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Abstract

In this thesis, we study.a relay selection (RS) problem in multi-user two-way
cooperative relaying systems which multiuser interference.is involved. Different from the
most research activities, we investigate a more practical scenario which consists of
multiple users, multiple relays and a single destination. Regarding the sources and the
destination as the mobile handsets and base station, respectively, this scenario is more
similar to communication systems in reality compared with those consisting of only one
source and one destination. On the other hand, we take multiuser interference into
account, however, it is not the case for the most works. Channel orthogonality is assumed
frequently in many studies to avoid interference. Nevertheless, such assumption is not so
realistic and degrades the bandwidth efficiency. To be closer to reality or more bandwidth
efficient, taking the multiuser interference into consideration is necessary. In our work,
we consider a code division multiple access (CDMA) system with non-orthogonal
spreading sequences. Since signal to interference-plus-noise ratio (SINR) is a benchmark
of communication quality, RS based on maximizing the SINR of worse link is performed
in our study. Besides, aiming at mitigating the interference, we consider the design of
linear filter at each relay as well. The result shows that the linear filter is similar to

minimum mean-square error (MMSE) detectors. Furthermore, we simulate the proposed



scheme with several different parameters such as the number of users and relays, and the
length of spreading sequences. Also, we compare the proposed relay selection method
with random relay selection approach, and the result shows that our proposed method has

better performance in terms of the bit error rate.
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Chapter 1

Introduction

1.1 Motivation

The idea of communications with.cooperative relays has-attracted much attention recently
for the sake of its ability to combat channel fading and to implement an environment of
multiple transmit antennas in.a distributed fashion. Depending on the number of infor-
mation flows, there exist two different communication schemes. One is the unidirectional
relay network, and the other is the bidirectional relay network. In unidirectional relay
networks, the information is transmitted from one of the end-sources to the other in a sin-
gle direction with the help of relay(s). On the other hand, in bidirectional relay networks,
two end-sources can exchange information through the relay(s) because information is
allowed to transmit in opposite directions. Due to the limited number of information
flows, unidirectional relay network requires more time slots to complete the information
exchange between two end-sources. Compared with unidirectional relay network, bidi-
rectional relay network is more bandwidth efficient. Since bandwidth is a scarce resource
in wireless communications, bidirectional relay network is more tempting than unidirec-
tional relay network under the consideration of bandwidth efficiency.

There have been considerable research activities putting attention on both relay net-
works. The works in [1] and [2] are related to unidirectional relay networks. In [1],
the authors presented a tutorial overview of cooperative communications. The authors

reviewed several of the main cooperative signaling methods such as detect-and-forward



method, amplify-and-forward approach and coded cooperation. Also, some important
challenges and practical issues were introduced. In [2], besides introducing the basic idea
of user cooperation, the authors proposed some possible user cooperation schemes and
analyzed their throughput based on information-theoretic concepts. The works in [3], [4]
and [5] are related to bidirectional relay networks. Both [3] and [4] considered a bidi-
rectional relay network in an amplify-and-forward mode. How to allocate power to all
relays optimally based on some criteria such as minimizing the conditional pairwise-error-
probability of the worst link and maximizing the instantaneously sum rate was discussed.
Simulation results in both works showed that full diversity can be achieved in the pro-
posed scenarios. In [5], the authors considered a bidirectional multi-relay network which
employing distributed space-time coding. Apart from two well-known relaying protocols
(e.g. amplify-and-forward and decode-and-forward), a new protocol termed as partial
decode-and-forward was proposed where each relay could remove part of the noise from
the received signal while keeping the channel effect. That is, the relay could decode the
combined received signal from two end-sources rather than decode them separately. The
achievable diversity order was.analyzed for all above schemes in [5].

When there exist multiple relays in a network, several strategies which utilize mul-
tiple relays can be employed. Distributed beamforming [6] [7], distributed space-time
coding [4] [5] and relay selection [8] [9] are developed for multi-relay networks. For the
first two strategies, the concepts based on maximum ratio combining are applied, thus,
each relay node needs to adjust their transmission phases before sending the signal for
coherent combining at the receiver. However, it is not the case for relay selection. Nei-
ther phase adjustment nor time/frequence synchronization should be required since only
a single relay is selected to assist the transmission. For the purpose of simple implemen-
tation, relay selection has been widely studied. It is worth noting that the relay selection
exhibits excellent performance with full diversity as well. Although relay selection has
attracted much attention, still few works investigate multi-user multi-relay networks. And
in such studies, how to assign a relay to a pre-determined partner or select the best source-
relay pair to access the channel are the main issues [10] [11]. Most works in multi-user

multi-relay networks neglect the effect of interference by assuming orthogonal channels.



Although the assumption simplifies the problems, it degrades the bandwidth efficiency of
the network. Motivated by this, we tackle a relay selection problem in multi-user two-
way cooperative relaying systems in which multi-user interference is involved. Our main
goal is to select the best relay based on maximizing the signal to interference-plus-noise
ratio (SINR) of the worse link. Furthermore, we investigate a more practical scenario
which consists of multiple sources, multiple relays and a destination which the sources

and destination can be regarded as the mobile handsets and base station, respectively.

1.2 Contributions of the Research

To the best of our knowledge, there is no work considering the same scenario which
consists of multiple users, multiple relays-and-only a single destination in bidirectional
relay network as ours. Nevertheless, the proposed scenario is meaningful. Regarding the
multi-source nodes and the destination-as mobile handsets and base station, respectively,
this scenario is more similar t0 the communication system in reality compared with those
consisting of only one source and one destination. On the other hand, we take multiuser
interference into account, which'is'not considered in the most research work related to
multiuser two-way relaying networks. Channel orthogonality is assumed frequently in
many studies to avoid interference. However, such assumption is not so realistic and de-
grades the bandwidth efficiency. To be closer to reality or more bandwidth efficient, taking
the multiuser interference into consideration is necessary. In our work, we consider a code
division multiple access (CDMA) system with nonorthogonal spreading sequences.Signal
to interference-plus-noise ratio is a benchmark of communication quality. For the sakes
of increasing SINR as well as facilitating the implementation, relay selection based on
maximizing the SINR of worse link is performed in our work. Besides, aiming at miti-
gating the interference, we consider the design of linear filter at each relay as well. The
result shows that the linear filter is similar to the minimum mean-squared error detector.
Furthermore, we simulate the proposed scheme with several different parameters such
as the number of users and relays, and the length of spreading sequences. Also, we

compare the proposed relay selection method with random relay selection approach, and



the result shows that our proposed method has better performance in terms of the bit error
rate.

To sum up, the contributions of research include:

e We develop a more realistic scenario in bidirectional relay network consisting of

multiple sources, multiple relays, and one destination.

e Relaxing the constraint of channel orthogonality, we perform relay selection while
taking the multiuser interference into account. Based on the selection criterion that
aims at maximizing the signal to interference-plus-noise ratio of the worse link, our
proposed scheme outperforms the random relay selection method in terms of the bit

error rate.

e The multiuser interference is mitigated by the linear filtering at each relay, which is

designed by maximizing the SINR of the worse link as well.



Chapter 2

Background Review

2.1 Relay Networks

In wireless communication, several challenges such aslimited energy, service coverage
and channel impairments caused by multi-path propagation and Doppler shifts should be
overcame. Relay networks have been proposed to conquer these difficulties by exploiting
the spatial diversity gains without the need of multiple antennas at each node [8] [12]. The
basic concepts of relay networks were.first introduced in [13]. Cover and El Gamal stud-
ied a network which consisted of a source, a destination and a single relay. The focus of
this work was on evaluating the channel capacities of the Gaussian relay channel and cer-
tain discrete relay channels based on the information theoretic properties. Different from
recent works, the analysis of capacity in [13] was an additive Gaussian channel noise,
however, fading channel is considered in most recent works [1]. The fundamental trans-
mission process of a relay network is as follows. At first time instant, the source sends
its information to the relay. The relay then processes the received signals and forwards
them to the destination. After properly combining (e.g., maximum ratio combining) the
signals sent from the source and relay at the destination, the advantages of the relay com-
munication such as spatial diversity can be achieved. In short, the relay communication is
recognized as an effective method to attain broader coverage range and mitigate channel
impairments due to fading.

Depending on the number of information flows, there exist two different network



configurations: one-way relay network and two-way relay network. In one-way relay net-
works, information is transmitted in a single direction from the source to the destination.
However, in two-way relay networks, the information is allowed to transmit in opposite
directions such that the two sources can exchange information with the aid of relays. In

the following, the concepts of one-way and two-way relay networks will be discussed.

2.1.1 One-Way Relay Networks

The fundamental concept of one-way relay network is that the information can only be
transmitted in one direction, i.e., from a source to a destination. A typical one-way relay
network consisting of a source, a destination and a single relay is depicted in Fig. 2.1. In
Fig. 2.1, the communication is established in two time slots with the aid of the relay node
R. In the first time slot, the source node S broadcasts its symbol to the relay and the in-
tended destination. Upon receiving the signal, the relay processes it based on some kinds
of relaying strategies to regenerate a new signal. After that, the relay retransmits the new
signal to the destination terminal D in the second time slot to complete the information
transmission.

Many relaying strategies have been.proposed-for relays to execute on their received
signals. Some of these techniques are amplify-and-forward (AF), decode-and-forward
(DF), compress-and-forward (CF), and estimate-and-forward (EF). Among these approaches,
AF and DF are the most well-known ones. In the AF scheme, each relay simply amplifies
its received signal and retransmits the amplified signal to the destination, whereas in the
DF scheme, each relay should detect the received signal and retransmits the detected sig-
nal. Following is an example to demonstrate the regenerated signals at relay nodes in AF
and DF schemes.

Example [12]
Consider the system model depicted in Fig. 2.1, but the direct link (i.e., S-D link) does
not exist for simplicity. In the first time interval, source S transmits its symbol x5 to the

relay node R. The received signal at the relay can be expressed as

Yr = hxs+n 2.1
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S:source  R:relay D: destination

Figure 2.1: A one-way relay network: source S transmits its information to the destination

D with the help of relay.

where h is the channel coefficient for S-R link, and n denotes the additive noise. In the
second time interval, the relay regenerates a new signal z, = f(y,) and transmits it to the
destination. The function f(-) stands for different relaying strategies. In AF scheme,

can be presented as

where [ is an amplified coefficient.. However, it is‘not the case for DF scheme. If DF

strategy is employed, =, can be shown as
Ty = T (2.3)

where 7, is the decoded symbol of z,.

All in all, the AF approach is more simpler than the DF method because signal de-
tection does not be needed at each relay in the AF approach. Therefore, the DF method
requires more processing power at the relays compared to the AF approach. There have
been a lot of works done on AF and DF relaying schemes. Although different strate-
gies are performed at relays, spatial diversity can be achieved for both relaying schemes
because of the reason that independent replicas of the source signal are received by the

destination if the direct link exists.
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S1, S2: source  R: relay

Figure 2.2: A two-way relay network: sources S and S, exchange information with each
other with the aid of the relay. (a) Traditional scheme. (b) TDBC scheme. (c) MABC

scheme.

2.1.2 Two-Way Relay Networks

In many applications of relay networks, two-end-sources may need to exchange informa-
tion with the aid of relays. The concept of two-way channels can be traced back to the
work of C. E. Shannon in 1961+ Shannon obtained an inner bound and an outer bound to
the rate region for a full-duplex scenario. However, no relay node existed in Shannon’s
work at that time. When the distance between two end-sources is so long that the direct
link between them is not available or when the channel quality between two end-sources
is poor, the communication between two end-sources is unreliable. Assisted by relays, a
more trustworthy communication can be established between two end-sources.

Since two-way relay network is more bandwidth efficient than one-way relay network,
it has received considerable attention recently. Several two-way relay network protocols
have been proposed: the traditional technique, the time division broadcast (TDBC) proto-
col and the multiple access broadcast schemes (MABC). A typical two-way relay network
consisting of two end-sources and one relay is depicted in Fig. 2.2. As shown in Fig. 2.2
(a), a traditional two-way relay network requires four time slots to accomplish the infor-
mation exchange between the two end-sources. In the first time slot, source .S, broadcasts
its symbol to the relay. Then, the relay retransmits a new signal to source .S, in the second
time slot after performing some kinds of relaying strategies at the received signal. In the
third and fourth time slots, the same procedures in the first two time slots are conducted

again. However, the information flow is from source S, to source S;. Consequently, this



traditional scheme is not bandwidth efficient. As shown in Fig. 2.2 (b), the TDBC proto-
col based on the concept of network coding reduces the number of time slots to three. In
the first two time slots, sources S and S5 transmit their symbols to the relay sequentially.
It is worth noting that the relay has to decode the received symbols and perform an XOR
operation on the decoded signals before retransmitting a new signal to sources S; and Ss.
In other words, if the transmitted symbols by sources S; and S; are x5, and z,,, then the
regenerated signal at the relay can be expressed as z, = 5, ® Z,, where T, and g,
denote the decoded symbols of x,, and z,, respectively. As a result, each source can
retrieve its desired signal easily by performing an XOR operation on the received signal
and its transmitted signal. Since the concept of network coding is used, the TDBC scheme
provides a throughput which is significantly higher than the traditional relaying scheme.
The MABC schemes are shown in Fig. «2.2/(c).. There are two well-known protocols
in the MABC schemes: the analog network coding (ANC) [14] and the physical-layer
network coding (PNC) [5] [15]. For both protocols, two time slots are required to ac-
complish the information exchange between the two end-sources. In the first time slot,
the two end-sources transmit their signals to the relay simultaneously. In the second time
slot, the relay retransmits the mixed version of two incoming signals. Compared with the
TDBC protocol, the MABC schemes have better bandwidth efficiency. However, under
a half-duplex constraint, the MABC schemes can not utilize the direct link between two
end-sources even if the link exists. To sum up, the MABC schemes are more bandwidth
efficient while the TDBC protocol can offer more reliable communication quality than
the MABC schemes because of the utilization of the direct link. For example, in Fig. 2.2,
the diversity order of the MABC schemes is one while that of the TDBC protocol is two

under a half-duplex constraint.

2.2 Relay Selection

When multiple relays exist in the network, several strategies which utilize multiple re-
lays are developed to achieve some desired goals. Those strategies including power al-

location [3] [10], distributed beamforming [6] [7], distributed space time coding [5] and



relay selection (RS) [8] [9] are widely studied in the literature. Some challenges will be
encountered when all relays participate in relaying. One of the problems is the interfer-
ence. Most of the works assume that the relays transmit on orthogonal channels such
that the interference can be avoided. However, this assumption reduces the capacity of
the network. Relaxing the orthogonality constraint can increase the capacity while the
implement complexity is raised as well. On the other hand, ideal frequency or time syn-
chronization across the relays should be taken into consideration if all relays are used
in the network. RS has been proposed and recognized as an effective method to over-
come these difficulties. Because of its ability to facilitate the system design and achieve
full diversity with less synchronization requirement and overhead, RS has attracted much
attention. Some works which relate to RS are introduced in the following paragraphs.
RS has been studied extensively for a one-way relay network consisting of a source, a
destination, and multiple relays. One most commonly used RS strategy is to select a sin-
gle best relay based on different objectives. In:[16]; a selective relaying scheme based on
signal-to-noise-ratio (SNR) to.minimize the end-to-end bit.error rate (BER) in cooperative
digital relaying systems using BPSK modulation was studied. In the SNR-based selective
relaying, the relay either retransmitted or remained.quiet depending on the SNRs of all
links in the network. Among all relays whose received SNRs were larger than a thresh-
old would participate in relaying. In addition, approximations for the optimal threshold
values that minimized the end-to-end BER and the resulting performance were derived.
Also, the authors found that the optimal threshold was independent of the average source-
relay SNR. Bletsas et al. developed and analyzed a distributed method to select the best
relay on local channel measurements of the instantaneous channel conditions [17]. Two

different selective policies were considered and represented as follows:

e Policy I
h; = min {|a|?, |aiq]*} (2.4)

e Policy II
_ 2|agil*|aal?

B =
" asi? + |ail

(2.5)
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where ag; and a4 described the quality of the path between source-relay-destination for
each relay ¢. The relay ¢ that maximized function h; was the one with the best end-to-end
path quality and would be selected. Furthermore, it indicated that there was no loss in
performance if only the best relay participated in cooperation in orthogonal cooperative
diversity protocols. Moreover, Bletsas ef al. showed that no mater what kind of strategy
was applied, the single RS can achieve full spatial diversity order as if all relays were
used.

As in the one-way relay networks, RS can be applied to the two-way relay networks
when there exist multiple relays. Since the concept of two-way relay networks was pro-
posed recently, the amount of works is small compared with that in one-way relay net-
works. Relay selection for bidirectional relaying was first introduced in [9]. Oechtering
et al. considered a system using superposition encoding at relay nodes. The RS criterion
was to maximize the weighted sum rate for any bidirectional rate pair on the boundary of
the achievable rate region. Oechtering et al. showed that in the case of independent and
identical distribution (i.i.d) Rayleigh fading, RS could achieve the same diversity order
as distributed beamforming. In-{14], RS with ANC and TDBC in AF-based bidirectional
relay networks was studied. The RS was based on a max-min criterion to minimize the
outage probabilities and could be expressed as

[ = arg maXL min [1171,1271] (2.6)

=1,...,

where L was the number of relays, I;; and I5; denoted the mutual information of two
opposite traffic flows for the [-th relay-path from source .S; via relay [ to source S, and
from S, via relay [ to Sy, respectively. That is, a relay which maximized min [1;;, 1]

over all the relays would be selected.

11



Chapter 3

Relay Selection in Multiuser Two-Way

Cooperative Relaying Systems

3.1 Problem Setup

Relay communication has received a great amount of attention because it is recognized
as an effective technique to mitigate channel impairments. A typical multi-relay two-way
network consisting of two sources and multiple relays is depicted in Fig. 3.1. Two sources
S1 and S can exchange information with the help of relays. Recently, some studies have
taken the issue of multi-source into account. In [18], the authors considered a network
consisting of m pairs (i.e., m two-way relay channels) and n relay nodes. How to assign
the relay node to each pair in conjunction with network coding was the main problem
addressed in [18]. In [10], a two-way multi-relay multi-user network with amplify-and-
forward relaying strategy was considered. The authors showed the algorithms to deal
with the power allocation problem by maximizing the instantaneous sum rate and mini-
mizing the symbol error rate when the multi-user interference can be ignored by a channel
assignment algorithm. In our work, the system model is similar to [11]. A network con-
sisting of multiple sources, multiple relays and a single destination is presented in both
works. However, the considered scenarios and problems are different. First, the infor-
mation flow is unidirectional in [11] but bidirectional in our work. Second, in [11], the

authors proposed a joint selection scheme that selected the best source-relay pair to access

12
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Figure 3.1: A multi-relay two-way network: sources S; and S, communicate with each

other with the help of relays.

the channel in the network. However, it is not the case in-our work. The issues that we
are interested in are how to deal with the multi-user interference and select the best relay
based on some criteria to achieve the best performance in terms of SINR for the network.
To the best of our knowledge, most of theresearch activies related to relay communica-
tion were interference-free. These studies ignored the effect of interference by assuming
channel orthogonality. Only a few of works took multi-user interference into considera-
tion [19], [20]. In [19], the authors considered a simple ad-hoc configuration consisting
of two neighboring clusters and the target was to analyze the inter-cluster interference.
The results showed that the interference changed the statistical description of the conven-
tional amplify-and-forward protocol and limited the diversity gain of the system. In [20],
a multiuser two-way relay network employing Code Division Multiple Access (CDMA)
was considered. The authors proposed a jointly demodulate-and-XOR forward relaying
scheme. In phase one, all users transmitted their symbols to the relay simultaneously.
The relay broadcasted an estimate of XORed symbol for each user pair in phase two. The
decision rules and the corresponding bit error rate at the relay and each user node were

derived. And the authors dealt with the power control problem and receiver optimization

13



problem for each phase. Except for different scenarios and relaying strategies applied,
the main difference between [20] and our work is that the most important problem in our
work is to do relay selection (RS) while there is no RS in [20] because of only a single
relay node therein. To sum up, a multi-source multi-relay bidirectional relay network
employing CDMA is considered in our research. The problems we try to solve are to
mitigate interference and perform relay selection such that the best performance in terms
of SINR can be achieved.

Notations

We use uppercase and lower case boldface letters to represent matrices and vectors, re-
spectively. Complex conjugate, transpose, and Hermitian transpose are represented by
()%, ()T and (-)¥, respectively. We use E{-} to denote statistical expectation. We denote

the identity matrix by I and O to represent all-zero vectors or matrices.

3.2 System Model

We consider a multi-user multi-relay two-way relaying network which consists of M
sources, [V relays and a single destination as shown in'Fig. 3.2. The sources and destina-
tion can be seen as the mobile handsets and base station, respectively. There are no direct
links between the sources and the destination because of the poor quality of channels. We
use the amplify-and-forward (AF) relaying protocol with RS. The information exchange
between all end-nodes is completed in two time slots. In the first time slot, all sources and
destination transmit to all relays simultaneously. After performing the AF relaying strat-
egy, the selected relay transmits a new signal to all sources and the destination. In order to
accommodate the communication of multiple users simultaneously, direct sequence (DS)-
CDMA is employed. Taking the effect of interference into consideration, we assume that
the signatures are nonorthogonal. For convenience, we take the source S; as the desired
user and other users S5 to Sy, as interference. All nodes in the network are single antenna
units and half-duplex such that they can only transmit or receive the signals at a time. We
assume a flat-fading scenario and the channel coefficients are complex reciprocal (i.e.,

the channel coefficients from the ith user/desitination to the jth relay and from the jth
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(a) (b)

St1,-+-,Sm: source  Ri,---,Rn:relay  D: destination

Figure 3.2: A multi-source multi-relay network. (a) 1st time slot. In this time slot, each
source and destination transmit their information to all relays simultaneously. (b) 2nd
time slot. In this time slot, all relays transmit their regenerated signals to sources Si,...,

Sir and destination D.

relay to the ith user/destination are the same.) The channel gains from the jth relay to the
ith source and destination are denoted‘as f;; and g;pfori = 1,...,M,and j = 1, ..., N,
respectively. We assume that all sources and the destination know all channel coefficients
fijand gjp fori =1,...,M and j = 1,..., N and the relay j only knows its local channel

coefficients f;; fori =1,..., M and g;p.

A. Phase One

During the first time slot, all sources and the destination transmit their signals to the relays

simultaneously. The signals received at relay j can be represented as
M M
yr, = > VPfasi+ VPgip > aPs; +np, 3.1)
i=1 i=1

where s; denotes a K x 1 vector of unit norm spreading sequence. The transmitted
v)

power is P at all source nodes and M P at the destination. x, ’ denotes the transmit-
ted symbol for source .5;, and xED) is the symbol that the destination wants to transmit

to source S;. For each symbol, E{|z\”|2} = E{|z!”)]?} = 1 fori = 1,..., M, and
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E{z" 2"} = BE{z!"

. J

jD)*} = 0fori # j. ng, isa K X 1 zero mean complex vector

at the jth relay noise with E{ng nj } = o3 L.

Upon receiving y g, , the relay j employs linear filter c; to obtain y}zj as

/

YR,

J

_ . H
_Cj yR]'

M M (3.2)
— Z\/ﬁfijxgmcfsi—l—\/ﬁgjngvg C; sz—l—cHnR
=1 =1

where c; is a K x 1 complex vector.

B. Phase Two

During the second time slot, the jth relay regenerates a new signal xx; and transmits it to

all sources and the destination. The new transmitted signal for relay j is
;= 4/ Pl (3.3)

where Pg; is the power for relay j to amplify the received signals. Actually, assuming
that all information symbols and noises are independent, the total transmit power which

relay j requires can be shown as

Pt,Rj = E{’Iijgj}
M

Z (1fi517Iefsi* + lgip el sil?)

=1

(3.4)

= PPy, + Pr,o% cj'c;

In our work, we assume that source 5] is the desired user for convenience. Therefore,
we only consider the received signals at source S; and the destination in the following

discussion. The signal yg, received at source S; can be expressed as

Ys, = flij- + ng,;

=4/ PPg, f1]$1 PPRqugngEg )C S1
+Z\/PPRj (fljfijxi C; s + figipal” Cj ) (\/PR fricing, +n51)

i#1
(3.5
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where ng, is the noise at source S; with zero mean and variance o . Consider the re-

ceived signal yp at the destination, it can be represented as

Yp = gjpTR; +Np
M
= Z PPRjg?Dx,ED)cfsi + PPijljngng)chsl + Z P Pp, fijngxZ(‘U)CfSi
i=1 i#1
+ ( PRjngcfnRj + nD)

(3.6)
where np is the noise at the destination with zero mean and variance 0%, In (3.5), the first
term is known as self-interference and can be subtracted from yg,. The second term is
the desired signal for source S, the third term is the interference caused by other sources
and the last term represents the noise. Consider the communication between the source
S, and the destination, similarly, the first term in (3.6) can be subtracted from yp through
self-interference cancelation. The second term is the signal that we are interested in, the
third term depicts the interference and the last-term is the noise. After canceling the

self-interference terms in (3.5) and (3.6), the residual signals yg, and yp can be shown as

Ys, = PPijUngx(lD)CfSl + A/ PPr, Z (fljfijng)CjSi + fljngIED)CfSi>

it
H
+ <\/Pij1jCj ng + 7151)

3.7

Yp = /PP, fljngng)C]H% + 1/ PPg, Z fz‘jngng)C]HSi+ < PRjngCfIle + nD)
it
(3.8)

Therefore, the residual signals ys, and yp can be used to decode the desired symbols

ang) and w(lU) at source S; and the destination, respectively.

3.3 Proposed Algorithm

As mentioned earlier, our goals are to do relay selection and to design the linear filter at

each relay based on the maximization of the smaller received SINR of the desired source
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S1 and the destination. Taking the interference into account, the SINR is a benchmark of
performance in the communication system intuitively. As a result, we choose the SINR
as a selection criterion. The main problem can be represented as

max min (SINRg, j, SINRp ;)

i (3.9)

subject to 2MP + Py, < Pr
where Pr is the total available power in the network. The SIN Rg, ; and the SINRp ;
are denoted as the received SINRs at source S; and the destination due to the transmission
from relay j, respectively. In order to make a clearer derivation, we assume that the noise
variances at all nodes are normalized. That is, ng,,np ~ CN(0,1) and ng, ~ CN(0,T).

By calculating from yg, and yp, the SINRs can be written as

PPg | fi;)*g;0]%|ci's1]?

SINRg, ; =
! PPRj|f1j\2 Zi;ﬁl (|f¢j\2’CJHSi\2 + |ng‘2|C§{Si‘2) + (PRj|f1j’2C§{Cj + 1)
(3.10)
PPr. | fi:12lginPle s, |?
SINFRp, = ;| f1llginlle; s1 | 311

PPr,|gip|? Y=z | fiiPletisi? +(Pr; lgiplPcl c; + 1)
In the following, we divide the optimization problem into two parts and deal with them

separately. We firstly optimize (3.9) over c; and then over j to solve the problem.

3.3.1 Design of Linear Filter at Relay Nodes

For optimizing over c;, the problem can be presented as

max min (SINRg, ;, SINRp ;) (3.12)

<

We denote the smaller one between SIN Rg, ; and SINRp ; as SINR;. It is easily to

show that

SINRJ = min (SINRSL]', S]NRDJ')

SINRg, j, if SINRp; — SINRg, ; > 0; (3.13)
SINRp,, if SINRp;— SINRs, ; <0.
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Consider SINRp ; — SINRg, ; > 0 firstly, we can find the following criterion:

SINRp; — SINRg, ; >0

= PPg,|f1;|’ Z (1fi5 et sil* + lgipPPlelsi?) 4+ (Pr,| fij el ¢; + 1)

i#1
> PPr,lg;in|* Y |flPlef'si® + (Pr;lgjpl*c)'c; + 1)
i1
= PIfii Y (1fidlPlef'sil” + gpPlef'si?) + [ fisl e} e;
i#1
> Ploip* Y | fisl*lefsil* + |gjpl*clc;
o (3.14)
= P|fm-!22 (Ifij1cisisie; + |giplelsisic;) + | i e ey
i#1
> P|g]D| Z’fzg’zc SZS Cj + |g]D\ C Cj
i#1
= Cf {Plflj‘2 [Z (\f”|2szs +lgplsisi’ ) - |f13|21] }
i1

> cf (P‘QJDPZ [ fis[Psist |9jD|2I) Cj

i#1
From the derivation above, we know, that min (STNRg, ;, SINRp ;) = SINRg, ; if it
satisfies
A s PZ (LA LA P+ LA Plgspl® = lgn 1 f?) sisi + (1f13° = |g;p[*) T 3= 0
7 (3.15)
In other words, if matrix A is positive semi-definite, then min(SINRg, ;, SINRp ;) =
SIN Rg, ;, otherwise min(SINRg, ;, SINRp ;) = SINRp ;. From [21], we know one

of the properties of positive semi-definite matrices is as follows.

Property 1 (Box3.1 in [21]) A Hermitian matrix is positive semi-definite (p.s.d) if and

only if all of the eigenvalues are nonnegative.

Since A is a Hermitian matrix, we can simply tackle (3.15) by checking its eigenvalues.
Taking (3.15) into (3.13), the linear filter c; can be designed for SINR; = SINRg, ;
and SINR; = SIN Rp ; two cases separately.
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e When matrix A is p.s.d (i.e., SINR; = SIN Rg, ;), (3.12) can be reduced to

max  SINRs, (3.16)
where
PPo | 1210112 lcts |2
SINRS1,] = Rj|f1.7| |ng| | j 1|

PPr|f1j? >0 (Icfsi? + |g;pl?Icsi?) + (Pg,| fi]2cfe; + 1)

PPg | f11*lg;p]*ck s1st'c;

PP\ f112 Y (i Pctisistc; + |gipl>ctsislc;) + (Pr, | fij]%clc; + 1)
_ Pl fi;*lgjpl*c]'sist'c;
P| f1;]? 2#1 (|fz’j|20§{SiSZHCj + |9jD|QC§ISz‘SfICj) + |f1j|2CJHCj

C]H (P|ng|251511H) Cj

o[PS (1l + lgsnl2) sisl +1]
(3.17)
where the approximation in (3:17)-is rational by assuming the effect of noise (i.e.,

factor 1 in the denominator) at source .S; can be ignored in high SNR regimes. By

modifying (3.17), the problem in (3.16) 1s rewritten.as

P S P Lo )sist +1] ¢,

min (3.18)
cj C;I (P[ngPSlS{I) Cj
Similar derivation procedure as.in [22], the linear filer c; can be found as
-1
Cj = PZ (Ifs1* + lg;pl?) sisl + 1| VPg;ps (3.19)
i#1

e On the other hand, when matrix A isnot p.s.d (i.e., SINR; = SINRp ;), (3.12) is
reduced to

max  SINRp, (3.20)

<j
The same approximation in the first case is used, we can obtain the SIN Rp ; as
PPr,| fi;1*9;501%|cs1]?
PPr;|gipl? >0 | fij?le]'si* + (Pr,lgjpl?ctc; +1)
B PPg,| fi;1*g;p]?|cl's1s{ c;
B PPrlgip|* > in | fij|?lcf sis e ] + (PRj|9jD|ZCJHCj +1)
Plf1P|gipl?|cj's1si'c;
~ Plg;p|? > iz | fij1?lcisisf c;]? + |g;p|*cf e,
Cf (P|f1j|251$f]) Cj

cif (PZ¢¢1|fz‘j|QSiSZH+I> C;
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SINRp, =

(3.21)




Performing the similar derivation as in the first case, the linear filter c; can be found

as

-1
¢ = VPfis: (3.22)

P |filPsist +1
i#1

To sum up, the linear filter at relays can be designed depending on matrix A as follows:

—1

[P > i (1fig)? + lginl?) sisi” + I} VPgjpsy, if matrix A is p.s.d;
—1

c; = {P i | fiPsisi’ + I} VPfis, otherwise.

Cj:

(3.23)
As can be observed from (3.23), the linear filter ¢; maximizes SIN R; and is similar to

minimum mean-square error (MMSE) detector.

3.3.2 Relay Selection

With the linear filter c; found for two-different cases, the problem in (3.9) is reduced to
the following RS problem:
max SINR; (3.24)

je{l..., N}
The steps in conducting relay selection are as follows. The destination which knows
all channel coefficients and the spreading sequences for different sources can select the
optimum relay by calculating STNR; for j = 1, ..., N. First, the destination can examine
the criterion in (3.15) to decide which one of SIN Rg, ; and SIN Rp ; is smaller for each
relay. Second, upon knowing which is the smaller one, the destination calculates the filter
c;and SINR; for j = 1,..., N. Comparing all SINRs, the destination picks up the relay
which results in the maximum SINR. Then, the destination broadcasts the best relay index
to all relays over a control channel. Here, we assume the relays resemble base station,
thus, they are capable of knowing all spreading sequences for different users. Therefore,
the one hears its index can employ linear filer to obtain a new signal and transmit it, others

do not hear their own indices will be quiet and not participate in relaying.
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3.4 Simulation Results

3.4.1 Simulation Setup

In this section, we present some numerical results to demonstrate the performance in
terms of BER of our proposed algorithm. A multiuser two-way relay network employing
CDMAA is considered. The digital modulation used here is quadrature phase shift keying
(QPSK). To best of our knowledge, the scenario in this work has not been discussed, hence
no comparison between other studies and ours is made in the simulations. Here, we focus
on simulating the effects of different parameters (e.g., the number of sources, the number
of relays and the length of spreading sequences) in the network. The channel coefficients
fij and g;p fori = 1,..., M and j = 1,..., N in the simulations are generated as zero
mean normal complex random variables with unit variance (i.e., fi;, gjp ~ CN(0,1)).
All noises at each node are assumed to be i.i.d Gaussian with zero-mean and unit variance
(ie., ng,np ~ CN(0,1) andng, ~CN(0,I)). The spreading sequences are X x 1
vectors with unit norm and generated randomly. All spreading sequences for different
sources are assumed to be non-orthogonal: Noting that the power assumption here is
presented in [23]. Let all nodes except the relays use half of total available power, and
the remaining half power is used for the selected relay to transmit. Therefore, 2M P =
0.5Pr and P, g, = 0.5Pr. Parameters M and N denote the number of users and relays,

respectively. Parameter K stands for the length of spreading sequences.

3.4.2 Effectiveness of Proposed Algorithm

The effects of different parameters are presented in the following simulation results. In
each figure, BE'Rg, and BERp denote the bit error rates at the desired user 57 and the
destination, respectively.

A. Number of Users

Fig. 3.3 depicts the performance of a single-user multi-relay two-way relaying network

in terms of BER. It can be seen as the special case of multiuser relay network, i.e., the
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Figure 3.3: Performance of multi-relay two-way network without multiuser interference.
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Figure 3.4: Comparison of the proposed algorithm to an interference-free case.
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number of users is one. Since no multiuser interference exists in the network, the only
factor to degrade the performance of the system is noise. Thus, the curves in Fig.3.3 can
be regarded as lower bounds for our work which take interference into consideration with
different numbers of relays. In Fig. 3.3, we make a comparison between different number
of relays N = 3 and N = 10 with the length of spreading sequence being seven. It shows
that the diversity order increases with the number of relays. That is, the diversity order
will be larger if there exist more relays in the network.

Fig. 3.4 shows the comparison of our proposed algorithm to an interference-free case
(i.e., the number of user is one). As expected, the interference-free case is a lower bound
for our work. Because of the effect of interference, full diversity order can not be achieved
in our study. In other words, the BER does not decrease with the increase of SNR in
our scheme since there is an error floor in high SNR regimes induced by interference.
However, it is not the case for interference-free case, full diversity order can be achieved

in this ideal scheme.

B. Number of Relays

The simulation environment of this part is as follows: the number of users is 3, the length
of spreading sequences is 7, and the number of relays is 5 in Fig. 3.5 (a) but 10 in (b).
As expected, although full diversity order can not be achieved, the BER still decreases
with an increase of SNR. Moreover, it is interesting to find that BER at the desired user
S; encounters an error floor at SNR 15 dB when there exist 10 relays in the network. As
a result, even more relays exist in the network, the BER at the destination when there
exist 5 relays is still better than the BER at the desired user S; when there exist 10 relays
in the network. One of the possible reasons may be the destination node can get more
benefits from the self-interference cancelation compared to the node S;. And in high
SNR regimes, the effect of interference dominates the performance, thus, the interference

mitigation is more important.
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Figure 3.5: Performances of multi-relay two-way network with multiuser interference. (a)
comparison of the number of relays: N = 3 and N = 5. (b) comparison of the number of

relays: N =3 and N = 10.
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Figure 3.6: Performances of multi-relay two-way network with multiuser interference.

(a) comparison of the number of users: M = 3, M = 6 and M = 9. (b) comparison of

the length of spreading sequence: K = 3, K = 7and K = 11.
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C. System Load

In CDMA system, system load is a benchmark parameter which stands for the perfor-
mance of the system. Larger system load leads to the worse performance. The definition
of the system load is

M
system load = i (3.25)

where M is the number of users and K is the length of spreading sequences. In this part,
we make a comparison of the effect of different system loads. In Fig 3.6 (a), different
numbers of users are compared. The simulation environment of Fig. 3.6 (a) is as follows:
the numbers of users are 3, 6, and 9; the length of spreading sequences is 7; the number of
relays is 3. The result shows that the existence of more users in the network degrades the
performance. On the other hand, in Fig. 3.6 (b), different lengths of spreading sequences
are compared. The simulation environment of Fig. 3.6 (b) is as follows: the number of
users is 3; the lengths of spreading sequences are 3, 7, and 11; the number of relays is 3.
According to the result, it indicates that the BER performance is better when the length of
spreading sequence is longer. ‘To conclude, the simulation.results in Fig. 3.6 exhibit that

the BER performance is better when the system load is smaller.

D. Different RS Methods

In this part, we compare our proposed algorithm with random RS method. The simulation
environment of Fig. 3.7 is as follows: the number of users is 2; the length of spreading
sequences is 7; the number of relays is 4. Random RS technique means that the selection
is conducted randomly without any criterion. The result in Fig. 3.7 shows that the pro-
posed algorithm is much better than random RS approach in terms of BER. In high SNR
regimes, the proposed algorithm outperforms the random RS method in terms of SNR by

around 15 dB. It indicates that our proposed algorithm offers a selection gain indeed.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

We have investigated the problem of RS in multiuser two-way cooperative relaying sys-
tems. For the sakes of its abability to-facilitate the system design and achieve the full
diversity order with less synchronization requirement and overhead, RS has been widely
studied in the literature. However, most works on-RS considered a one-way or two-way
relay network which there existed a single user only.  Although some works took the is-
sue of multiuser into account, their focuses were usually on how to assign relays to the
different pre-determined source pairs or to do source-relay pair selection. Channel or-
thogonality was often assumed to avoid the interference in multiuser networks. Different
from most studies, we perform RS while taking the multiuser interference into considera-
tion. When multiuser interference can not be neglected, intuitively, SINR is an indication
of performance. Therefore, the RS approach in proposed scheme is based on maz min
SINR criterion. In addition, a new scenario in two-way AF-based relaying network which
is never considered before is proposed. The proposed scenario is meaningful since it
presents a more realistic system model. In this scheme, there exist multiple sources, mul-
tiple relays, and a single destination. Moreover, designing the linear filter c; at each relay
for j =1, ..., N is also an important part of the work. The derivation result shows that the
designed filter c; is similar to MMSE detectors, thus, it indicates that the linear filter c; is

capable of mitigating interference.
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Furthermore, in the simulation results, we exhibit the effectiveness of the proposed
scheme with several different parameters such as the numbers of users and relays, and the
length of spreading sequences. Also, we compare the proposed algorithm with random
RS method. The result shows that the proposed algorithm outperforms the random RS
method in terms of SNR by around 15 dB in high SNR regimes. To conclude, the proposed
algorithm is an effective method to mitigating the interference while doing RS in multiuser

multi-relay two-way relaying networks.

4.2 Future Work

In this work, although we have proposed an effective RS algorithm to mitigate the mul-
tiuser interference, the performance such as BER and outage probability has not been
analyzed. Making the derivation of the performance will complete the work, and the
result can be used as another choice of the criterion for RS. Besides, as shown in the sim-
ulation results, an error floor due to interference exists in high SNR regimes. Therefore,
developing an algorithm which.overcomes the presented performance limitation seems to
be an promising issue.

As for multiuser two-way relaying systems-employing CDMA, the future work might
include power control. Power control is a critical problem in CDMA system because of
near-far effect. If power control is not done in the system, the users with larger signal
power tend to dominate the system, thus, the users with smaller power get worse perfor-
mance. However, for simplicity, power control is out of scope in this work. In order to
suppress the multiuser interference further and to achieve the better performance, how to
perform power control is important in the future work.

Furthermore, developing a RS method to balance the received SINR might be an issue
in the future work. As displayed in the simulation results, we can find that BER at the
destination is much smaller than BER at the desired source node due to self-interference
cancelation. Since more self-interference can be eliminated at the destination, it achieves
more benefits from the operation compared to the desired source node. Therefore, it seems

a little unfair to select a best relay based on max min criterion. Considering a RS method
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that balance the SINR on both the desired source node and the destination might be an

approach to promote the performance.
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