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Abstract

We consider two-way amplify-and-forward relaying in a nehinnel system with two
end nodes and a single relay, using a two-slot multi-accesslbast (MABC) as well as
time-division broadcast (TDBC) relaying strategies. Weestigate the problem of joint
subchannel pairing and power allocation to maximize theeselble sum-rate in the net-
work, under an individual power budget at each node. To gbiigechallenging joint opti-

mization problem, an iterative approach is proposed to mgose the problem into pairing
optimization and joint power allocation optimization, asave them iteratively.

For given power allocation, we first consider the problemudfchannel pairing at the
relay to maximize the achievable sum rate in TDBC-basedar&twinlike in the one-way
relaying case, our result shows that there exists no ekffidR-based subchannel pairing
strategy that is optimal for sum-rate maximization for tway relaying.

Nonetheless, for TDBC-based two way relaying, we formutagepairing optimization
as an axial 3-D assignment problem which is NP-hard, andgs®gpn iterative optimiza-
tion method to solve it with complexit§?(N?). Based on SNR over each subchannel, we
also propose sorting-based algorithms for scenarios wilwathout direct link, with a low
complexity of O(N log N).

For the joint power allocation at the relay and the two endasoeve propose another
iterative optimization procedure to optimize the powehattivo end nodes and at the relay
iteratively. By using different forms of optimization paneters, the sum-rate maximiza-
tion problem turns out to be convex and the optimal soluticens be obtained for each
subproblem.

The simulation first demonstrates the proposed sortingeébpairing algorithm offers
the performance very close to the iterative optimizatiothod. Then, shows the gain of

joint optimization approach over other pairing-only or mvallocation-only optimization



approaches.
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Chapter 1

Introduction

1.1 Overview

As our society moves toward information centricity, the ché@ have information acces-
sible at any time and anywhere takes on a new level. Wireggdmblogy has become an
indispensable part of our life. Remote controllers, vehgrhart keys, cellular system and
WiFi access are all examples of wireless communicatioresyst

Traditional wireless communications are based on pokutetiot communication, i.e.,
only two nodes are involved in the communication networkegéntwo nodes are: the Base
Station (BS) and Mobile Station (MS) in a cellular enviromjeaccess point and laptop
in wireless Local Area Networks (LANS), or two MSs in peergeer communications.
One of the most severe impairments to wireless communitaisochannel fading. Fading
results in a significant loss in the transmitted power comg&o the noise power. Hence,
when the signal experiences a deep fading, the receiverat@leoode it. So far, substantial
research has been done and many techniques have beerssthldi reduce the influence
of fading. A widely used technique to combat the effects airutel fading is diversity.

Typical examples include spatial, time and frequency @myr The diversity shows how
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to improve the reliability of the transmission by using tivaitable resources and sending
multiple copies of the initial information to the destirati

Recently, cooperative communication has attracted gteatteon due to the ability to
improve the spectral efficiency, extend the coverage anelpétigate channel impairments
[1,2]. To fully utilize these advantages in cooperative ommication systems, efficient
wireless resource allocation is significant. Specificaélig problem formulation may differ
remarkably in terms of optimization objectives, relay tghes, transmit power constraints,

and system frameworks [3].

1.2 Relay Network

Relay network is a critical branch of cooperative wirelessimunication schemes, where
both terminal nodes (or the sources and the destinatioagxahanging their signal with
the help of one or multiple intermediate nodes. Becausebillisectional communication
can improve bandwidth efficiency, it has recently receiviessantially attention [4]. In
such circumstance, the transceiver may not transmit sajredt with receiver because of
the poor quality of a direct transmission link or long distan

The main idea of relay network is firstly proposed by the VanReulen (in 1971) [5],
who studied the upper and lower bounds of the channel cgpacitl proved relay tech-
nique can improve spectral efficiency and channel perfoomaThe wireless relay net-
works are generally categorized as: relay models, res@li@eations, diversity combina-
tion approach, performance metrics, coding strategiegartitular relay modes [6]. For
the relay models, it can be classified into: one-way relgying-way relaying, multiple
access relaying and multi-node model. Regarding to theuresallocation term, it can be
categorized as: orthogonal channel, duplex system andgdeirel.

Applying relaying techniques in wireless networking canemially improve the en-
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tire network performance, such as capacity and transmmssioge [7]. Relay network
deals with the situation that one or more multiple intermagzlinodes consciously help
transceivers to get the information from the other trangrsi The introduction of relay
nodes creates more degrees of freedom in the system desgigih @an help to improve

the performance, but also complicates the design process.

1.3 Multichannel Communication

With the strong demand for multimedia services and broadareless applications with
higher data rate and wider bandwidth with fast and seamtassectivity everywhere and
any time. Multichannel communication technique has itetiio improve the wireless sys-
tem performance. Digital bandpass modulation techniqaede broadly classified in two
categories. The first is single-carrier modulation, whetads transmitted by using a sin-
gle radio frequency carrier. The other is multicarrier miation, where data is transmitted
by simultaneously modulating multiple frequency carriélfee basic idea of multi-carrier
modulation is to divide the transmitted bit stream intoeliént sub-streams and send these
over many sub-channels. The concept of multichannel tresssom was first explicitly
proposed by Chang [8] in 1966. The sub-channels are orttadgorder ideal propaga-
tion conditions. The number of sub-streams is chosen torerikat each sub-channel has
a bandwidth less than the channel coherence bandwidth essutirchannels experience
relatively flat fading. Therefore, the intersymbol integiece (ISI) on each subchannel
is small. Examples of such multichannel system include ahdg@onal Frequency Divi-
sion Multiplexing (OFDM) system, where multiple subchalsn@r subcarriers) are used
for transmission. Combining relay network with OFDM-bagezhsmission is a power-
ful technique to increase date rates over broadband wsrelesvork. In order to exploit

the potential abilities of OFDM-based relay networks, itngportant to design efficient
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resource allocation strategies such as: deciding whiely redde to cooperate with, which
set of subchannels to operate on, and with how much poweatsririt the signals [9].

In OFDM [10-12], the entire channel is divided into many parband subchannels,
which are transmitted in parallel to maintain high-datetaansmission and, at the same
time, to increase the system duration to combat ISI [13]. ®IFB attractive because
it admits relatively easy solutions to some difficult chajes that are encountered when
using single-carrier modulation schemes on wireless atlantt has been the underlying
system for the current 4G and future wireless system sucfiBg14] and LTE-advanced
[15]. What is more, the emerging next-generation wirelgssesns adopt a multichannel

relaying architecture for broadband access and covergg®uament.

1.4 One-Way Relaying

In classical one-way relaying network, there are three sodae source node, one desti-
nation node, and one relay node. The transmission of sigmmapletes in two time slots.
In the first time slot, the source node send the data to thg redde, while in second
time slot, the relay transfers processed signals to thenddisin node. Many transmit-
ting schemes have proposed in the literature based onaiiffeelaying techniques, such
as the amplify-and-forward (AF) [16, 17], decode—and-famav(DF) [16, 18, 19], selective
relaying (SR) [16], compress-and-forward(CF) [17], codedperation (CC) [20] etc. AF
relays retransmit the signal without decoding while DF ysldecode the received signal,
encode the signal again, and transmit. The AF techniqueniseld to amplify and adjust
the phase of the received signal before retransmittingtitéadestination because there is
no need to detect the transmitted signals at the relays.ethiIDF technique, it is usually
used when noise at the relay is high and amplifying the sggwal amplify the noise as

well [21]. However, the drawback side of DF is power conswgrand increasing the de-
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sign complexity of the relays [22]. When the source and relage power is limited, the
relay node and the end nodes know channel state informdiisi),(the power allocation
are the key to improve the entire system performance [23].

For one-way relaying, under given power allocation, chapag&ing design and opti-
mization have been investigated for various network sefegps27]. Joint optimization of
system resources, such as channel pairing, power allocatid channel assignment, has
been investigated in [26, 28], where efficient numericabeatgms were devised to solve
the complex joint optimization problems. In [29], distribd relay beamforming under

individual relay power budget is researched.

1.5 Two-Way Relaying

In traditional half-duplex dual-hop AF relay networks, gs@irce and destination nodes re-
quire four time slots to finish both the incoming and outgdir@gnsmissions, which makes
the spectral efficiency lower. The full-duplex mode, altbbubetter than the half-duplex,
it is difficult to eliminate the self-interference at relagde. In order to compensate the
drawbacks, Shannon in [30] firstly proposed the concept ofway relaying communi-
cation, [4] further indicated that the spectral efficienéywo-way relaying is remarkable
higher than the one-way relaying. Comparing with one-wdayiag, two-way relaying
offers substantial advantage in achievable sum-rate diteledirectional concurrent data
transmission. The main idea of two-way relaying is to leayete-transmit a processed
version of the signal it receives from both terminal nodesl @ach node can recover the
transmitted data from the original node after cancellirgygblf-interference generated by
its own transmission. Since the process is similar to nékwoding, but is done at sym-
bol level, it is also called two-way relay with analog netwaoding [31, 32]. Two-way

channels without relay were first proposed by [30]. It wasrantroduced in [5] from
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information theoretic point of view. For a two-way relayisgstem, beyond conventional
relay network problems, there exists channel pairing gmoblwhere the relay can select
outgoing channels for data forwarding.

There are many literature related to this area. Under tatakp constrain, [33] present
an optimal joint relay selection and power allocation schémachieve the maximization
of SNR in two-way relaying network. The authors show that fiioblem has a close-form
solution and requires only a single integer parameter tabadzasted to all relays. While
in [34], the system model is two single-antenna transcsigadn single-antenna relays.
It aims at optimally obtaining the beamforming coefficieatswell as the transceivers’
powers. It proposed two approaches to achieve their goalisaninimizing the total power
subject to two constrains on the transceiver’s received SBther is an SNR balancing
technique. In [35], energy-efficient relay selection and@oallocation scheme is studied
for two-way relay channel based on analog network codintf) thie object of minimizing
power consumption at required end-to-end rates. Four névdbplex protocols and four
existing half-duplex protocols are compared in [36], whamomprehensive treatment of
8 possible half-duplex bi-directional relaying protocats discussed. A tone permutation
at the relay and power allocation for relay and end nodes tadiesl in [37], where a
dual decomposition technique is proposed for power allooadnd a greedy strategy is

employed for tone permutation.

1.5.1 MABC Two-Way Relaying

For the two-phase multi-access broadcast (MABC) relayiregeqyy, the choices of incom-
ing/outgoing channels between the relay and the two endserédied to each other. There
are two time slots in MABC scheme, at first time slot, termibhand terminal 2 transmit
data to relay, while at second time slot, relay transmitaaitpack to terminal 2 and ter-

minal 1. The strategy showed in Fig. 1.1. An example of théesgsmodel and two way
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relaying pairing is given in Fig. 1.2, 1.3. Since two sourkaesw their own transmitted
messages, they can subtract the self-interference befoalthg.

Node 1 s, relay s, Node2

O—=0~—0

awirL

O$1,82) . f(SI’SEL O

Figure 1.1: MABC-based two way relaying scheme

S Relay S,

Figure 1.2: MABC-based two way relaying

Sl t;?f

Figure 1.3: MABC-based two way relaying pairing

Furthermore, simultaneous transmission at the end nodkatahe relay complicates
the received SNR structure, thereby making power allondtiotwo-way relaying a more
difficult task. Due to these factors, joint channel pairimgl gpower allocation problem is
especially challenging.

There is few existing work addressing joint channel pai@mgl power allocation de-
sign in a two-way relay network. Under given power allocatithe pairing problem for
MABC two-way relaying is considered in [38] and [39], wher@wamerical optimization
algorithm and low-complexity pairing strategies were @egd, respectively. Pairing algo-

rithms were also proposed in [40] for time-division broastd@ DBC) two-way relaying.



Chapter 1 8

Under the total power constraint in the network, the optipwaler allocation in an MABC
two-way OFDM system was obtained in [7], and joint power @diiton and subcarrier as-
signment for a multi-relay system was investigated in [41]42], considering a two-way
DF MABC relaying network, where the author propose a rekdgaion technique to im-
prove the diversity gain. Joint channel pairing and powecation problem for individual

power constraints remains an open problem.

1.5.2 TDBC Two-Way Relaying

For time division broadcast(TDBC) two-way relaying schemwe have three time slots
to complete the entire transmission. As you can see in Fg.at.first time slot, Node 1
transmits signal to relay. At second time slot, Node 2 tratsdata to relay. At third time

slot, relay combines the received signal and forwards itadéN1 and Node 2.

Node 1 s, relay Node 2

O—@® O

awiL

O o-—0O

¢ Oﬁl,sz) ® f(SI’SiQ

Figure 1.4: TDBC-based two way relaying scheme

Since the transmission from each terminal node to the ralgerformed in different
slots, channel pairing is no longer just between incoming) @amgoing channels, but is
among the two incoming channels and the outgoing channelbieadband systems with
large number of subchannels, designing efficient pairingtesgies is thus important. An

example of the system model is given in Fig. 1.5.
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Relay

Sl S2

Figure 1.5: TDBC-based two way relaying

There have been many recent works on channel pairing desigroptimization in
two-way relaying in various network setups, either undgegipower allocation [24-27],
or jointly with other resources, such as power and/or chiaasggnment in a multi-user
case [26, 28, 43]. While in [44], two major AF-based protscdhat is, analog network
coding and TDBC, in bidirectional relay networks with rekslection are studied. In [45],
buffer in relay station is discussed under TDBC scheme.

In [46], a multiuser two-way relay system with TDBC protoedhere multiple nodes
compete to exchange information with another multiple satieough the help of a sin-
gle half-duplex AF relay is considered. A tight closed-folower bound for the system
outage probability over Nakagami-m fading channels isudised with integer fading pa-
rameter. An asymptotic expression for the outage proliginlihe high SNR regine is also
acquired. A multiuser two-way relaying network with TDBCesario, where one multi-
antenna BS and one out of M single-antenna MSs exchanginglsigth the help of one
single-antenna AF relay is considered in [47]. The authess$ firesent an optimal joint
user-antenna selection strategy, which minimizes theaoré&tautage probability. Then, by
fixing the power allocation parameter at the relay, a low-plaxity suboptimal algorithm
is proposed.

In [48], a diversity-multiplexing tradeoff of the four-pea DF protocol is established in
the half-duplex, non-separated two-way relay channel. mbkiple access channel phase
of hybrid broadcast protocol is not necessary to achievenagpperformance as compared

with TDBC protocol.An energy-efficient power allocatiomegegy for MABC and TDBC



Chapter 1 10

two-way systems with multi-relay, under a specific transmois data rate of terminal nodes,
aiming to minimize the system energy consumption is propas@49].

Adaptive Relay-Assisted/ Direct Transmission (ARDT) peed in [50] is a simple and
efficient protocol which adaptively applies the direct limktween two terminal nodes with
only channel state information at one side, and it validligarces the spectrum efficiency
of TDBC scenario. Joint power allocation and relay selecta multi-relay network was
combined with ARDT protocol in [51], where each relay optmiits own forwarding
power to maximize the minimum end to end SNR towards two teatmmodes, and the

optimal relay is then selected to assist.

1.6 Motivation

Many existing research work in two-way relaying networkdigre focused on channel
pairing design under given power allocation or channelgassent in a multi-user case.
However, due to the complexity of joint channel pairing aoavpr allocation problem for
individual power constraints, joint optimization probleemains an open problem.

For MABC-based two-way relaying system, We aim to maximiee achievable sum
rate in the network by jointly optimizing pairing strateggdapower allocation at each
node, under an individual power budget at each node. To\&elies goal, we proposed
an iterative approach to decomposed the problem into gaiimization and joint power
allocation optimization, and solve them iteratively.

For TDBC-based two-way relaying system, the problem of ae&pairing is more
complicated due to the concurrent transmission than thaefway relaying. Specifically,
the choice of incoming/outgoing channels between the ratad/two terminal nodes are
tied to each other, even though channel strength on eacltaidbe drastically different.

In addition, the received signals at the relay from both si@ate additional noise amplifi-
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cation to the forwarded signal to be considered. For a giwevep allocation, in one way
relay, the optimal pairing is a simple strategy based orede®NR at the first and second
hops. This strategy is attractive due to its optimality ang-tomplexity withO(N log N)
for N subchannels. In light of these results, for TDBC-basedwag-elaying, one natural
guestion to ask is whether a similar explicit SNR-basedmpgscheme would still be opti-
mal. After we proof that there exist no explicit SNR-baseldatiannel pairing strategy that
is optimal for sum rate maximization, we propose two suboglipairing strategies, then
use similar iterative approach as MABC-based two-way ratayo solve the joint pairing

and power allocation problem in TDBC-based two-way relgyietwork.

1.7 Thesis Contribution

In this thesis, we consider joint optimization of channetipg and power allocation design
in a multichannel MABC-based as well as TDBC-based two-vedyimg system. We aim
to maximize the achievable sum rate in the network by joiafl§imizing pairing strategy

and power allocation at each node, under an individual pweget at each node.

Joint Pairing and Power Allocation Optimization — MABC-Based Two-Way Relay-
ing We propose an iterative approach to solve the challenginggptimization problem.
Specifically, the problem is decomposed into pairing andtjpower allocation problems
and solved iteratively. For the joint power allocation at telay and two end nodes, we pro-
pose another iterative optimization procedure to optintlieepower at the two end nodes
and at the relay iteratively. By transforming the SNR exgpi@s with respect to differ-
ent form of optimization parameters, each power optimiaproblem turns out to be a
convex problem and the optimal solutions can be obtainea slimulation performance

demonstrates the gain of joint optimization approach ovkeropairing-only or power-



Chapter 1 12

allocation-only optimization approaches.

Joint Pairing and Power Allocation Optimization — TDBC-Based Two-Way Relaying
First, we show that, unlike one-way relaying, there exiserplicit SNR-based subchan-
nel pairing strategy that is optimal for sum rate maximatin TDBC-based two-way
relaying, regardless whether direct link exists or not.

A few low-complexity suboptimal pairing strategies arerth@roposed. We first for-
mulate the pairing optimization as an axial 3-D assignmeablem (3-DAP) which is
NP-hard, and propose an iterative optimization method teesowith complexityO(N?).
Based on SNR over each subchannel, we also propose sosassghalgorithms for both
with and without direct link scenarios. The algorithms hesmplexity of onlyO(N log V),
which is the same as that of the one-way relaying case. Theleaity reduction is
substantial especially for broadband multichannel systefrl0-20MHz bandwidth with
N > 1024. The simulation results also show the proposed algoriter®the performance
very close to the iterative optimization method.

We propose a similar iterative approach as that in the MABSek two-way relaying to
solve the challenging joint optimization problem. Speailli; the problem is decomposed
into pairing and joint power allocation problems and solitechtively. For the joint power
allocation at the relay and two end nodes, compare to MAB&2t&awo-way relaying, we
propose one more step to optimize the fractioat relay. By transforming the SNR ex-
pression with respect to different form of optimizationgraeters, each power optimization
problem turns out to be a convex problem and the optimal ispisittan be obtained. The
simulation performance demonstrates the gain of joinhoigation approach with different
pairing strategy over other pairing-only or power-allacatonly optimization approaches

with or without direct link.
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1.8 Thesis Organization

In Chapter 2, joint pairing and power allocation optiminatiof MABC-based two way
relaying will be proposed. In Chapter 3, joint pairing anaveo allocation optimization of
TDBC-based two way relaying will be proposed. Final conidos and necessary mathe-

matical derivations will be given in Chapter 4 and 5, respebt.
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Joint Pairing and Power Allocation
Optimization in Multichannel

MABC-Based Two-Way Relaying

2.1 System Model

We consider an MABC-based two-way relay network includiwg £nd nodes (Nodes 1
and 2) and one relay node, all equipped with single antennlnotles exchange infor-
mation in a multichannel system witki subchannels, where each subchannel experiences
frequency flat fading. We assume that transmitting and veggisignals to and from the
relay are over the same set@fsubchannels, and that the relay channels to and from each
end node are reciprocal.

Under the MABC relay protocol, in the first phase, both endasadansmit their signals

to the relay at the same time. The received signal at the mlaythenth subchannel is

14
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given by

Yrn = V Plnhlnsln + V P2nh2n32n + Urn (21)

wheresy,, ands,,, are signals transmitted by Nodes 1 and 2 with unit-power twenth
subchannel, respectivell;,, and P, are the transmit power at Nodes 1 and 2 overitie
subchannel, respectively;,, andh,, are the channel coefficients over thith subchannel
from the relay to Nodes 1 and 2, respectively, angis additive white Gaussian noise
(AWGN) with variances? at the relay receiver over thgh subchannel.

In the second phase, the relay normalizes the power of tlevest signal over the
nth subchannel and retransmits it over thth subchannel with powe?,,,. The received

signals at Nodes 1 and 2 over theh subchannel are given by

Y1,mn = hlmwmnyrn + Vim,

Y2,mn = h2mwmnyrn + Vo

wherevy,, anduv,,,, are AWGN with variancer? over themth subchannel at the receivers

of nodes 1 and 2, respectively, ang,, is the relay power coefficient given by

Prm
v \/Pln‘hln‘2+P2n‘h2n‘2+O-2 ( )

We assume that the channel pairing scheme is known at Nodes2. dhus, each end

node can cancel the self-interference in its respectiveived signal, before performing
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detection. The residual signals after self-cancellatiddaes 1 and 2 are given by

gl,mn = P2nwmnh1mh2n32n + wmnhlmvrn + Vim

gZ,mn = Plnwmnthhlnsln + wmnth'Urn + Vo

The post-self-cancellation received SNR on thign subchannel at Nodes 1 and 2, for the

signal transmitted over theth subchannel from each respective source, is respectively

given by
P2n|wmn‘2|h1m|2‘h2n‘2
NR; ,n = 2.3
SN = o T T Pl ) 23
P 2 h 2 h 2
SNRQ,mn _ 1n|wmn| | ln| | 2m| (24)

o?(1 4 [wmn|?[hom|?)

The pairing of the incoming subchannels to the relay and thgaing subchannels to
the end nodes can be described using a permutation funetipnvherem = p(n), for
n = 1,---, N. Different permutation functions provide different pagischemes. As a
special case, the traditional two-way relaying with dingairing,i.e., the same subchannel
is used for incoming signal and outgoing signal at the redag,be expressed as= p(n).
An example of the relay system witki = 2 is given in Fig. 2.1.

The sum-rate for Nodes 1 and 2 achieved over the paitecandmth subchannels,

under a given pairing functiom = p(n), can express as
Rmn = log (]- + SNRl,mn) + IOg (1 + SNRQ,mn) . (25)

The overall sum-rate achieved in the multichannel systegiven by

N
R= > R (2.6)

n=1,m=p(n)
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P11 has hoy Py

P, P,
Node 1 | p, | orelay | p,, | Node2

hi2 Py Py ho

Figure 2.1: An MABC two-way relay system witN = 2.

2.2 Joint Two-Way Pairing and Power Optimization

Substituting the expression of,,,, in (2.2) into the SNR expressions in (2.3) and (2.4), we

can re-writeéSNR; ,,,, andSNRz ,,,,, in terms ofP,,,, P, andP,,, as

P2nprm|h1m|2‘h2n‘2/02

02 + P |ham|? + Pin|hin|? + Ponlhon |?
Pi Pon | Bin || hom|? /0

02 + Prplhom|? + Pinlhin]? + Pop|hon|?

SNRl,mn =

2.7)

SNRZ,mn =

(2.8)

Thus, the sum-rat&,,,,, in (2.5) is a function of Py,,, Ps,,, P-,,}. Let py, po, andp.,
denote theV x 1 vectors containing the power allocated on each subchahiddes 1
and 2, and at the relay, respectively, with|,, = Pi,, [P2]n = Pon, and[py|m = Prp.
Let P denote the power budget at each nod®ur goal is to maximize the sum rate in
(2.6) by jointly optimizing the subchannel pairing strated-) and the power allocation
{p1, P2, P~} under the individual power constraifit,; at each node. We formulate this

joint optimization problem as follows

We assume the same power budget at each node for simplicity.
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N N
(PO): max S bunBonn

®.,p1,p2,pr e

N N
s.t. Z¢mn = 1yz¢mn = 17¢mn € {O,l},Vm,n,
n=1 m=1

N N
> Pjn < Popforj=1,2, ) Py < P,

n=1 m=1

P1 %07];)2 >f_07pr >f_0

where¢,,,, is a binary variable indicating the pairing outcome of subutelsn and
m, and® is an N x N matrix with [®],,, = ¢,.,. Note that® andp(-) are one-to-one
correspondent and can be used interchangeably for a patraiggy.

The joint optimization problerR0is a mixed-integer programming which is difficult to
solve. We propose an iterative method in which we sep&@iato two sub-problems: 1)
An optimal paring problem under given power allocatign, p2, p.-}; and 2) an optimal
power allocation problem under given pairing stratdgyin the following, we first address
the two optimization problems separately, and then pretseniterative approach for the

joint optimization.

2.2.1 Subchannel Pairing Optimization

We first consider the subchannel pairing optimization prohl when power allocation

{p1, P2, P:} is given. The sum-rate in (2.5) can be re-written as

Ry = log (14 SNRS) (2.9)
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whereSNR*! is the effective received SNR combining both end nodes alay ngith

given a pairing function(-), defined by
SNR® 2 SNRy un + SNRa i &+ SNR1mne SNRa, s (2.10)

Combining the paired incoming subchannefrom the two end nodes and the outgoing
subchanneln from the relay,SNRT can be viewed as the effective received SNR over
this path. It is a function of subchannels paired, as well@sep allocated to the paired
subchannels at each end node and the reRay, P, P }-

For given power allocatiodp+, po, p-}, the joint optimization problenPO reduces
to the subchannel pairing problem which is reformulated the following optimization

problem

N N
P1): o log(1 + SNRE
(P1): max} > dmnlog(l+SNRY)

n=1m=1

N N
SEY Gun =1, Gun =1,
n=1 m=1

Omn € {0,1}, Vm, n.

The above optimization problem is known as the two-dimemai@ssignment problem.
It was discussed in [39], where both an optimal solution aw-¢omplexity subopti-
mal solutions are given. The authors first proof that unlike-vay relaying, there ex-
ist no explicit SNR-based subchannel pairing strategy ihaptimal for sum-rate maxi-
mization in MABC two-way relaying case. Then, they propoaddw-complexity SNR-
based suboptimal pairing scheme,,, SNR*//-Greedy algorithm, which have much lower
complexity@(N?log N)) as compared to optimal solutiadf(N?3)) by using the Hungar-
ian Algorithm [52].
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2.2.2 Joint Power Allocation Optimization

With a fixed pairing strategy(-) (or ®), the optimization probler?0 reduces to the joint

optimization of power allocatiofip;, p», p-} at Nodes 1 and 2 and at the relay, given by

N
(P2): max Z log(1 + SNRy ;) + log(1 + SNRo )
P1,P2,Pr
n=1
m = p(n)

N N
s.t. ijngptot, j:1,2, ZPrmSPtOtv

p1 = 0,p2 = 0,p, = 0.

From (2.7) and (2.8), we observe tf8XR; ,,,, andSNRx ,,,,, are not jointly convex with
respect to (w.r.t.Xpi, p2, p-}. Thus, the optimization problef2 is non-convex and thus
is difficult to solve. Instead, we separate this joint powptiraization problem into two
sub-problems, and solve them iteratively. Specificallyseparate power allocation at the

relayp, , and those at end nodép, p, }, for sum-rate maximization.

2.2.2.1 Joint Optimization of {p;, p2} Given p,

The objective inP2 can be rewritten as

N
max max Z log(1 + SNRy ) + log(1 + SNRy 1) (2.11)
Pr  P1,P2
n=1
m = p(n)

N N
s.t. Zf)jn S Ptot; .] = 1727 Z Prm S Ptob

n=1 m=1

p1 = 0,p2 = 0,p, = 0.
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SinceSNR, ,,,, andSNR ,,,,, are not jointly convex w.r.t.{p;, p2}, givenp,, the inner
maximization over{p;, p2} is non-convex and thus might not have a computational ef-
ficient solution. However, from (2.3) and (2.4), we see thsR, ,,, and SNR;,,,, can
be expressed in terms of ¢, w,,,} and{P,, w..,}, respectively. If we fix the relay
power coefficient§w,,,, } instead ofp, at the relay, the inner maximization above turns out
to be convex.

Let w be the relay power coefficient vector witw|,, = w,,,, wherem = p(n). From

Wy 1IN (2.2), the joint power optimization probleRR2 can be rewritten as

N
(P2) : max maXZ log(1 4+ SNRy ) + log(1 + SNRy 1)
w p17p2n 1

m = p(n)
N
s.t. Z|wmn‘2(P1n‘h1n‘2+P2n‘h2n‘2+0-2) S lDtOtu

n=1

N
ZPjnSPtOtaj:]-72v Pl?OaPZ?O
n=1

whereSNR; ,,,,, andSNR» ,,,,, are expressed in (2.3) and (2.4), respectively, as furstdbn

{Pin, Pan, Wiy} FOr givenw, the inner maximization dP2’ is given by

N
(P2'a): max Y  log(l+ SNRyy) + log(1 + SNRa, )

P1,P2

n

1
m = p(n)

N
s.t. Z‘wmn|2(P1n|h1n|2+P2n‘h2n‘2+U2> S Ptoh

n=1

=

ijngf)totuj:1727 pl?—‘07p2%0
n=1

From (2.3) and (2.45NR; ., andSNRy ,,,,, are both linear with respect #8,, and P, re-

spectively, thus the objective P2’a is jointly convex with respect tép,, p. }. Therefore,
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the optimization problen2’a is convex and can be solved by standard convex optimiza-

tion tools.

2.2.2.2 Optimization ofp, Given {p;, p2}

With given pair of{p;, p» }, the optimization probler®R2 becomes

N
(P2'b) : maxz log(1 + SNRy ) + log(1 + SNRy 1)
Pr —
m = p(n)

N
s.t. Z Prm S Pt0t> Pr = 0.
m=1

Given{p,, p2}, we see from (2.7) and (2.8) thalNR, ,,,, andSNR;,,,,, are both concave
functions of P,,,,. As a result, the objective iR2’b is concave with respect to,, and the
optimization problenP2’b is convex.

However, the expression 8NR, ,,,,, In (2.7) w.r.t.p, has a complicated fractional form
that cannot be easily implemented by standard convex ggdtion tools for a solution.
Therefore, we obtain the solution f@2’'b using Karush-Kuhn-Tucker (KKT) conditions
[53].

DenoteA = [\, ---, Ay] as the vector of Lagrange multipliers corresponding to the
non-negative relay power constrains on each subchannelbotBe as the Lagrange mul-
tiplier corresponding to the relay power budget constra8ihceSNR; ,,,, andSNRs .,
are now only functions of’,.,,, to explicit show this dependency, we denote the sum-rate

objective inP2b as>"_ R,,(P..), where
Ryn(Pom) 2 10g(1 4+ SNRy ) + log(1 + SNRmn).

It is easy to see that at optimality, the relay power constigiattained at the equalitiye.,
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ZN P..., = Py Thus, using the KKT conditions, we have

m=1
N

pr>f_07 A>F07 ZPrm:PtOta )\mprmzoa
m=1

R (Pn) = Am+v=0 m=1,... N (2.12)

whereR! (P.,,) denote the derivative oR,,(P.,,) w.rt. P.,, and the value of should
ensureZZ:1 P° = Pg. From (3.27), if the optimaP?, > 0, we have),, = 0. Thus,

pPe form=1,---, N, should satisfy
P’ >0 andR, (P°)+v=0, or P% =0. (2.13)

The above solution foP?, can be viewed as a variation of classical waterfilling soluti

the detail of solution is provided in Appendix A.

2.2.2.3 Iterative Procedure for Joint Power Optimization

We now solve the joint power optimization problé? by iteratively solving the optimiza-
tion subproblem®2’a andP2’b to updatep, and{p1, p2}, respectively.

Specifically, let{ p}, p}, p.} denote the power allocation solutions obtained aftetttne
iteration, and letv' be the corresponding relay power coefficient obtained fipm p, p.}.

At the (I + 1)th iteration:
1. Givenw', we solve the joint optimization probleR2’a to obtain{p’™, p,™};

2. Given{p/™, p5'}, we solve the optimization proble2’b to obtainpi*!, and

obtainw!*!.

Repeat steps 1-2 until the sum-rate objectivB2tonverges, and we obtain a local maxi-

mum solution forP2.
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2.2.3 Joint Pairing and Power Allocation Iterative Optimization

Finally, to solve the original joint subchannel pairing graver optimization problerR0,
we iteratively solve the optimization probler®d andP2. Thekth iteration contains two

steps:

1. Given power allocatiodp”, p5, p*}, we solve subchannel pairing problé and

obtain pairing permutation functigit*1(-);

2. Givenp**i(.), the joint power allocation optimization probleR2 is solved using

iterative approach described in Section 3.2.2.4.

The above procedure is repeated until the value of the stemlgective converges.

Note that the convergence of this iterative approach isajuaed, since the value of the
sum-rate objective in each step of the iterative procedsir®n-decreasing. However, the
original joint optimization problem may have multiple léecaaxima, and the global con-
vergence is not guaranteed. Thus, for a better result,dljpiwe need a few initialization
trials and select the one with the highest objective valuer i@rative joint optimization

approach is summarized in Algorithm 1.
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Algorithm 1: Iterative Optimization Approach to SohRD
Initialize: Setp?, p9, pY, p°(+), ¢; Setk = 0;

ComputeRr? in (2.6) withp?, p3, p?, p°(). SetAR® > .

while AR* > ¢ do
I Givenp*(-), solve power optimization iRP2

Setl = 0, p} = p{, P} = P5, P = P}’
Let ! be the objective value iR2 at thelth iteration.
ComputeR® with {p?, p3, p°}. SetAR? > .

while AR > e do
Computew' in (2.2) based odp!, pb, pL, p*(-)};

Givenw!, solveP2'ato obtain{p’™, p,™};
Given{p/™, p5'}, solveP2'b to obtainp!;
ComputeR™" using{p\™!, Py, b, p* () };
SetARH—l — Rl-i—l _ Rl;

Setl «+ [+ 1;
end

Output: pi*' = pl, p5™ = p, pit! = pl;

Given{p"™!, p4s*! pk+'}, solve the pairing optimization probleRi to obtain

pk—i-l (_),
ComputeRF! using{p}™, p5*, pF*t, p* () };

SetARk:-l—l sz-l—l Rk;

Setk + k +1;
end

Output: p¥, p5, pF andp*(-);
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2.3 Simulation Results

We evaluate the performance of the proposed algorithm gir@imulations using an
OFDM system with/V subchannels. The channel gain over each subchannel is @ompl
Gaussian with zero mean and variangewheres? follows a pathloss model? = K,d*

with pathloss exponemnt = 3 and K, = 1. The receiver noise is assumed AWGN with
variances? = 1. Let dys, dy,, andd,, denote the distance between two end nodes, that
between Node 1 and the relay, and that between Node 2 andldlye nespectively. The
total power at each node is setBy; = N. We defineSNR 2 Potdy' /o? as the average

SNR from Node 1 to Node 2 over the direct path. WeS2€R = 2 dB in our simulations.

Convergence Behavior We first study the convergence behavior of the iterative powe
allocation optimization method in Section 3.2.2.4 andaitie joint pairing and power
allocation algorithm in Algorithm 1. We set the relay to belet middle point between the
two end nodesg,e.,d;, = d,s.

Fig. 2.2 plots the average sum-rate per subchannel versusuthber of iterations by
solving the joint power allocation optimization probldd2 using the iterative approach
in Section 3.2.2.4. The pairing schemie) is randomly generated at the beginning but is
fixed during the experiment. A few randomly generated ititédions for{p!, pJ, p®} are
used to study the convergence behavior and performance todhl maxima. Each curve
corresponds to a different initialization. Similarly, Big2.3 and 2.4 plot the average sum-
rate per subchannel versus the number of iterations und@ri#thm 1 for solving the joint
optimization problenPOfor N = 8 and N = 64, respectively. Each curve corresponds to a
different initialization for{p?, p9, p?, p°(-)}, which are randomly generated. The same set
of channel realizations are used for Figs. 2.2-2.4. From.RR-2.4, we see that, for the
iterative optimization for botl2 andPQ, the sum-rate converges in just a few iterations.

In addition, we see that several local maximum points mastexid different initialization
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may converge to different local maxima, although the défere is not large. This shows

that a few initializations are required to improve the perfance.
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Figure 2.2: Average sum-rate vs. iterations for solvingjpiower allocation problerR2.

Performance We investigate the performance among different stratexg@sincreases.
Specifically, four schemes are compared: 1) Equal powecatilon at all nodes and direct
pairing; 2) Pairing only: pairing is optimized usirRL by Hungarian Algorithm, while
equal power allocation is assumed; 3) Power allocation:oahly P2 is solved by the
proposed iterative procedure, while a random pairing ismivl) Joint pairing and power
allocation: our proposed Algorithm 1 to solR®. We assume the relay is at the middle
point between the two end nodes,, d;, = d,».

Fig. 2.5 plots the average sum-rate per subchannelNs. It can be seen that the
performance of joint pairing and power allocation optintiaa in Algorithm 1 is the best.
The additional performance gain of joint optimization otlex pairing-only and the power-

allocation-only schemes is clearly seen. The spectrali@fity under the pairing-only
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Figure 2.3: Average sum-rate vs. iterations for solvingtjgaring and power allocation
problemPO, when number of subchann®lis 8.
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Chapter 2 29

scheme and joint optimization (Algorithm 1) increases with due to the pairing gain
increasing with/V as discussed earlier. For the other two schemes, the dpefticeency

remains almost flat a§ increases, as they do not exploit the pairing benefit.
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Figure 2.5: Average Sum-rate per subchannelW¢SNR,, = 2dB)

Finally, we show the performance of average sum-rate vénguglay position between
the two end notes in Fig. 2.6. We s¥t= 32. Performances under the four schemes are
again compared. Again, the sum-rate increases as the relagsnowards to the middle
point between Nodes 1 and 2. The best performance is whealtheis at the middle point
to benefit. Comparing different schemes, we see that wherelig is at the middle point,
the gain due to pairing alone exceeds the gain due to povemadibn alone, indicating the
significance of subchannel pairing. The additional pertomoe gain of joint pairing and
power allocation optimization over the pairing-only and pgower-allocation-only schemes

is clearly seen at any relay location.
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Figure 2.6: Average sum-rate per subchannellys.d;, (N = 32).
2.4 Summary

In this chapter, the joint subchannel paring and power atlon optimal problem for a mul-
tichannel MABC-based two-way relay network is considefHte objective is to maximize
the sum-rate of both end nodes. The joint optimization idfecdlt problem, especially for
two-way relaying. We proposed an iterative algorithm wisohves the pairing and power
allocation problem iteratively. For the joint power alldca among the two end nodes and
the relay, an iterative optimization procedure was progdsesolve the power allocation
at the relay and at two end nodes iteratively. By transfogiire SNR expression w.r.t.
different form of optimization parameters, each powermjation problem turns out to
be a convex problem and can be solved to obtain the optimatisnl

Finally, for the original joint subchannel pairing and paw#ocation problem, we pro-
posed an additional iterative algorithm to solve the pgiand power allocation subprob-

lems iteratively. The simulation performance demonsgrétte gain of joint optimization
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approach over other pairing-only or power-allocationyasptimization approaches.
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Chapter 3

Joint Pairing and Power Allocation
Optimization in Multichannel

TDBC-Based Two-Way Relaying

3.1 System Model

We consider a wireless relay network where one relay nogetivel terminal nodes (Nodes
1 and 2) to exchange information in a multichannel systerh Wisubchannels. We assume
that the relay channels to and from each terminal node agroeal and that each terminal
node has perfect knowledge of the channel state informafiesuming transmission over
each subchannel experiences flat fading, we dehgtandh,; as the channel coefficient
over the:th subchannel from the relay to Nodes 1 and 2, respectivaly,the channel
coefficient of the direct link between the two terminal nodesr theith subchannel as
hoi- We consider a three-phase TDBC-based two-way transmissiategy and assume
the channel coefficient remains unchanged within the duratf three-phase transmission.

In phases one and two, Nodes 1 and 2 transmit their data teldne The received signal

32
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at the relay over théh subchannel in Phaggdenoted as;;, is given by
rji: \/Pjihjisji+vjia ]:1,2, 'L:]_, ,N (31)

wheres;; and P;; are the information symbol and transmitted power of Ngd¢ = 1, 2),
respectively whiley;; is the additive white Gaussian noise (AWGN) with variapéet the
relay on theith subchannel in Phage The signals received at Nodes 1 and 2 from the

direct link over theith subchannel during Phases 2 and 1 are given by
yS, =/ Piihoissi+ 05, j=12i=1--- N (3:2)

wherej = 1 (or 2) for j = 2 (or 1); n;’n is the AWGN with variancer? at Nodej, for
j = 1,2. In the third phase, the relay performs both pairing and pameplification for

forwarding. Specifically, the relay combines the receivigghals from Nodes 1 and 2 on
the kth andmth subchannels, respectively, and retransmits the coritsigmal over the
nth subchannel with poweP,,,. The received signals at Nod¢®ver thenth subchannel

are given by
Yjn = hjn(wlnkrlk + wanTQm) + Nijn, ] = 17 2 (33)

wheren;, is the receiver noise over theh subchannel at Nodgin the third phase, re-

spectively with variance?; the coefficientv,,,;, andws,,,, are given by

anprn (1 - Oén)Prn
n - —7 nm - 3'4
ik \/P1/<;|h1/<;|2+02 2 \/P2m|h2m|2+<72 (34)

where P,,, is the relay transmit power over thegh subchannel, and,, € [0, 1] is the

fraction applied to forward signal from relay over th#éh subchannel.
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Assume Nodes 1 and 2 know the pairing scheme used at the aelhyhus, they can
cancel the self-interference received, before perforrdetgction. The residual signal after

self-cancellation at Node 1 is given by

gln = PmeanhlnthSQm + hln(wlnkvlk + w?nm'UZm)

Using (3.2) and (3.5), the received signal from the direak lover themth subchannel
and that from the relay over theth subchannel will be combined for the detection of
transmitted symbok,,, from Node 2. It is known that the maximum ratio combining

(MRC) is optimal in the sense that it results the highestiveceSNR output given by

P2m‘w2nm|2‘h1n‘2|h2m|2 P2m‘h0m‘2
SNR1,;m = + 3.6
1 = T F (i + [wamnP)Frn®) T 02 (3.6)
P1k\w1nk|2\h2n\2|h1k|2 Plk‘hOk‘Q
SNRs,x = 3.7
2k = T (il + [wmen P i) T o2 (37

where the first terms are the post-cancellation receivetstever's SNRs over the relay
after self-cancellation, and the second terms are the SbiRR the direct link. Similarly
we can write the received SNR at Node 2, denotefiR,,,;, for transmitted symbaot,;,
from Node 1. An example of the system model is given in Fig 3.1.

Note that for this three-phase two-way relaying schemegchannel pairing involves
three subchannels: the two incoming subchannels to thefrela Nodes 1 and 2, and the
common outgoing subchannel to the Nodes 1 and 2. The paiande described using
two permutation functions = p(n),m = ¢q(n), forn = 1,-- - N. In other wordsp(-)
andq(-) provide specific pairing strategies of subchannels to aom the relay for Nodes

1 and 2, respectively.
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Figure 3.1: System model for TDBC-based two way relaying

The system sum-rate of Nodes 1 and 2 under a given pairingifume = p(n) and

m = q(n) can express as

Ry = log (1 + SNRlnm) + log (1 + SNRgnk) . (3.8)

The overall sum-rate achieved in multichannel system isrglwy

N
R = Z R (3.9)
n=1

k= p(n),m = q(n)

3.2 Joint Two-Way Pairing and Power Optimization

Using (3.4), we can rewrit8NR,,,, andSNRx,,,. in (3.6) and (3.7) in terms aPy, P,

P., anda,, as

P2m(1 - an)Prn|h1n|2|h2m|2(Plk|hlk|2 + 02)/02
(Pamlham|? + 02)(Pig|hik|? + an Pep|hin|? + 02) + (1 + o) Prn|hin|? (Pig|hak|? + 02)
P2m|h/Om|2
o2

SNRlnm =

N (3.10)
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PlkanPrn|h/2n|2|h1k|2(P2m|h2m|2 + 02)/02
(P1k|hlk|2 + 02)(P2m|h2m|2 + (1 - an)Prn|h2n|2 + 02) + anprn|h2n|2(P2m|h2m|2 + 02)

SNRan =

Py lhom|?
+M, (3.11)

o2

The sum-rateR,,,,.;. in (3.8) is a function of power allocation at each end nodetaed
relay, i.e., { Pix, Pom, Prn, n}. Let p1, po, pr anda be the N x 1 vectors containing
the power allocation and fraction on each subchannel at lédad 2, and at the relay,
respectively, with[p]x = Pk, [P2)m = Poms [Prln = P and[al, = «a,. Let Py
be the power budget at each nédeOur goal is to maximize the sum-rate in (3.9) by
jointly optimizing the subchannel pairing strategy) and¢(-) and the power allocation
{p1, P2, P, @} under the individual power constraif,. The joint optimization problem

is formulated as the following:

N

N N
(PO): max Z Z Z Dromk Rnmik

,P1,P2,Pr, ¢ m=1k=1n=1

N N N

1 n=1 k=1

—

WE

s.t.
1

B
Il

3
[

¢nmk = 17Vk7 ¢nmk € {07 1}7vm7 kan'

WE
WE

1

1n

N N
P, < Pot, Y Pon < Pot, Y Prn < Pt

=1 m=1 n=1

3
Il

WE

o

P1 >f_07p2 %Oapr >r_()aarz S [071]7vn

whereg,,.;. IS a binary variable indicating the pairing outcome of subutels:, m and

k, and® is a three-dimensional matrix witl®|,,,.., = ¢,mx. The joint optimization prob-

lem POis a mixed-integer programming problem which is difficulstve. We propose an

IWe assume the same power budget at each node for simplicity.
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iterative method in which we separd®@ into two sub-problems: an optimal paring prob-
lem under given power allocatidip,, p2, p @}, and an optimal power allocation problem

under given pairing strategd.

3.2.1 Subchannel Pairing Optimization

We first consider the subchannel pairing optimization prohl when power allocation

{p1, P2, Pr, @} is given. The sum-rate in (3.8) can be re-written as

nmk

Rpypi, = log (1+ SNRE L) (3.12)

whereSNRT is the effective received SNR combining both end nodes alagy reith

nmk

given a pairing functiom(-) andq(-), defined by

SNRE , £ SNR1 + SNRops + SNRiym SNRoi (3.13)

m

Combining the paired incoming subchanh&lndm from two end nodes and outgoing

eff
nmk

subchannet from the relaySNR:’ . can be considered as the received effective SNR over
this path. It is a function of subchannels paired, as well@sep allocated to the paired
subchannels at each end node and the relay.

The sum-rate expression in (3.12) is now in the same formahatsin a traditional
one-way relaying system. For a one-way relaying systenadtdeen shown that for given
power allocations at the relay, the optimal pairing stratieg end-to-end sum-rate max-
imization is anSNR-sortingbased pairing strategy [25, 27], where the subchannel at the
1st hop with thekth highest SNR is paired with the subchannel at the 2nd holp thvé

kth highest SNR. This optimal pairing strategy uses expB8IR ordering and thus is effi-
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cient in computation wittO (N log N') complexity (determined by the sorting complexity).
The efficiency of this strategy comes from the fact that it saparately and independently
sort the incoming and outgoing channels according to aice®fdR-based metric. Due to
the computational benefit, for two-way relaying, we areneséed in investigating whether
such a similar SNR-based efficient pairing strategy alsstexin the following, we show

that, unfortunately, such SNR-based pairing strategy ti®pomal for two-way relaying.

3.2.1.1 Sub-optimality of SNR-Based Pairing

Re-grouping the variables in (3.10) and (3.11), we can rieevthe received SNR expres-

sions as

72m61n

1 + eln + Yom + eln 13:;[” 1217;:11
SNRo,, = L S————. (3.15)
14 602, + 71x + ng—ai‘” —;’21:#1

where~, and~,,, are the received SNRs at the relay from Nodes 1 and 2 ovektthe
and themth subchannels, respectively;, is the received SNR at Nodgdrom the relay
over thenth subchannel; ang,,,, andrn,; are the received SNRs at Nodes 1 and 2 from the

direct link over thekth andmth subchannels, respectively. They are expressed as:

Pug|hag)? Poy|hom|?
e = Dkl o = Lnlhenl 316)
o o
1—OénPTnhn2 anPrnhnz
eln = ( 2_2 | : | ) 92n = % (317)
Poylhom|? Pui|ho|*
= L;)" Mok = Lzm (3.18)

o
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Figure 3.2: SNR-based two way relaying pairing

Thus, the received SNRs at Nodes 1 and 2 are functions of SR each of the six
subchannels used for transmissidres, the k&th andmth subchannels to the relay and over
the direct link, and thexth outgoing subchannels to Nodes 1 and 2. An example of the
SNR-based pairing is given in Fig 3.2.

Based on (3.14) and (3.155NR2%,€ is a function of(v1x, Yom, O1ns O2ns M, ox) EX-

pressed as

Direct : SNRELfrfnk = (I)('Vlka Yo, an, an, Mm, T]Qk) (319)
No direct: SNRET . = ®(y1x, Yom, O1n, O2n)- (3.20)

Define f,g,h : R* — R, wheref (v, 7o) is @ function of SNRs on thkth subchannel
from Node 1 to relay and Node 2 over the direct linkys,,, 71, ) is @ function of SNRs on
the mth subchannel from Node 2 to relay and Node 1 over the direkt &ndh(6,,,, 02,)
is a function of SNRs on outgoing subchannel from relay to Nodes 1 and7726(1n, o)
for the no direct link case). For a SNR-based pairing styattbg pairing will be based on

the value off, g andh over each subchannel. We intend to find out wheR®" . can



Chapter 3 40

be expressed as

Direct : D (Yiks Yom O1ns O2n, M M2k
= \Il(f(’}/lka 772k)7 g(’YZm» nlm)v h(elnv 92%)) (321)
No direct: (i)(’}/lk,’}/gm,eln,egn)
= \I/(’Ylk, Yom 71(61”, an)) (322)

where ¥ (f, g, h) is only a function off, g andh, and similarly for@ (yyy, v2m, h). The

following result shows that such functions cannot be fownrdlie optimal pairing.

Lemma 1. 1) There do not exist function&z1, 1), g(x2, y2), h(xs,ys), and ¥(z,y, z)
satisfying(3.21) 2) There do not exist functiorigz,, y,) and ¥ (z, y, z) satisfying(3.22)

Proof: See Appendix B.

Following Lemma 1, we have the following conclusion.

Proposition 1. For the TDBC-based two-way relaying multichannel systeth arwithout
direct link, with given power allocations at Nodes 1 and 2 dhd relay, there exist no

explicit SNR-based subchannel pairing strategy optimasémn-rate maximization.

Recall that, when there is no direct link, the explicit SN&sed pairing strategy is op-
timal for a one-way relaying system [24—26]. Propositiondicates that the TDBC-based
two-way multichannel relaying system lacks of an efficiemg(icit) optimal pairing strat-
egy, regardless of availability of direct link. Using existive search among a total @¥'!)?
possible pairing combinations results in the computaticoenplexity of O (2N), which
is impractical whenV is large. Thus, our focus is to design low-complexity subupt
pairing strategies with good performance, which is palaidy important for broadband

systems with largév.
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3.2.1.2 Low-Complexity Suboptimal Pairing Strategy

For given power allocatiofp,, ps, p, &}, the optimization probleniP0) reduces to the

subchannel pairing problem and can be formulated as

N N N

(P1): max > > > Gk log(l + SNRS )

Prmk m=1 k=1 n—1

N N N N
m=1 k=1

n=1 k=1

WE
M=1

¢nmk = 17Vka ¢nmkz € {07 1}7vm7 kan-

1 n=1

3
I

The above optimization problem is essentially an axial 3*0B4]. In contrast to the 2-D
assignment problem which can be solved efficiently by atbors such as the Hungarian
Algorithm [52], the 3-DAP is an NP-hard problem. This prabléas been studied exten-

sively in literature, and various heuristic methods havenggroposed to solve it.

Iterative Optimization Here, we use an iterative approach to solve the 3-DAP by re-
ducing it into a 2-D assignment problem and solving it itedy, an idea which was first
proposed in [55].

Let C,k, Crm, @ndC,,;, be the 2-D permutation matrices over the gair, k), (n, m),
and (n, k), respectively, under given permutatiopS) andq(-). Let C,,.» be the 3-D
permutation matrix over the tuple:, m, k). Determining the optimal 3-D permutation
matrix under a fixed 2-D permutation matrix is essentiallyla @ssignment problem. Since
there are three 2-D permutation matrices,/theteration involves three steps as follow. An
example of the procedure (3.23) is given in Fig 3.3, wheré eatumn stands fokth, mth

andnth subchannel respectively.
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Fix C"). = find optimalC(:+) (3.23)
Fix %Y = find optimal ;" (3.24)
Fix ¢ = find optimalCc ). (3.25)

The optimal solution in each optimization above can be oletby the 2-D assignment
problem through the Hungarian algorithm. Note that the algprecedures in each iteration
will effectively determine the two permutationsg-) and¢(-). The iteration repeats the
above procedures (3.23)-(3.25) to heuristically optimibe sum-rate in (3.9) until no more
improvement can be achieved. An example of the proceduB8)3s given in Fig 3.3,
where each column stands fbth, mth andnth subchannel respectively. The iterative

optimization approach is summarized in Algorithm 2.

OO0
O=»

Figure 3.3: Iterative Optimization Pairing
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Algorithm 2: Iterative Optimization Algorithm
1): Initialize P,,;, threshold

2): Setl + 0, R© « 0 for R in (3.9)
while R+ — RO > ¢ do
obtainC,+", ¢4, ¢ using (3.23), (3.24), and (3.25), respectively, using the
Hungarian algorithm.
UpdateR(‘Y in (3.9) withC.,h, ¢4,
[ 1+1.

end while

Complexity The complexity of Hungarian algorithm @ (IV3), thus the complexity of
each iteration is als® (N?3). From simulations, we show that the performance converges

in a couple of iterations.

Sorting-Based Algorithm It is known that for one-way relaying, without the directdjn
the optimal pairing strategy is an explicit SNR-based pgif24—-26]. We utilize this result
to propose a similar sorting strategy for TDBC-based twg-vedaying.

Without Direct LinkLet {v,(;)} denote the sorted version o1}, i.€., Vi) > Viget1)-
Similarly, we denote{v,., }. For thenth outgoing subchanné,, and 6,,, assuming
01, andb,, are ranked the,;th among{#6,,}, and then,th among{6s,}, respectively.
Our proposed algorithm is to paif,,,) with 0,,, and~,.,,) with 6,,. In this case, in
each one-way direction, the SNR-sorting based pairing eéslushich is optimal if there
is no interference from the other direction. The summaryhid procedure is given in
Algorithm 3. An example of the sorting-based pairing sggtis given in Fig 3.4.

With Direct LinkWhen we consider the direct link, a sorting-based strategyldeen
proposed in [27] for one-way relaying which is optimal undefixed-gain power ampli-

fication. Adopting that sorting strategy into the two-walaggng case, we can adjust our

ranking metric by including the direct linke., 11;’; and 1}3&. Algorithm 4 provides a
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Figure 3.4: Sorting-based pairing

summary of the procedure in this case.

Complexity The complexity of sorting a queue of lengthis O(N log N). Thus, the
total complexity of the sorting-based strategyJ&N log N). Comparing taD (N?) of Al-
gorithm 2, we see that the complexity of Algorithms 3 and 4xiseamely low. It maintains
the same pairing complexity as in the one-way case. As wesedlfrom simulation studies
that the performance of such sorting-based strategy i® ¢tothat of the optimal pairing,
demonstrating the effectiveness and the excellent pegica of the proposed suboptimal
algorithm.

Special case — direct pairinig is known that for one-way relaying, the optimal pairing
strategy is an explicit SNR-based pairing [25, 27], whererith strongest subchannels,
measured by SNR, over the first hop and second hop are pafreg. directly apply this
one-way optimal pairing strategy to two-way relaying, iteigsy to see that it is simply
equivalent to the direct pairing caseg.,n = m = k. As we will see from simulation
studies that the performance of such direct pairing stydi@gwo-way relaying is inferior
to that of the iterative optimization algorithm and sortingsed algorithm we proposed

above.
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Algorithm 3: Sorting-Based Algorithm (without direct link)
1): Sortingyix, Yam, 61, andb,,, in descending order to obtain rank;), rankva,,),

rank(f,,,) and rankd.,,).
2): Perform pairing
forn=1— Ndo
For ranK~,x+) = rank(fs,, ), pair (n, k*);
For ranK~s,,,+ ) = rank(6,,,), pair (n, m*).
end for

3): Obtain the pairing resuft(n, m*, k*) :n=1,..., N}

Algorithm 4: Sorting-Based Algorithm (include direct link)
1): Sorting(v1x/(1 + 12k)), (Yom/ (1 + 1m1m)), 61, @andbs,, in descending order to obtain

rank(yi/ (1 + n2x)), rank vz, /(1 + m1,)), rank6y,,) and rankds,, ).
2): Perform pairing
forn=1— Ndo
For rank(ljrlnﬁ) = rank(6y,), pair (n, k*).
For ranl(%) = rank(6,,,), pair(n, m*).

end for

3): Obtain the pairing resuft(n, m*, k*) :n=1,..., N}

3.2.2 Joint Power Allocation Optimization

With given pairing strategy(-) andg(-), the optimization probler®0 reduces to the joint

optimization of power allocatiofip;, ps, p-, @} at each end nodes and at the relay, given
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by

N
(P2): max > " log (1 + SNRupm) + log (1 + SNRgu)

P1,P2,Pr,
n=1

k= p(n),m = q(n)

N N N
st Y P < Pot, Y Pom < Pot, Y Prn < Pt
k=1 m=1 n=1

p1 = 0,p2 = 0,p, = 0,0, € [0,1],Vn.

From (3.10) and (3.10), we observe ti8&R,,,, andSNR»,,;, are not jointly convex with
respect to (w.r.t.){pi, p2, pr, @}. Thus the optimization problem2 is non-convex and
difficult to solve. We propose to separate this joint powdrrojzation problem into three
sub-optimization problems, and solve them iterativelye@ijically, givenp, and o, we
first optimize{p;, p2} to maximize the objective iR2. Then, using the obtain€g,, p»}

with givenp,., we optimizea.. Finally, with obtained{p;, p,, o}, we optimizep,..

3.2.2.1 Joint Optimization ofp; and p, Given « and p,.

The objective inP2 can be rewritten as

N
max {maxz log (1 + SNRy,m) + log (1 + SNRo,k) }

pr, O "P1,p2? —
k =p(n),m = q(n)
N N N
s.t. > P < Pot,d  Pom < Poty 3 Prn < Pt
k=1 m=1 n=1
p1 = 0,p2 = 0,p, = 0,0, € [0,1],Vn. (3.26)

However, from (3.10) and (3.11), we see that, giygnand «, the inner maximization
problem with respect tdp;, p»} is not convex and thus might not have a computationally
efficient solution. From (3.6) and (3.7), we see thisR ,,,, andSNR»,,, can be expressed

in terms of of{ Py, Wink, Wanm } @nd{ Py, wink, wonm }, respectively. If we fix the relay
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power coefficientsu,,,, andws,,, instead ofp, anda at the relay, the inner maximization
above turns out to be convex.

Let w; andw, be the power coefficient vector witkv, |, = winr and[wa),, = wanm,
wherek is related ton based on the pairing resuit= p(n) andm is related ton based
on the pairing resultn = ¢(n). Using (3.4), the joint power optimization probldP2 can

then be rewritten as

N
(P2): maxmax » log(l+SNRyuy)+ log (1 + SNRyu)

W1,W2 P1,P2
n=1

k= p(n),m = q(n)
N

s.t. Z[|w1nk|2(P1k|hlk|2+02)+

n=1

|w2nm|2(P2m|h2m|2 + 02)] S Ptot7

N N
> P < Pot, Y Pom < Pt
k=1 m=1

p1 = 0,p2 = 0,a,, € [0,1],Vn.

whereSNR1,,,,, andSNRy,,;. are expressed in (3.6) and (3.7), respectively, as furstdn

{ P11, Pop, Wink, Wanm }. FOr givenw, the inner maximization dP2’ is given by

N
(P2'a): max Y log(1+ SNRyyn) +log (1 + SNRa)
P1,P2

n=1
k =p(n),m = q(n)
N

st > [Jwik*(Pilhal” + o)+

n=1

|w2nm|2(P2m|h2m|2 + 02)] S Ptota

N N
> P < Pot, Y Pom < Pt
k=1 m=1

p1 = 0,p2 = 0,0, € [0,1],Vn.

From (3.6) and (3.75NR,,,, andSNR,,,;, are both linear with respect 18, andP,,, thus
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the objective irP2’a is jointly convex with respect tép,, p» }. Therefore, the optimization

problemP2’ais convex and can be solved by standard convex optimizatims.t

3.2.2.2 Optimization ofa Given p1, p2, and p,

With given power allocatiodp,, ps, p.-}, the optimization probler?2 becomes

N
(P2’b) : max > " 1og (1 + SNRypm) + log (1 + SNRay)

n=1
k=p(n),m =q(n)

s.t. oy €10, 1], Vn.

Let R(a,) = log(14+SNRE" ), andR’(a,,) be the derivative oR(a,). SinceR’(a,,)

nmk

0 leads a quadratic equation as shown in the Appendix C, thedqpanda,,» of R/ («,)
0 is the maximum or the minimum points &f(«,,). If «,,; anda,,, are within the interval
0, 1], we then comparé(a,;) and R(a,,2) with R(0) and R(1), the maximum one is the

optimal solution forR(«,,). The detail of solution is in Appendix C.

3.2.2.3 Optimization ofp, Given pq, p2 and «
With given power allocatiopy, p2, o}, the optimization problerR2 becomes

N
(P2'c): max Z log (1 + SNRy,m) + log (1 + SNRg)
Pr

n=1
k =p(n),m =q(n)

N
s.t. Z Prn S Ptob Pr = 0.

m=1

Given{pi, p2}, we see from (3.10) and (3.11) tH&¥R,,,,,, andSNR,,,; are both concave

functions ofP,,,. As a result, the objective iR2’c is concave with respect {@.. Thus, the
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optimization problenP2’c is convex. However, the objective P2'c with respect top,
has a complicated fractional form that cannot be easilyé@mgnted using standard convex
optimization tools. Therefore, we obtain the solution & c using Karush-Kuhn-Tucker
(KKT) conditions [53].

DenoteA = [\, ---, Ay] as the vector of Lagrange multipliers corresponding to the
non-negative power constrains on each subchannel. Denadethe Lagrange multiplier
corresponding to the power budget constraint. SKS&,,,, andSNR,,,, are now only
functions of P,,,, to explicit show this dependency, we denote the sum-rajectte in

P2casy." | R,(P..), where
Ro(P.,) 2 log(1 + SNRym) + log(1 + SNRans).

It is easy to see that at the optimum, the relay power comstiattained at the equality,

i.e., ij:l P., = Pyt Thus, using the KKT conditions, we have

N
| 07 )\?:07 Zprn:Ptota )\nprnzou
n=1

R (Py) —A+v=0, n=1,....N (3.27)

whereR! (P,,) denote the derivative aR,,(P,,,) w.r.t. P,,, and the value of should

ensureZﬁLV:1 P° = Pg. From (3.27), if the optimaP?, > 0, we have\,, = 0. Thus,P;?,

rn?

forn=1,---, N, should satisfy

P° >0 andR, (P°)+v =0

or P =0, n=1,.---,N. (3.28)
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The above solution foP?, can be viewed as a variation of classical waterfilling solu-

tion, the detail of solution is provided in Appendix. A.

3.2.2.4 lterative Procedure for Joint Power Optimization

We solve the joint power optimization proble®2 by iteratively solving the optimization
subproblem®2’a, P2’b, andP2’cto update{p,, p» }, «, andp,., respectively. Specifically,
let {p, p}, p\, o'} be the power allocation solutions obtained afteritheteration, and let
w! andw), be the corresponding relay power coefficient obtained ffpf p,, p., a'}. At
the (I + 1)th iteration:
1. Givenw! andw}, we solve the joint optimization probleR2’ato obtain{p ™, p,™};
2. Given{pi™', p5™} andp!, we solve the optimization probleR2’b to obtaina!+*;

3. Given{p/™', p5™, o'}, we solve the optimization probleR2’c to obtainp!t?,

Repeat steps 1-3 until the sum-rate objectivB2tonverges, and we obtain a local maxi-

mum solution forP2.

3.2.3 Joint Pairing and Power Allocation Iterative Optimization

Finally, to solve the original joint optimization probleR0, we iteratively solve the opti-

mization problem$1andP2. Thesth iteration contains two steps:

1. Given power allocatiodp$, p5, p:, a’}, we solve subchannel pairing problePi

and obtain pairing permutatigrit*(-) andg**(-);

2. Given pairing permutation functigri™ (-) andg**!(-), the power allocation problem

P2is solved using iterative approach mentioned in Sectior2312
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The above procedure is repeated until the sum-rate corsierge

Note that the convergence of this iterative approach isagueed as the value of the
sum-rate objective in each step of the iterative procedsir®n-decreasing. However, the
original joint optimization problem may have multiple lécaaxima. Thus, typically we
need a few initialization trials and select the one with teetlperformance. The iterative

joint optimization approach is summarized in Algorithm 5.
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Algorithm 5: Iterative Optimization to Solve0
Initialize: Setp!, p3, p?, &, p°(-), (), &
Sets = 0; ComputeR? in (3.8) withp?, p9, p¥, a®, p°(-), ¢°(-). SetAR® > e.

while AR®* > e do
Il Givenp®(-), ¢°(-) solve power optimization ifP2

Setl = 0, p! = pj, P = p3, P! = pi, &’ = o
Let R! be the objective value iR2 at thelth iteration.
ComputeR’ with {p?, p3, p°}, &’. AR > .

while AR! > e do
Obtainw!, w}, using (3.4) based op, p,, p’. andéa/;

Givenw!, w}, solveP2'ato obtain{p‘™, p,™};
Given{p.™, p5'}, andp! solveP2’b to obtainpit!;
Given{p/™, p5'}, anda' ™! solveP2'c to obtainp’';

ComputeR'*! based or{p™, p5, pitt, &, p° (), ¢° ()}

Setl + [+ 1;

end

Output: pi** = pl, p3* = pb, pi™! = pl, @**' = &';

Given{p;™, p5t!, p:*!, a°*'}, solve pairing optimization problef1 to obtain
p**(-) andg*t(:);

ComputeRs+1 based Or{ps—i-l’ p;-i-l’ pf‘+17 s+17ps+l(~)7 qt-l-l(‘)};

SetARSH Rs+1 Rs;

Sets + s+ 1;
end

Output: p3, ps, ps, o, p°(-) andg®(-);
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3.3 Simulation Results

We evaluate the performance of the proposed pairing sirated iterative joint optimiza-
tion of pairing and power allocation through simulationghgsan OFDM system withV
subchannels. The channel gain over each subchannel is eo@plussian with distribu-
tion CN(0, o7), whereo? follows the pathloss model? = K,d—* with pathloss exponent

k =3 andK, = 1. Letd,s, d;, andd,, denote the distance between Nodes 1 and 2, Node
1 to the relay, and Node 2 to the relay, respectively. We défie@verage SNR from Node

1 to Node 2 over the direct path 88R,, 2 Lrdr o,

3.3.1 Performance Comparison under Pairing Schemes

We first fix the power allocation and compare the performanu#eu different pairing
strategies. We chose, in (3.4) such thatv,,;, = wami °. Letdys, di, andd,, denote
the distance between Nodes 1 and 2, Node 1 to the relay, and Rlod the relay, re-
spectively. We define the average SNR from Node 1 to Node 2 thnedirect path as
SNRy, 2 £rd,) /o?. Besides the proposed Algorithms 2-4, we also consideroihaifing
schemes for benchmark comparison 1) A random pairing schemichp(-) andg(-) is
a random permutation; 2) Direct pairing.,k = m = n.

We first show the convergence behavior under the Ilterativer@ation over iteration
in Fig. 3.5. We setV = 128 and assume no direct link. For initialization, we use the
pairing result under either the random pairing or the sgrbased algorithm. We see that
the performance under the two initialization methods ifedént only in first a couple of

iterations. This indicates that the convergence is notitemso the initial pairing used.

Furthermore, the convergence is fast with typically onl Berations needed.

2In our simulation study, we observe that the sum-rate pevémce under this specific power allocation
is higher than other power allocations. Therefore, we cadbis particular setting. Joint optimization of
pairing and power allocation will show in following section
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Figure 3.5: Convergence behavior under the Iterative Qpétion scheme over iteration

Then, we compare the sum-rate performance among diffeagrnbhg schemes ad’
increases. We assume. = d,», and seSNR;, = 2dB. Fig. 3.6 and Fig. 3.7 show the
average sum-rate per subchannel ¥, with or without direct link, respectively. From
Fig. 3.6, we observe that the sum-rate per subchannel urdér gairing algorithm in-
creases ad/ increases, indicating higher pairing gain is achieved’dacreases. We also
see that the performance of the proposed sorting-basendthlgas very close to the inter-
active optimization algorithm, while the latter has sigrafitly higher complexity than the
former. As expect, the random pairing and direct pairing/jgfes the lowest performance
as they do not actively seeking pairing to improve the suta-téig. 3.7 shows similar trend
when the direct link is considered. We also observe thatguaigorithm 4 that includes
direct link SNR in the metric for pairing improves upon thefpemance of Algorithm 3
that does not involves the direct link for pairing.

Next, we show the performance vs. different relay locatibasveen two terminal

nodes under the proposed pairing algorithms. Wé\set 128. Shown in Fig. 3.8 (without
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Figure 3.6: Sum rate per subchannel %5(No direct link; SNR 1, = 2dB)

direct link) and Fig. 3.9 (with direct link), the sum-ratenximized as the relay moves to
the middle point between Nodes 1 and 2, and the pairing gdireibighest as the relay is

moved to the middle between Nodes 1 and 2.

3.3.2 Performance under Joint Pairing and Power AllocationStrate-
gies

We now study the performance under the joint pairing and palecation.

Convergence Behavior We first study the convergence behavior of the iterative powe
allocation optimization method in Section 3.2.2.4 andaiti#e joint pairing and power
allocation algorithm in Algorithm 5. We assume the relaytishe& middle point between
the two end nodes,e., d;, = d,».. We set subchannel number &s = 64 for power

allocation optimization problerR2, N = 32 for iterative optimization problerR0.
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Fig. 3.10 plots the average sum-rate per subchannel vdrsusitnber of iterations by
solving the joint power allocation optimization probld®2 using the iterative approach
in Section 3.2.2.4. The pairing scheme) and ¢(-) is randomly generated at the be-
ginning but is fixed during the experiment. A few randomly gexted initializations for
{p?, pY, p%, a’} are used to test the convergence behavior and the local maxinEach
curve corresponds to a different initialization. Simiaffig. 3.11 and Fig. 3.12 plots the
average sum-rate per subchannel versus the number ofdteratnder Algorithm 5 for
solving the joint optimization problef0. Fig. 3.11 uses Algorithm 2 as its pairing strat-
egy, while Fig. 3.12 uses Algorithm 3 as its pairing strateBgch curve corresponds to
a different initialization for{p?, p3, p%, a®, p°(-), ¢°(-)} which are again randomly gener-
ated. The same set of channel realizations are used forFig¥.3.12 and all of them are

without direct link. From Figs. 3.10-3.12, we see that, for iterative optimization for both
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Figure 3.10: Average sum-rate vs. iterations for solvingtjpower allocation probler®2
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Figure 3.12: Average sum-rate vs. iterations for solvingtjpairing and power allocation
problemPO, (sorting-based paring strategy and without direct link)

P2 andPQ, the sum-rate converges in just a few iterations. In additiee see that several
local maximum points may exist and different initializateomay converge to different lo-
cal maxima, although the difference is not large. This shihas a few initializations are

required to improve the performance.

Performance We study the performance of average sum-rate versus the pekition
between the two end notes with or without direct link, respety. We set subcannel as
N = 8 for without direct link andN = 32 for with direct link. Performances under
four schemes are compared: 1) Equal power allocation atoakés and no pairing.é.,
the same incoming and outgoing subchannels); 2) Pairing palring is optimized using
P1 with two pairing strategies: Iterative Optimization Algtim and Sorting-Based Al-
gorithm, while equal power allocation is assumed; 3) Povilecation only: onlyP2 is

solved by proposed power allocation iterative procedutelera random pairing is given;
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4) Power allocation and pairing: our proposed Algorithm Satve PO.
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Figure 3.13: Average sum-rate per subchannellys.d;, (N = 8; Iterative Pairing Algo-
rithm; no direct link)

Shown in Figs. 3.13, 3.14(without direct link) and Figs.5.B.16(with direct link),
the additional performance gain of joint optimization otleg pairing-only and the power-
allocation-only schemes is clearly seen. The sum-rateasas as the relay moves towards
the middle point between Nodes 1 and 2. Note that, for two-&&ying, it is desirable to
have the relay at the middle point to benefit both end nodes for

Then we compare the performance of our proposed joint gpaid power allocation
Algorithm 5 under two different suboptimal pairing schemiésrative Optimization 2 and
Sorting-Based Algorithm 3, 4 with or without direct link. V8et subcannel a§ = 32.

Shown in Fig. 3.17(without direct link) and Fig. 3.18(withrett link), Sorting-Based
Algorithm 3, have better joint pairing and power allocatagtimization performance than
Iterative Optimization 2 without direct link, while Iteraé Optimization 2 have better joint

optimization performance than Sorting-Based Algorithmithwlirect link.
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Figure 3.14: Average sum-rate per subchannellys.d;, (N = 8; Sorting-Based Pairing
Strategy; no direct link)
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Figure 3.15: Average sum-rate per subchannel &s,/d.» (N = 32; Iterative Pairing
Algorithm; with direct link)
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Figure 3.18: Average sum-rate per subchannetlys.d;, (N = 32; with direct link)
3.4 Summary

In this chapter, the joint paring and power allocation ojtiproblem for TDBC-based two-
way AF relaying among two terminal nodes and one relay isidensd. The objective is
to maximize the sum-rate of both end nodes. We have firstedduttlie subchannel pairing
problem, which the subchannel pairing schemes are designedximize the achievable
data rate under certain power allocation in the network.ikénh the one-way case, we
showed that there exists no efficient SNR-based pairingestyahat is sum-rate optimal
for two-way pairing. Formulating the pairing optimizatias an axial 3-D assignment
problem, we proposed an iterative optimization method beesiowith complexityO(N?).
Based on SNR over each subchannel, we also proposed sbasggh algorithms for sce-
narios with and without direct link, with a low complexity 6f(V log N). The complexity
reduction is substantial especially for broadband systamds the simulation performance

is shown to be very close to the iterative optimization mdtho
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For the joint power allocation among the two end nodes andlag, a further iterative
optimization procedure was proposed to solve the powecatilon at the relay and at two
end nodes iteratively. By transforming the SNR expressidh vespect to different form
of optimization parameters, each power optimization poblturns out to be a convex
problem and can be solved to obtain the optimal solution.

Finally, for the original joint subchannel pairing and paw#ocation problem, we pro-
posed an additional iterative algorithm which solves thiemgand power allocation sub-
problem iteratively. The simulation performance demats8 the gain of joint optimiza-

tion approach over other pairing-only or power-allocatay optimization approaches.
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Conclusions

In this thesis, the joint subchannel paring and power ationaptimal problem for a mul-
tichannel MABC-based and TDBC two-way relay network is ¢desed. Based on the
theoretical analysis and numerical results, we can makelgsions as follow.

First, in MABC-based two way relaying, We proposed an iieeatlgorithm which
solves the pairing and power allocation problem iteragivetor the joint power alloca-
tion among the two end nodes and the relay, a further iterajptimization procedure was
proposed to solve the power allocation at the relay and atetwbnodes iteratively. By
transforming the SNR expression with respect to differentnf of optimization parame-
ters, each power optimization problem turns out to be a copueblem and can be solved
to obtain the optimal solution. The simulation performadeenonstrates the gain of joint
optimization approach over other pairing-only or powédo@dtion-only optimization ap-
proaches.

Then, in TDBC-based two way relaying, We studied the subcblgpairing problem,
which the subchannel pairing schemes are designed to nmeeiimé achievable data rate
under certain power allocation in the network. Unlike in three-way case, we showed

that there exists no efficient SNR-based pairing strategyithsum-rate optimal for two-
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way pairing. Formulating the pairing optimization as ared8D assignment problem, we
proposed an iterative optimization method to solve it witimplexity O(N?). Based on
SNR over each subchannel, we also proposed sorting-bagatiains for scenarios with
and without direct link, with a low complexity aD(N log V). The complexity reduction
is substantial especially for broadband systems, and thelaiion performance is shown
to be very close to the iterative optimization method.

Finally, in TDBC-based two-way relaying, the joint optiration is, on the other hand,
a difficult problem. We proposed a similar iterative algomitas MABC-based two way
relaying, which solves the pairing and power allocationbem iteratively. For the joint
power allocation among the two end nodes and the relay, befuiterative optimization
procedure was proposed to solve the power allocation ateflag and at two end nodes
iteratively. Unlike MABC-based two-way relaying, thereaisother parameter the fraction
a need to consider. By transforming the SNR expression wispeet to different form
of optimization parameters, each power optimization poblurns out to be a convex
problem and can be solved to obtain the optimal solution. Jihmulation performance
demonstrates the gain of joint optimization approach otkeropairing-only or power-

allocation-only optimization approaches.
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Derivation of the Optimal Solution Py,

in (2.13)

him |2 him|? ham|? ham |2
Leta,, = ¢n| (172‘ 7bm = 1+¢n+7nacm = I(lj—2|7dm = ’Vn‘i—2|7€m = % Then,

R,.(P,,) can be written as:

am P,
— 1 1 m rm

deTm + amdeTQm
bm + emPrm (bm + CmPrm><bm + emPrm)

)

By using KKT conditions, we have equation (3.27) and (2.13).
WhenPF?, > 0, the equation in (2.13).e.,

R, (P5,)+v=0

can be expressed as

AnPt + B,P +CnP> + Dy,Py+ E, =0
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where

Ay = V(€2 ,Cm + mimemCm + 2,62 + 2 dmem)
B, = v(2bpcmemam + Qbmcfnem + 2b,,Con €y, + Qbmcmefn
+ b2, + Ay Cmbm + Aoy Coby + €2, Ay
Cy = Vb2 (4Cmem + 2amem + QmCm + 2,
+ ey + 20 + €% + amd,y,)
— (Ambm€2, + bmmmd + b2 dpy + by ConGmdy )
Dy = vb2 (@ + 2¢,, + di + 2€,,)
— by (2bamen + 20 Cndy, + 20a,,d,)

E,, =vb} — b2 (am, +dy)

Lagrange operatar should ensure relay power constraiet,

N
o
E Prm - PtOt‘
m=1

We can solve this problem by using bisection method: for @miv, we can obtain a
set of P° by solving quartic function (D.1), then, we adjust the vatiie based on the
comparison ogizl P¢ and relay power constraitty. Finally, we can find the proper
v° which satisfy relay power constraint and substituftén quartic function (D.1) to obtain

the optimal relay powepP? .
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Proof of Lemma 1

We proof by contradiction. Assume there exist an optimaipaistrategy based of( 1, 72 ),
9(Yom, Mm) @nd h(fy,,602,), and (3.21) holds. Then, the partial derivativesigf) and

U (-) with respect to(w.r.t) the same variables should also baledtne ratio of the partial
derivatives ofl ( f (vik, M2k )s 9(Yoms Mim), A(O1n, O2,)) W.L.L. 15, @ndnoy IS given by

ov 0V 0V of 0V af  of ,of
a%k 37}% 5f 3V1k af 377% a%k 37}21{

(B.1)

It follows that the following equality must hold

ob  od  Of  Of
= B.2
Ov1k" Onag 8%1/377% ( )

o 0  9dg , 9g

= B.3
8(bm/ﬁ'r]l,m 8¢m 8'r]l,m ( )
o0b 00 oh , Oh
on. a8, ~ an a6, (B.4)

From (3.14) and (3.15¥ (k. 42,5 @ms M1.ms Ans 0r) iN (3.19) is given by
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(b(’}/ka ,U2,ka ¢ma nl,ma )\na en) =

OmAn
1

’}/ken

+ N1m) (1 + + poi) — 1.

SetX andY as

Y = (249 + m + 20) (2 + ¢ + Vi + 26,).

Let X' is the derivative ofX with respect toy,;, Y is the derivative o with respect

to v, we have

0P XY - XY’

= i B.5
e (24 7+ O+ 220)2(2 + I + Vi + 20,,)2 (85)
The expression og% can be written as
oL G (2 + P + 20, + Y1)
= =14, + . B.6

From (B.5) and (B.6) we can see that left hand side of (B.2pddp ony,,,, 71 m, An,
andd,,, while the right hand side of (B.2) is not. Thus, the condit{8.2) does not hold.
Similarly, we can show that (B.3) and (B.4) cannot hold eitfi#is leads to contradiction

of our earlier assumption.
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Relay Power Fractiona Optimization in

TDBC-Based Two-Way Relaying

~

A~ / _ / ol 2m—Y T /N /o Yetl
Leta, = vambi,, bn = 1+ 01, +Yom, Cn = Glnﬁ, dp = it €, =1 +92nﬁ +

F _ 0 727n_71k A . —
Vlk” fn - 9271 "/2m+1 ’gn - nlm’ hn - 772]6'

2 2 .
Whered),,, = Zmliinl gy - — PenltenlZ () can be written as

An 1_ n ~
R(a,) =log(1 + M + Gn)

b, + C,o,
dpev,, .
+log(l+ ———+hy) (C.2)
€n + fnou,
The derivation ofR(«,) is:
dné,

R/(O‘n) =

(€ + frun) (€ + €nhn + dpotn, + frotn + By foor,)

~

An bn An
o _ n(bn + G) (C.2)
(bn + C;Lan)(dn + bn + bngAn - dnan + CAnan + CAngAnan)
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Let R'(«,) = 0, we obtain quadratic equation:

Anai + Bh,a, +C, =0 (C.3)

Where

~ ~ a2 A A2 ~ AA A2
~ A9 PN ~ ~ 92 PN ~
An :dnencn - ancnfn - anbnfn + Cn dnengn - anbnhnfn

Gl = andn G — GydEnC — @b o
By, =2b,,6,d06€,, — 200bndn€, — 2anbnE fr — 260 Crnfn

+ 260G — 26nbnEnbin fr — 260C0E0hin [
C’n :bfcinén — 0,66, — cfnb;ef — cfnb;LénZi{n

A A

A A A277 27 A A A ~
— ApCptn h’n + bndnengn + anbndnen

The rootsw,,; anda,,, can be expressed as:

1 = .
! 24,
_B, —\/B,} —4A,C,
Qpo =
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Derivation of the Optimal Solution Py,

in (3.28)

_ _on Yomtl _ (I—an)|hinl? _ _ _ anlhon|? _
Let ap = 1_:;[” ,er:_’_l) bn - 22 = y Cn = V2m7dn = Y1k, €n = n02n v On = Mms

hyn = ok, R.(P,,) can be written as

Cnbn Py,
1+ cp+b,(1+an)Pry
dpen Py,
Tt dyteadt o) Pr
cnbndnenan

_|_
(1+ ¢+ bn(1 4 an) Prn) (1 + dyy + (1 + 25) Prn)

R.(P.,) = log(1 +

)

By using KKT conditions, we have equation (3.27) and (3.28).
Let A, = cyby, B, = 1+ ¢, C, = b,(1 + ay,), D, = dyen, B, = 1+d,, F, =
en(1+ 7). WhenPy, > 0 equation (3.28).e.,

R (P°)+v=0
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can be expressed as

A, P +B,P: +C,P> +D,P.,+FE,=0 (D.1)

where

A, = (C?F? + A,C,F? + C?D,,F,, + A,C,D,F,)v
B, = (2B,C,F?+ A,B,F?+2B,C,D,F,)v
+ (A, BnD,F, +2C2E,F,)v
+ (24,C,E,.F, + C?*D,E, + A,C, D, E,)v
C, = (4B,C,E,F, +2A,B,E,F, + 2B,C,D, E, v
+ (A, B,D,E, + B2F? + B2D, F,)v
+ (C2E2 + A,C,EX)v
+ A,B,F? + D,E,C? + A,D,B,F, + A,D,C,E,
D, = (2BE,F, + 2B, C,E> + A,B,E? + B>D, E,)v
+2A,B,E,F, + 2D, E, B,C,, + 2A, D, B, E,

E, = B?E?v + A,B,E* + D, E,B?
Lagrange operatar should ensure relay power constrdiet,

N

o
E Prn = Ptot'
n=1

We can solve this problem by using bisection method: for &miv, we can obtain a

set of P°, by solving quartic function (D.1), then, we adjust the vatider based on the
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comparison ogfj:l P° and relay power constraiift,. Finally, we can find the proper

v° which satisfy relay power constraint and substituftén quartic function (D.1) to obtain

the optimal relay powepP?, .
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