E2E SNR table and select the relay
assignment permutation from all possible relay assignment permutations or only a subset of these
permutations. The asymptotic BER performance at high SNR in terms of the worst E2E SNR
among all pairs has been analyzed. The optimal threshold values that minimize the E2E BER under
quantized CSI assumptions at the relays have been derived analytically. It has been observed that
the optimal threshold increases logarithmically with the average link SNRs. The BER performance
of relay assignment with quantized CSI have also been evaluated and it has been shown that the
optimal quantized levels can improve BER signf cantly. It has been proven that relay assignment

with quantized CSI can achieve the same f rst-order diversity as that of the full CSI case, but there
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is a second-order diversity loss.

6.2 Future Work

6.2.1 Extending the Performance Analysis of Our Proposed Schemes to Other

Scenarios

In Chapters 3 and 4, we proposed the HZPNC, OUS and HNCOUS schemes for two-way
relaying with asymmetric data rates. We examined the proposed schemes in terms of BER, access
probability and throughput for cooperative networks with two users communicating with each
other via a relay, i.e., two-way communication. For simplicity, we assumed that there is no direct
path between the two users. In addition, the CSI is assumed to be perfectly known. As we can
see, there are several assumptions. Therefore, investigating our proposed schemes without these
assumptions can be another topic for future studies.

When the direct path is considered, the challenge would be how to control error propagation at
the destination. Another challenge is when one considers multiple hops. In our analysis, we only
derived E2E BER expressions, the performance of outage probability can also be investigated.
Also, the analysis of HZPNC, OUS and HNCOUS can be extended to networks that have multiple
relays. Specif cally, the performance with relay selection can be analyzed. Finally, the performance
of the proposed schemes with imperfect CSI estimation can be investigated. The BER analysis
performed in Chapter 5 are based on the worst E2E SNR among all pairs. Deriving the exact E2E

BER of each pair can be another topic for future studies.
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6.2.2 Investigation of the Proposed Schemes in the Context of Variable Rate

Transmission

Adaptive modulation refers to the scenario when the transmitter adjusts the modulation scheme
according to the quality of the channel. As a practical way to improve the spectral eff ciency [82],
one may combine cooperative diversity and adaptive modulation.

The performance of repetition-based cooperative relaying with adaptive modulation is studied
in [85]. In order to reduce the spectral loss caused by orthogonal channels for relaying transmis-
sion, the authors in [86] investigated opportunistic incremental cooperative relaying in conjunction
with adaptive modulation. But in [86], since the source-to-destination link is used as long as it can
support the minimum data rate, the spectral eff ciency is not maximized. In contrast, the authors
studied an adaptive modulation scheme to maximize the spectral eff ciency for an AF cooperative
system with multiple relays. Adaptive modulation combined with best relay selection for AF re-
laying and DF relaying are investigated in [87] and [88], respectively. In [89], the authors studied
the two-way AF relaying with adaptive modulation and analyze its performance in terms of the
average spectral eff ciency.

As we can see, there is no work for two-way DF relaying with adaptive modulation. Therefore,
extending our proposed schemes to use adaptive modulation can be one topic for future studies.
That is, when each user adapts its transmission rate depending on the channel quality and band-

width availability.

6.2.3 Design Spatial Modulation (SM)-based Asymmetric Two-way Relay-

ing Schemes

Spatial modulation (SM) is a new modulation scheme proposed recently for multiple-input

multiple-output (MIMO) systems [90]-[93]. In SM, the antenna indices are employed to convey
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information. SM-based MIMO has advantages over the convention MIMO systems in the aspects
of inter-channel interference (ICI), inter-antenna synchronization, number of radio frequency (RF)
chains and energy consumption.

Due to its promising application, SM has received lots of investigations recently. Most of the
work done focused on point-to-point and one-way relaying [94]-[101]. Therefore, SM for two-
way relaying can be considered as future work. In light of the high energy eff ciency potential of
SM, we believe that it is promising to achieve both spectral eff ciency and energy eff ciency for

SM-based asymmetric two-way relaying schemes.
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Appendix A Derivations for Chapter 3

A.1 Proof of Equation (3.24)

The pdf of v,,,, given ~y; > ~; can be expressed as

yisy; (Yim) = / Frimbri=y (im) £, (A.1)
0

Vi >fyj (f}/) d/77

f,

im | li

where v, = min(v,,,,V,;,) for i, j,n,m = 1,2 where i # j, and m # n. The pdf of v,,, and ~, is

given in (3.1) and (3.2). Thus (A.1) can be further expressed as [82]

I 1 —gim
5, e Yim = e TYin = e Yime Yin
— 1m 17 2Mm
ooy i) = | T, O B ), (A2)
0 Vi i

where i, j,n,m = 1,2, and ¢ # j, m # n. The conditional cumulative distribution function (CDF)

F(v, hi > ;) can be expressed as
Pr(v; <7, v > ;)
= A3
"> ) Pr(vi > ;) (A3)

Vi

By using the law of total probability, the numerator in (A.3) is given by

5 %11 (1 — ef(wlﬁ”lﬂ)y) )

P(')/ <7/yl>/y‘] /_e_ﬁ_id%/_—eﬁjd’ijI—e W—rl 1
j Viz, T35
(A.4)
and the denominator is given by
7,
P.(v;, >v; —e ”sz —e T —. A5
(vi > ;) = j / Nn=5 5 (A.5)
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Plugging (A.4) and (A.5) into (A.3), we can derive the conditional CDF F7 (7). The condi-

Yi>j

i

tional pdf f% e, () is obtained by taking the derivative of E e, (y) as
I A e A e e o
o, () = == (_< €T —ge Y (A.6)

Plugging (A.6) into (A.2) and carrying out the integration, we can get

7271(77, _'_ 7‘7) *—L’yim 7(—L,+—L)7im)

= e Yim — € Vi 73

I —
7 Yim Vi Vin + ’Yj)

: (A7)

Yi>75 (’YZm)

im

where 7, j,n,m = 1,2 where i # j,m # n.
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Appendix B Derivations for Chapter 4

B.1 Proof of Lemma 4.1

According to the proposed scheme, if both instantaneous E2E SNRs of the two users are above
Y., both users transmit using HZPNC. In this case, three time-slots are needed for two new trans-
missions. In contrast, if either instantaneous E2E SNRs of the two users is below a threshold ~,;,,
only the better user transmits. Then two time-slots are needed per transmission. To elaborate,
let us assume, without loss of generality, that the coherence time is six time slots (of course the
coherence time is normally much larger than this; this is used merely for illustration purposes.)
When HZPNC is used, two new transmissions are completed per coherence time, whereas three
new transmissions are completed for the same duration for the OUS case.

Given the hybrid nature of our proposed scheme, errors can occur when HZPNC or OUS is
used. Let N4 and Nj;; ¢ represent the number of decoded errors and number of transmitted bits
when OUS is used, respectively. Similarly, let N§ and N represent the number of decoded
errors and number of transmitted bits when HZPNC is used, respectively. As such, the E2E BER

corresponding to user .S; can be expressed as

Néus + Nie
Nops + Nio
NJQ/C x Pl(e; \min(%%) > Vi) + N(b)US x P(e; ‘%’ >V < Yin )

_ . B
Noys + Nie

P =
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where P(¢; }min(*yl-, 7;) > Vs ) is the BER corresponding to S;, conditioned on min(vy;, ;) > Y4,
and P(g; hi > 7;,7; < Vs ) is the BER corresponding to S;, conditioned on y; > 7,,7; < V4,

Let us assume that the number of coherent time-slots is A and the number of bits transmitted
during this coherence time is B; per transmission for S;. Thus, N} and N} 4 for S; can be
written as

N}e = 2AB; P.(min(v;,7,) > V), (B.2)

and

NgUS = 3AB;P(; > ViV < Yin)s (B.3)

respectively. P.(min(vy;,7;) > 74,) and P.(y; > 7;,7; < 7;,) are the probabilities of using NC

and OUS, respectively, which are derived as

1w [1 (2L
Pr(min(vy;,7;) > v) = [ e Tidy; [ —e #d%' =e &t )%ha (B.4)
Vi Vj
Yth Yth !
and
P, Ty, [ ZeFdy = =i (1= G B.S
(Vi > 7557 <Ym) = —e J% =€ 1%—7#% —e i . (BY)
5
Plugging (B.2), (B.3) into (B.1), we obtain (4.3).
B.2 Proof of Lemma 4.2
The BER over any of the links can be expressed as
(gzm h/zm > fYth = /P4 QAM f}/zm f%m‘%m>%h (f}/zm) d/yznw (B6)
0
and
P(‘C:Zfz h/zm > 7th> = /‘Peél,{éfQAM(inm)f%m’Yim>%h (7@m> d7@m7 (B7)

0
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where PA~QAM(y. Y and P’ 2;6 QM (. ) are the exact conditional BER for 4-QAM and the HP

bits of 4/16-QAM, conditioned on the instantaneous SNR, and are given by [83]

1
PN (i) = Serfe i, (B.8)
and [43]
4/16—QAM 11 2(d?> —2d+1) 1 2(d®>+2d+1)
Pe,hp (’YZm) - 5 [§erfc\/ 1+ d2 Vim T §erfc 1+ d2 Yim | » (B9)

respectively, where d is the constellation priority parameter and f,. |, -, (7;,) is the condi-
tional pdf of v,,, conditioned on ~,,, > 7,,, which is derived as

1

1
= Yth e Fim

inm

Fom Yim (B.10)

fvimhim>’yth (’Ylm) = G'Ylm

Plugging (B.8) and (B.10) into (B.6), we obtain (4.5). Similarly, plugging (B.9) and (B.10)

into (B.7) and integrating by parts, we obtain (4.6).

B.3 Proof of Lemma 4.3

The BER over any of the links for the LP bits can be expressed as

pi/16- AM
P(‘gifn |/77,m > /yth / el/p Q zm)f’yim\%m>%h (72m> dezm’ (Bl 1)
0
where P: {; 6= QAM(%m) is the exact conditional BER for the LP bits, conditioned on the instanta-

neous SNR, for the 4/16-QAM modulation, and is given by [43]

) / 24 — 4d + 1)
4/16—QAM
Pe7l/p (f}/zm = —erfc d2 T Yim T3 erfC\/ 14+ d2 Yim

2(4d> + 4d + 1)
im- B.12

—56 rfc

Then plugging (B.10) and (B.12) into (B.11) and carrying out the integration, we obtain (4.10).
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B.4 Proof of Lemma 4.4

For the M-QAM modulation, the BER over any of the links can be expressed as

[e.o]

Ezm ‘71 > 7]77] < fYth) /PM QAM(Vim)f’Y
0

im | Vi>Yj Vi<Tth

where i, j,n,m = 1,2, and i # j,m # n, PM=M(~, ) is the exact conditional BER, conditioned

on the instantaneous SNR, and is given by [83]

) = i 5 % e Gt )

erfe (2¢+1)\/ 31°g2(m>)%m) : (B.14)

p-on

2(M —1

and f, |y <+, (7im) is the conditional pdf of +;,, conditioned on ;,,, > ,;,, which is derived in

(B.25) and (B.26) in Lemma 4.5. Note that the pdfs f7 (7V,m) have different expres-

WZ>W] Y4 <7Vth

sions for v;,, < v, and v;,, > ;. Therefore, (B.13) can be rewritten as

Yth

Pleim [ > 1527 < V) = / POy p

0
oo

/ Py, )

Yth

(Yim)

MY >Y5 Y5 <Vth

(Yim) - (B.I5)

zm|'vz>'vj i <Vtn

Plugging (B.14), (B.25) and (B.26) into (B.15) and carrying out the integration, we obtain (4.12).

B.5 Proof of Lemma 4.5

The pdf of v,,,,, given y; > ~; v; < Y4,, can be expressed as

o0

Y>35 <Vth (7””) - /f7¢m|7i—7 (71m> f%.

0

f, (B.16)

im

Y>35 <Vth (7) de’
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where «y, = min(vy,,,,,7;,) fori, j,n,m = 1,2 and i # j, m # n. The pdfs of v,,, and , are given

in (4.1) and (4.2), respectively. Then (B.16) can be further expressed as [82]

_Yin

1 o1 =
——¢€ Yim =—¢ Yin
. Yim YVin d
m|Yi>75 75 <Vth (i) / ie_% f7i‘7i>7j Vi <TVih (V)dy
0 i

1 _Yim _ Yin
—¢c Yim e Yin
Yim
+ 1 e_vﬁz'm' f7i|7i>’7j77j<7th (f)/zm)
i
i

The conditional CDF of v,, conditioned on ~y; > v, and y; < 74, is defned as

(B.17)

() = P00 <0 %> 95275 < ) (B.18)
V>V <Vth Pr(f)/z > 7]7 7] < f)/th) . .

F
Vi

By using the law of total probability, the numerator in (B.18) is given by

P(vi < %% > <Ywm)
= Py < v >90% <vwm) B0 < Y > V5% > V)

Pr(f}/z <7, Vi > 7j)7 7 < Yin

Po(vi <Yns 7 > 05) F B0 < v > Yo Y < Yew)s V> Y

(B.19)

where

Po(vi < mv>v)= /—6 ”Zdv /—e ”de
i (1—6‘(% ., (B.20)
and
Yin Vi
1 R
P(vi < Yavi>5)= [ =€ Wd%/_—e i dy;
, Vi 4 Vj

_—L.'Yth _ /y.] (1 _ 6_(%+%)’Yth> , (B.zl)

and

'Yl = %hl 7;1:
Pe(vi < 77 > v <m) = | € Wd%/ie i dry;
J
0

7
Vth
= (e —e T (1- e‘%”ﬂ . (B.22)
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The denominator in (B.18) is given by
+

Yth o)
1 -2 1 _u
) Vi Yi
Tj

(1 . <—>> |

_

Ot

Plugging (B.20), (B.21), (B.22) and (B.23) into (B.18), we can derive the conditional CDF F!

The conditional pdf fv-\v->v- <
i) I VAN

(B.23)

ViV <Vth <7) ’

Vi

() is given by taking derivative of E [— (v) as

( — = 1.
wjz“fz' e*;im
i
7<_L+_L>W s Vi < Ven
f (fy) = loe \7i 75)7th (B24)
Vi /Y'L>,Yj7’7j<7th v i+ Y —==Yth
Lle Vit |1—e VI
- %>
(1.1 9 i th
\ 1—e (“fﬁ%)%h
Then for v,,, > 7,,, (B.17) can be further expressed as
_ % Vi m4m., L (A
Tip_1 e T L, ﬁ”;”l(e 57 _ e (s; 7
_ Vim in i
’yim‘w->w-'v-<w (Vzm) N -1 —(Z+= )1 d”}/
AR A 4 ?6 Yi 1—¢ ‘7 7j
Vi —Zim _din F4y; —L Ly
zm%e "/imﬁ e Yin 7_27J€ %«'7(1 e i th)
im in [
+ 1 -2t —(5-+= )7 dy
=—e i — Vi V5
Vth Vi Z 1—e ’
] —dim _Jin Ay, =y 5 Vth
—e Yime Yin Tle v zm(l e i )
+’Yim i
_ i (L1
%6 i 1 —e (7i+7j )’Yth
_ — — *(—1, JF—L.)'Vth
Vin (% + 73‘) (1 —e Tin 1
= D e Tim M (B.25)
—  — — - = )Yth
Yim Vi (Vin +7;) (1 —e )
and for v,,, < 7,5, (B.17) can be further expressed as
Vi — Jim ~Yin F47, , -4 —(L 4L
Tl oTFm LT i 27] (6 77— e (5 ~; )7)
’ (,ylm) — Yim 71/7; 7 T d,y
im v >75,75 <7th J %e_ﬁ_i 1 67(% 5 MVen
1
_Yim  _din m.4m., _ L1 —(24+LHv,
71 e e 74-27](6 T Vim _ o (= vj)%m)
+ 1M _le 7 _(_+L)
_le i 1—e "7 7 Tth
Yi
e
- (B.26)

YVim Vi Vin +7;) (1 —e
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where 7, j,n,m = 1,2 and i # j,m # n.
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Appendix C Derivations for Chapter 5

C.1 Proof of Lemma 5.1

For subset selection, 7, ..;,, varies identically and independently and its pdf for a network with

m pairs and n relays can be expressed as [31]

f

Ymin

(Vmin) = =—€ Tmin, (C.1)

where 7, = 218D Since the instantaneous SNR range [0, oc] is divided by N — 1 thresh-
min mMYsrRTYRD

olds, v, (I = 1,2,..., N—1), there are N quantization levels. If the worst E2E SNR of the selected

choice ;.- belongs to the quantization level [7,,;, Ve +1)} , it means that at least one of 7, i,

,min>»

belongs to this quantization level and no v, ,.,;, are greater than -, ). For the probability term

in (5.4) when | = 0, i.€., Ypu iy 18 less than v, it means that all v, ;,, are less than v,;,;. Then

,min

we have

PT(’Yk’ﬂmin < /ythl)

= (PT(’Ymin < /ythl)n
Yth1
1 Ymin

- 6_ Tmin d/ymin

min

_ <1 _ 6‘%)" (C.2)
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When [ > 1, the probability terms in (5.4) can be expressed as

Pr(Ve < Viermin < Vens1))

n

n! ; .
= Z —), (Pr(’Ythz < Ymin < ’Yth(z+1)))] (Pr(Yomin < Yer))"™’

| _
=M=
" | Vth(i+1) ) J Ythl 1 n=j
n! __ JYmin _ Ymin

= Z / € Tmin demln /— € 7min d/ymin

j=1 j (TL .]) fYIIllIl 3 min

Ythi

- n! _ Othl _ Jth(41) J _ th \

= Y (e e e ) (1) (C3)

The BER conditioned on 7;;,; < 7jr min < Ven+1) €an be expressed as

oo

‘fYthl < Vi ,min < 7th(l+1 ) /d erfe V ameln Yimin
0

(C.4)

d
Vet <Vmin <Vth(1+1) ("}/mm) Vmin

where f

Ymin

(Vmin) 18 the conditional pdf of v, conditioned on 7,;,; < Vi <

Vtht <VYmin <7Vth(l+1)

Yen(i+1)> Which is derived as

¢ T Tmin. (C.5)

( ) 1 1
< Ain < Vmin _ — 1
Ythl <Vmin <Vth(I+1) e Wmm =—"Ythl —e _W—min Yeh(i+1) /y in

Ymin
Plugging (C.5) into (C.4) and carrying out the integration, we obtain

d

— € 'Ymm

P(e hthl < Vi*,min < ’Yth(l+1)> = I(aﬁmina%hla%h(wl))- (C.6)

1
—=_Vthl

€ Tmin = Yth(i+1)

Plugging (C.2), (C.3) and (C.6) into (5.4) and then into (5.3) yields (5.5), which completes the
proof.
Note that the obtained results can be adapted to other modulation schemes. For instance, for

M-QAM, the exact BER, conditioned on the instantaneous SNR, 7, is given by [83]

M—QAM 1 iz -1 i- 2kt 1
G AP ORI (e Canl et
-erfc | (20 + 1) 5 1;)(%]\2/}{7))7



Therefore, the analysis in this work can be directly extended to M-QAM by setting a = (2i +
logy (VM) (1—27%)/M—1

1)23120(‘51\?‘4—(1\/_) and d = \/_10g2(\/_ Z Z (—1)L?/ICA_;1J X <2k_1 - Vf/kﬁq + %J) :
C.2 Proof of Lemma 5.2

Since there are correlations among vy, ..;,, for different k, the calculation of the selected worst
E2E BER cannot be done in the same way as that of subset selection. Alternatively, we can cal-
culate the probability terms in Equation (5.4) in the following way. We f rst derive the probability
terms for the case when there is only one threshold, v,;,; ({ = 1,2,..., N — 1). Then we generalize
it to multiple thresholds. In the case of one threshold, the quantized CSIs are only distinguished
by whether they are greater or less than v,;;. As a consequence, the selected worst E2E SNR, i.e.,
Yk min> €an only be either greater or less than ~,,,. Let T" denote the number of ygj that are greater
than ,;,. Note that 7" is an integer. Since the total number of items in the E2E SNR matrix for a

network with two pairs and n relays is 2n, the probability terms for this case can be written as

2n

(Ve min > Yent) = Z PV i > Yo | T = 1) P (T = 1), (C.7)
t=0

and
2n

Pr(’Ykamin < Yem) = Z Pr(’Ykamin <Y [T =t)P.(T = 1), (C.8)

t=0

where P,.(T" = t) represents the probability of having exactly ¢ items greater than ~,,,, and

Pr(Vi+ min > Ve [T = t) is the probability that ~,. ., is greater than v, given that there are

t items greater than ~,;,,. Note that the pdf of the E2E SNR is given in (5.1). The term P.(T" = t)

in (C.7) and (C.8) can be derived as

0 U i 2n—t
2n! 1 2 1 2
P(T = t)= 77— —e 7d —e 7d
( ) =7 (2n — 1) /76 7 /76 7
thi 0
2n! vl e 2n—t
= e (1) 9
t(2n —1)° ( ¢ €9



For 0 < T <1, since vy« i, 18 always less than «,;,; in this case, we have

Pr(’Yk*,min > Y [0<T <1) =0, (C.10)

and

Pr(Yermin < Y [0S T <1) =1. (C.11)

For T' = 2, we fnd that v,. ;, will be greater than v,;;, once the two items that are greater than

,min

n!

(o)1 TOWs in the fullset

v, are on the same row in the E2E SNR matrix. Since there are a total of

E2E SNR matrix, we have

PV min > Y 1T = 2) = =57, (C.12)
2(2n—2)!
and
2n/! _ n!
2(2n—2)! n—2)!
Pr(Vir min < Y | T =2) = ( )gn! =)y (C.13)
2(2n—2)!

For 2 < T < n, we observe that v,. ... will be less than ,;, if the items that are greater than v,

,min

are in the same column of the E2E SNR matrix. Otherwise, v ,,;, Will be greater than ,;; in this

,min
case. Since the total number of non identical items in one column is n and there are two columns

in the matrix, we have

2n! n!

—2
PV min > Y 12 <T <n) = Aty 2! 2nt) ) (C.14)

t!(2n—t)!

and
n!

I(n—t)!

Pr(Ygomin < Y |2 < T <) =~ (C.15)

t!(2n—t)!

Forn <T < 2n, v+ nin Will always be greater than v,;,; in this case. Then we have

Pr(%*,min >y n <T <2n) =1, (C.16)

and

PT(fYk,‘*Jnin < f}/thl |n < T S 2”) - O (C.17)
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Then plugging (C.9)-(C.17) into C.7) and C.8), we obtain the expressions for B (Y min < Vint)
which s given in (5.7) and P, (j« min > Vi) By replacing v, with 7,41y, we obtain P (7« iy >
Yin+1)) @s expressed in (5.6). Now we generalize the results of one threshold to multiple thresh-

olds. By observing that

Pr(Vint < Vermin < Vi) = 1= Pr(Veemin > Vens1) = Pr (Ve min < Vent)s (C.18)

we can indirectly calculate the probability term in (5.4) from (C.18). Note that we can also use
Pr(Yen < Ve min < %h(l+1)) = Pr(Vir min > Yert) — Pr (Vi mnin > %h(lﬂ)) of Pr(Veny < Vi min <
Yen1)) = Pr(Viemin < Yeng+1)) = Pr(V min < Vo) Then we obtain a closed-form expression

for P, as expressed in Lemma 5. 2.

C.3 Proof of Lemma 5.3

According to the E2E BER given in (5.3) for subset selection, the E2E BER with one threshold
is given as

P6:P60+P617

where P, and P,; are the BERs that . is less and greater than +,,,, respectively. According

to (5.4), (C.2), (C.4) and (C.5), P, can be expressed as

Yth 1

Py = (1—6 Wp . _m/ —erfc\/f_y e pdv
—e

Jth

1—e ,,) / —erfcﬁ e rdy
0

<

/~ N
3

—1 001 1
< Tth o / “e e v dy (C.19)
n—1 0 4 P

i)
3

=1
< e (C.20)
4p"

where (C.19) follows from the fact that 1 — e=* < z and erfc\/z < %e*‘”. Since the asymptotic

behavior will not be changed by the assumption of the symmetric channels and modulation scheme
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[77], we simply assume 7, ;, = p by assuming that the equivalent worst E2E channel gains are
modeled as zero mean, unit variance complex Gaussian random variables. We also assume BPSK

in this part. According to (5.4), (C.4) and (C.5), P.; can be expressed as

o0

1 1
Pa = Rlia > 1a)e? [ Gerfey/re iy
’ p

Yth

r1 1
< e%””t/;arfcﬁ—e%dy (C.21)
p
Yth
o1
< e%%h/—e”—e%dv (C.22)
4 p
Yth
— 1 e ih
4(1+ p)
1
< Lo (C23)

4p

where (C.21) follows from knowing that the probability that ;. > ,, 1s less than one and

,min

(C.22) follows from erfc/z < %e‘x. Then plugging (C.23) and (C.20) into (5.3), yields the

asymptotic E2E BER for subset selection, which is given by (5.8). This completes the proof.
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