" Quality of Service
~ Architectures for
, Wireless Networks

Performance Metrics and Management

Sasan Adibi, Raj Jain, Shyam Parekh. & Mostafa Tolichbakhsh




Director of Editorial Content:  Kristin Klinger
Director of Book Publications:  Julia Mosemann

Acquisitions Editor: Dave DeRicco
Developmient Editor: Christine Bufton
Publishing Assistant: Kurt Smith
Typesetter: Carole Coulson
Quality control; Jamie Snavely
Cover Design: Lisa Tosheff

Printed at: Yurchak Printing Inc.

Published in the United States of America by
Information Science Reference (an imprint of IGI Global)
701 E. Chocolate Avenue
Hershey PA 17033 '
Tel: 717-533-8845
Fax: 717-533-8661
E-mail: cust@igi-global.com
Web site: http://www.igi-global.com/reference

Copyright © 2010 by IGI Global. All rights reserved. No part of this publication may be reproduced, stored or distributed in
any form or by any means, electronic or mechanical, including photocopying, without written permission from the publisher.

Product or company names used in this set are for identification purposes only. Inclusion of the names of the products or
companies does not indicate a claim of ownershlp by IGI Global of the trademark or registered trademark.

Library of Congress Catalogmg-m-Publlcatlon Data

Quality of service architectures for wireless networks : performance metrics and management / Sasan Adibi ... [et al.],
editors,
p. cm,

Includes bibliographical references and index. :

Summary: "This book further explores various issues and proposed solutions for the provision of Quality of Service (QoS)
on the wireless networks"-- Provided by publisher.

ISBN 978-1-61520-680-3 (hardcover) -- ISBN 978-1-61520-681-0 (ebook) 1.
Wireless LANs--Quality control. 2. Network performance (Telecommumcatlon) 3.
Wireless Internet. L. Adibi, Sasan, 1970-

TK5105.78.Q36 2010

004.6'5--dc22

2009040024

British Cataloguing in Publication Data .
A Cataloguing in Publication record for this book is available from the British lerary

All work contributed to this book is new, previously-unpublished material. The views expressed in this book are those of the
authors, but not necessarily of the publisher.



125

Chapter 7

Resource Allocation and
QoS Provisioning for
Wireless Relay Networks

Long Bao Le
Massachusetts Institute of Technology, USA

Sergiy A. Vorobyov
University of Alberta, Canada

Khoa T. Phan
University of California, Los Angeles, USA

Tho Le-Ngoc
McGill University, Canada

ABSTRACT
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INTRODUCTION

Emerging broadband wireless applications in
most wireless networks require increasingly high
throughput and more stringent quality-of-service
(QoS) requirements. In this respect, multiple-
antenna technologies have been recognized as
important solutions for future high-speed wire-
less networks (Tarokh et al, 1998; Tarokh et al,
1999; Telatar, 1998). Particularly, employment of
multiple antennas at transmitter and/or receiver
sides can provide significant multiplexing and/or
diversity gains (Zheng & Tse, 2003). The net ef-
fects of these gains are the improvements interms
of wireless link robustness (i.e., lower bit error
rate (BER)) and network capacity. Unfortunately,
the implementation of multiple antennas in most
modern mobile devices may be challenging due
to their small sizes.

Cooperative diversity has been proposed as an
alternative solution where a virtual antenna array
is formed by distributed wireless nodes each with
one antenna. Cooperative transmission between a
source node and a destination node is performed
with assistance of a number of relay nodes. In
particular, the source and relay nodes collab-
oratively transmit information to the destination
node (Laneman ef al, 2004; Laneman & Wornell,
2003; Le & Hossain, 2007; Nabar et al, 2004;
Nosratinia et al, 2004; Sendonaris et al, 2003a, b;
Zhifeng et al, 2006). It is intuitive that in order to
make cooperative transmission efficient or even
possible, the source node has to carefully choose
one or several “good” relays and first forward its
data to those relays. Then, the source and relays
can coordinate their transmissions in such a way
that maximum multiplexing/diversity gains can
be achieved at the destination node.

Although cooperative diversity is simple in
concept, there are many technical issues to be
resolved for practical implementation. First,
protocol design for cooperative diversity is one
of the important research focuses (Azarian ef al,
2008; Laneman et a/, 2004; Laneman & Wornell,
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2003; Sendonaris er al, 2003a, b). Second, it is
worth noting that most practical cooperative
diversity protocols have two phases: in the first
phase, the source node broadcasts its message to
assisting relays; in the second phase, the relays
collaboratively transmit the received information
to the destination. Therefore, cooperative trans-
mission may not be always beneficial or even
necessary because direct transmission from the
source to the destination node may already be
successful. Adaptive cooperative protocols, where
nodes cooperate only when necessary and/or they
cooperate using incremental transmissions, usu-
ally have significantly better performance than
“straight-forward” protocols (Azarian et al, 2008;
Dai & Letaief, 2008; Le et al, 2007; Le & Hos-
sain, 2008a; Zhao & Valenti, 2005). In addition,
emerging technology such as network coding
can be employed to design cooperative protocols
(Koetter & Medard, 2003; Li et a/, 2003; Xiao
et al, 2007). Finally, other important issues such
as relay selection, synchronization among relays’
transmissions need to be considered for practical
implementation (Beres & Adve, 2008; Bletsas et
al, 2006; Le & Hossain, 2008b; Lin ef al, 2006;
Ng & Yu, 2007; Tannious & Nosratinia, 2008;
Zhao et al, 2007).

While most existing works on cooperative di-
versity in the literature focus on design and perfor-
mance analysis of cooperative protocols, resource
allocation for wireless relay networks receives
less attention. However, resource allocation also
has significant impacts on system performance
(Gunduz & Erkip, 2007; Li et al, 2007; Liang
et al, 2007; Luo et al, 2007; Madsen & Zhang,
2005; Yao et al, 2005). In fact, assisting relays
usually have limited radio resources (e.g., band-
width and power) and they are shared by several
source-destination pairs. Therefore, a smart radio
resource allocation for wireless relay networks
guarantees both fair access to available relays and
good overall network throughput performance. In
addition, by using a proper relay selection strategy
where each source-destination pair only selects
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one or a small number of good relays, efficient
resource utilization can be achieved with low
implementation complexity. Finally, distributed
resourceallocation algorithms are usuallyrequired
in wireless relay ad hoc networks because there is
no central controller in such applications.

In this chapter, we attempt to provide a brief
survey on cooperative protocols, key design is-
sues and resource allocation problems in wireless
relay networks. In particular, we describe popular
cooperative protocols and their possible extensions
and enhancements. We also briefly present typi-
cal applications of cooperative communications,
namely formuitihop cellularand ad hoc networks,
and broadcasting applications in ad hoc networks.
In addition, we review some existing works on
performanceanalysis and QoS provisioning issues
for wireless relay networks. F inally, we introduce
a resource allocation framework for single-user
and multi-user relay networks including both
centralized and decentralized power allocation
algorithms. ‘

This chapter is organized as follows. We first
describe fundamentals of cooperative diversity
techniques and protocols. Then, we overview
their typical applications and research issues.
We discuss performance analysis and QoS provi-
sioning issues for wireless relay networks. Then,
resourceallocation problems via powerallocation
for both single- and multi-user relay networks are
presented. Finally, conclusions are stated.

Figure 1. Cooperative protocols

Source

First phase

BRIEF OVERVIEW OF
COOPERATIVE DIVERSITY

Cooperative diversity protocols allow a number
of users to relay signals for one another in such
a way that a diversity gain can be achieved. In
fact, information theoretic capacity of such a
network setting, named a relay channel, has been
investigated a few decades ago (Cover & Gamal,
1979). Deep understanding of MIMO systems
from both information theoretic and practical
system design viewpoints over the past decade
has stimulated and attracted significant research
efforts in cooperative diversity. In this section,
we provide a brief survey on fundamentals of
cooperative diversity.

Consider a source node s communicating to
a destination node d with the help of m relays,
TsTyseee,T, . Let a; be the channel gain between
nodes ¢ and J,and P, be the transmission power
ofnode i . Thesignal is corrupted by additive white
Gaussian noise. For simplicity, throughout this
section, we assume that N is the white Gaussjan
noise power measured in the signal bandwidth
at all nodes. We assume that cooperation among
users is performed in phases (i.e., time slots) and
users can be synchronized by a common system
clock. Figure 1 illustrates a general cooperative
diversity protocol where the source broadcasts
its message in the first phase and the relays re-
transmit the message in the second phase. In the
following, we describe some popular coopera-
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tive diversity protocols and their corresponding
performances.

Amplify-and-Forward

Inthis cooperative protocol, the source broadcasts
message x_ in the first phase. The message is re-
ceived by the destination and relays. Eachrelay
amplifies the received signal in the first phase and
transmits to the destination in the second phase.
The destination combines the signals received in
both phases to decode the message. Specifically,
the signal received by relay 7 in the first phase
(denoted as Y, ) can be written as

yT' = a.\"l‘ wﬁ + zl‘ | (I )

i

where @ is the channel gain for link s- and

2, denotes Gaussian noise at relay 1. Suppose
each relay normalizes the received signal before
transmitting to the destination. Then, the transmit-
ted signal can be written as

a:l; = gl" yl' (2)

where g is the amplifying gain which is given
by ‘

3)

Assuming that a maximum-ratio-combiner
(MRC) is used at the destination, the source-
destination capacity of this protocol is given as
(Zhao et al, 2007)

1 SNR., SNR. o,

m +

1+gNRr, + 30 -
"' SNR.#,

1

log
1 o F
“SNR.,,

4)
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where SNR =P /N is the signal-to-noise
ratio (SNR) at node j € {s.r |i=1....m}, P
denotes the power at the souse or relay node, N
is the noise power, and «a_, is the channel gain
of the link s-d.

Another important performance measure that is
extensively used for investigating the performance
of different cooperative diversity protocols is the
outage probability. In Rayleigh fading channels,
the outage probability of the amplify-and-forward
(AF) cooperative protocol can be approximated
as (Zhao et al, 2007)

.)‘JR

o+t
SNR ]

Py (s r) = v, < ]

where SNR = P / N and it is assumed that all
nodes transmit at power level P . This outage
probability shows that AF cooperative proto-
col achieves diversity order of m + 1 with m
relays.

Decode-and-Forward

Forthe decode-and-forward (DF) cooperative pro-
tocol, relay nodes apply some forms of detection
and/or decoding before encoding the information
and forwarding it to the destination. Such a co-
operative protocol also has two phases (i.e., time
slots). In the first phase, the source broadcasts the
signal to the relays, which subsequently detect
and/or decode it. In the second phase, the relays
transmit re-encoded signals to the destination
using repetition or space-time codes.

For protocols that require relays to fully de-
code the received signal in the first phase, the set
of relays, which successfully decode the signal
at the end of the first phase. is only a subset of
all available relays. Let D(s) denote the set of
successfully-decoding relays, which will be called
a decoding set in the following. For repetition-
based coding, the destination receives separate
retransmission from each relay » € D(s).Hence.




Resource Allocation and QoS Provisioning for Wireless Relay Networks

we can write the signal from relay r received at
the destination d as .

-l/,/ = a’l;lla:l; + ZII (5)

where z, denotes the signal transmitted by re-
lay node », a , stands for the channel gain of

the link 7-d, and z, denotes the Gaussian noise
at the destination. If space-time coding is used,
the destination will simultaneously receive the
superimposed signals from all relays T € D(s)
Hence, the received signal at the destination in
the second phase can be expressed as

W=Dl am +a, ©)
5€D()

It has been shown in (Laneman & Wornell,
2003) that both repetition-based or space-time-
coding- based DF protocols achieve full diver-
sity order of m + 1 in the low rate regime. This
diversity gain has been shown to be achievable
by a distributed linear dispersion codes (Jing &
Hassibi, 2006)and arandomized space-time codes
(Sirkeci-Mergen & Scaglione, 2007b). Although
bothAFand repetition-coding-based DF protocols
achievea full diversity gain, their throughput may
degrade because each transmitting relay takes one
time slotto transmit to the destination. This limita-
tion can be overcome by enhancing cooperative
protocols, namely by using selection/opportunistic
or incremental relaying protocol, which will be
described subsequently.

Selection/Opportunistic Relaying

Consider m relays available to assist transmis-
sion from the source to the destination, | nstead of
allowing all the relays as in the AF protocol or all
the relays in the decoding setas in the DF protocol
to transmit in the second phase, selection/oppor-
tunistic relay protocols choose one “best” relay
- to transmit in the second phase (Beres & Adve,
2008; Bletsas et al, 2006: J ing & Jafarkhani, 2008;
Le & Hossain, 2008b: Lin er al, 2006; Ng & Yu.

2007; Tannious & Nosratinia, 2008; Zhao et al,
2007). Surprisingly, cooperative protocols based
on using smart relay selection strategies usually
achieve full diversity order while providing higher
throughput than the standard protocols. In fact,
the superior throughput performance of selection
relaying protocols stems from the fact that they use
radio resources (i.e., power and bandwidth) more
efficiently than the basic cooperative protocols
presented in the previous sections.

~ Some typical relay selection strategies for
both AF and DF based protocols are presented
next. Consider an AF protocol with one selected
relay, say r . From (4), the capacity of the source-
destination channel with one relay is

2

2
1 . SNR,%, SNRa,
CS.IIv' = E log 1+ SNRs‘a.ﬂI’ + 2

SNR.a, +SNR,;lawr+1 '

(7

Therefore, to maximize the capacity, a relay
selection strategy would choose a relay that maxi-
mizes (Zhao et al, 2007)

2

— , t)
+1

SNR.

,
a.,,;f SNR, (a,;,,

:
+SNR Ja,,

SNR.a,

For the DF protocol, there is a set of relays
which successfully decode the signal in the first
phase (i.e., in the decoding set D(s)). If relay

r € D(s) is chosen for transmission in the sec-
ond phase, the capacity of the source-desti nation
channel is

2

c 1+SNRJa,| +SNR Jo,|

sor = 7 log

9

[V

Therefore, to maximize the source-destination
capacity, an opportunistic relay selection strategy
would choose a relay in the decoding set that
maximizes
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. 2
sd

.
+SNR,@

d| "

SNR.Jo (10)

In (Beres & Adve, 2008; Zhao et al, 2007), it
has been shown that relay selection strategies in
(8) and (10) achieve the full diversity order. Note
that these selection metrics require the estimates

and SNR;|¢,

2
of SNR, laa : |2 nd| - In (Bletsas et al,
2006), two simpler relay selection metrics which

require only channel gains ¢, and a,, have been

proposed. Specifically, relay selectu};l strategies
that choose a relay such that

2
* .
r* =argmax {min )|y

(n

o

af}

-

2 2
r.dl

141 - 2
2 2 ’
. .la’qd

2 ;Zsa a

o,

12
as
;

(12)

' = argmax ;
5

have been developed.

Note that the relay selection criterion in (11)
chooses a relay with largest channel gains in
both source-relay and relay-destination links.

‘On the other hand, the relay selection rule in
(12) maximizes the harmonic mean of channel
gains for the source-relay and relay-destination
links. It has been shown in (Bletsas et al, 2006)

. that these relay selection criteria provide the op-
timum diversity-multiplexing tradeoff achieved

by the distributed space-time cooperative protocol

(Laneman & Wornell, 2003). Other relay selec-
tion strategies for orthogonal frequency-division
multipleaccess (OFDMA )-based wireless cellular

relay networks and ad hoc networks can be found
in (Le & Hossain, 2008b; Ng & Yu, 2007; Tan-

nious & Nosratinia, 2008).

Incremental Relaying
Although selection relaying uses radio resources

more efficiently than fixed relaying, both fixed
and selection relaying protocols have to always
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repeat transmission. In fact, direct transmission
from the source to the destination may be suc-
cessful if the corresponding channel condition is
not too “bad”. Therefore, it can be more efficient
if relay transmission is invoked only when direct
transmission from the source to the destination
in the first phase fails. One simple incremental
relaying protocol based on using AF principle
which exploits the aforementioned aspect works
as follows (Laneman et al,2004). Upon decoding
its received signal at the end of the first phase,
the destination broadcasts the decoding outcome
to the source and relays. If the destination suc-
ceeds in decoding the message in the first phase,
the source and relays do nothing. Otherwise, all
or selected relays amplify their received signals
and transmit to the destination. The destination
combines all the signals and decodes again.

In fact, incremental relaying protocol can be
implemented as an extension of hybrid automatic
repeat request (ARQ) protocol (Azarian et al,
2008; Dai & Letaief, 2008; Le et al, 2007; Le
& Hossain, 2008a; Zhao & Valenti, 2005). One
possible implementation of ARQ-based relaying -
can be described as follows (Zhao & Valenti,
2005). Initially, the source node encodes b bits
of information into a code-word with length
n symbols. The code-word is broken into M
blocks, each of which has length n / M . The
code can be a simple repetition code, where all
blocks are identical, orthe blocks can beobtained
by puncturing a mother code. The protocol starts

by transmitting the first block from the source

node. The destination upon decoding the mes-
sage broadcasts the decoding outcome to all
other nodes. If the decoding at the destination
is successful, the source proceeds to transmit a -

new message. Otherwise, either all or one se-

lected relay in the decoding set (i.e., relays that
successfully decode the message) re-encode the
message and transmit the second block to the
destination. The destination combines all the
received blocks and attempts to decode again.
This procedure continues until the destination




s successful in decoding the message or all
M blocks are transmitted and the message is
iscarded. :
Incremental relaying has both diversity and
thrbughput advantages because relaying is in-
oked only when necessary. In (Laneman et al,
004), the authors have shown that incremental
relaying using AF principle as presented above
“achieves the full diversity order. In addition, it
“can be seen that ARQ-based incremental relay-
- ing allows many different code designs, where
- well-investigated hybrid ARQ protocols can be
“adapted to the relaying network setting. Also, a
f ¢ombinatiqn of incremental relaying, hybrid ARQ
. andrelay selection achievesthroughputand energy

hile still having a full diversity gain. -
‘Other Protocol Enhancements

There are some other possible enhancements of the
aforementioned cooperative protocols available
in the literature. In particular, network coding can
be combined with standard cooperative protocols
to improve throughput performance (Koetter &
- Medard, 2003; Li et al, 2003; Xiao et al, 2007).
The network coding is based on the idea that the
users involved in cooperative transmissions can
combine their own information with other users’s
. information, e.g., by using linear coding (Li et al,
~2003), and transmit the combined information in
an appropriate manner. This is because through
cooperation, users know the messages of their
assisted users. This would enhance throughput
performance for each user because a single
transmission transmits both the user’s own mes-
- sage and the message of an assisted user in the
combined signal. :
Other possible enhancements include com-

into cooperative protocols (Nechiporenko et al,
2009), employing coding in cooperative protocols
(Hunter & Nosratinia, 2006), adding power and
scheduling considerations for selection of a group

bination of adaptive modulation and coding

improvement compared to the standard protocols

<
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of active retransmitting nodes (Ko et al, 2009a,
b). In (Wei et al, 2006), a detection technique for
wireless networks, where synchronization ofusers
is impossible, has been proposed. This technique
mimics an equalization technique employed in a
frequency-selective fading channel.

Finally, relaying transmission concepts can be

- combined with a medium-access-control (MAC)
- protocol to improve its throughput performance

(Zhu & Cao, 2005). Specifically, through ex-
changing control information (e.g., RTS/CTS
handshake signals), each user can find the optimal
transmission strategy between directtransmission
and relaying transmission through other relays ‘
(i.e.,neighboringnodes). By choosing a transmis-
sion strategy with higher throughput, the MAC
protocol can achieve better overall throughput
performance. ' '

~ Further Discussions

Summarizing the aforementioned cooperative
protocols, it is also worth pointing out some
important design issues. First, in principle a
source-destination pair can be assisted by a large -
number of relays; however, a small number of
“good” relays would be selected for cooperative
transmission in most practical applications. Se-
lecting a small number of relays for cooperation

- wouldbe preferred taking into account both design

complexity and overall network performance. Sec-
ond, cooperative transmission may not be always
beneficial especially if the source-destination link
is very strong. Therefore, an adaptive cooperative
protocols based on using a right amount of co-

~ operation such as incremental relaying protocols

would perform better than non-adaptive protocols
(e.g., AF and DF protocols).

Due to the distributed nature of cooperative
diversity protocols, their employment raises
several practical implementation issues. First,
synchronization among wireless nodes for imple-
menting the MRC or distributed beamforming may
be difficult. In order to resolve this challenge, a
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receiver detector at the destination node must be
able to operate underasynchronous transmissions
from a source and relay nodes (Wei et al, 2006). In
scenarios where space-time coding is employed,
theunderlying coding strategy should be designed
to operate in a decentralized manner (Jing & Has-
sibi, 2006; Sirkeci-Mergen & Scaglione, 2007b).
Second, efficient allocation of radio resources to
source and relay nodes in the network should be
performed for optimum network performance.
We will discuss resource allocation issues in more
details in the following sections.

APPLICATIONS AND
IMPLEMENTATION OF
COOPERATIVE DIVERSITY

Cellular Relay Nétworks

Cooperative diversity can be employed to enhance
throughput and/or improve BER performance
of a multi-hop cellular network (Le & Hossain,
2007). In particular, users can take turn to serve
as relays for one another. Alternatively, a set of
fixed relays can be implemented to assist all the
users in each cell. In (Sendonaris et al, 20034, b),
acooperation strategy fora two-user code division
multiple access (CDMA ) cellular wireless network

. has been proposed. According to this strategy,
each user has two transmission periods where it
transmits directly to the base station (BS) in the
first period and cooperates with the other user to
transmit in the second period. It has been shown
that user cooperation indeed increases network
throughput and decreases network sensitivity to
channel variations.

For multihop cellular networks with fixed
relays, transmissions from/to the BS of different
users with the help of deployed relays can en-
hance throughput and BER performances. Since
a small number of deployed relays is shared by a
large number of users, a relay selection strategy
should be employed for cooperative transmis-
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sions between users and the BS. In addition, if
each fixed relay has several transceivers, which
can assist several users simultaneously, power
and bandwidth allocation should be performed
at these relays to optimize the overall network
performance. In general, cooperative transmis-
sions between users and the BS can occur in a
multihop fashion (Le & Hossain, 2007). In this
case, ajoint cluster-based routingand cooperative
transmission can be employed as for wireless ad

- hoc networks. This will be presented in the next

subsection. -
Cluster-Based Wireless

Ad Hoc Networks i

Inwireless ad hoc networks, a source may want to
communicate with a destination that is far away.
Hence, a routing protocol is needed to deliver
data in a multihop fashion. A traditional routing
protocol typically finds a set of wireless links
from the source to the destination to establish a
multihoproute for end-to-end datadelivery. Usmg
cooperative diversity, the multihop route can be

- formed by a set of cooperative and robust abstract

“links” instead of simple wireless links (Scaglione
et al, 2006). In fact, cooperative diversity can be
jointly used with a hierarchical routing to enhance
end-to-end performance (Hong ef al, 2002).

For hierarchical routing in wireless ad hoc
networks, wireless nodes in the network form
clusters each of which is a set of wireless nodes in
aneighborhood (Morgenshtern & Bolcskei, 2007).
Each clusterhasone clusterhead. A cluster mimics
acellinwireless cellular network where the cluster
head functions similarly to a BS. A hierarchical
routing protocol typically finds a set of clusters
between the source and the destination. Then, end-
to-end routing of information is performed within
and between clusters independently. Cooperative
diversity can be used for mter-cluster routing as
shown in figure 2.

In this cluster-based cooperatlve routing, a
set of wireless nodes between any two neighbor-




ing clusters is chosen by cluster heads to serve
as gateway nodes. The gateway nodes are the
relay nodes that assist transmission between two
- clusters. Therefore, any cooperative protocols
presented in the previous sections can be used for
nter-cluster transmission. Note that this network
‘architecture can also be used in infrastructure-
based wireless mesh networks where mesh rout-
ers serving a number of mesh clients can serve

analytical model has been developed to quantify

employed for inter-cluster transmission.

Cooperative Broadcast in
Wireless Ad Hoc Networks

.~ Cooperativediversity can be exploited toenhance
broadcast performance in wireless ad hoc networks
(Maric & Yates, 2004; Scaglione & Hong, 2003;
Sirkeci-Mergen et al, 2006; Sirkeci-Mergen &
Scaglione, 2007a, b). In broadcast applications,
a'message is required to be transmitted from
a source to all other nodes in the network. By
using cooperative diversity, performance im-
provement in terms of energy consumption or
message delivery probability can be achieved by
exploiting the fact that each node in the network
can collect signals from several simultaneously
transmitting nodes. As a special case, cooperative
broadcast can be performed in different levels as
follows (Sirkeci-Mergen et al, 2006). Each node
in the network accumulates signals transmitted

" Figure 2. Cluster-based cooperative transmission

as cluster heads. In (Le & Hossain, 2008a), an -

performance of the aforementioned cluster-based
¢ cooperative routing where incremental relaying is

Resource Allocation and QoS Provisioning for Wireless Relay Networks

from other nodes until it achieves high enough
SNR to decode the message. After successfully -
decoding the message, a node broadcasts it into
the network. Therefore, by using a smart detec-
tion technique, each node can combine signals
transmitted from different nodes to enhance the
broadcast performance. :

PERFORMANCE ANALYSIS
AND QOS PROVISIONING FOR
WIRELESS RELAY NETWORKS

There is a large body of literature on performance
analysis and QoS provisioning for wireless relay
networks. In this section, we attempt to review
some important research problems and issues
along these lines. In fact, there are two important
research directions pursued in the literature. The
firstdirection focuses on analyzing performances
of cooperative diversity protocols. Performance
measures under consideration include ergodic,
outage capacity, bit/symbol error rate (B/SER),
throughput and packet/frame delay. The second
direction concentrates on QoS provisioning,
resource allocation and protocol engineering for
particular cooperative protocols and applications. ‘
In fact, solution approaches for the underlying
problems in this direction usually rely on some
results in the first direction. .
Here, we review some research issues and
results for the aforementioned directions. Note
that we have discussed ergodic and outage capac-
ity for several important cooperative diversity
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protocols in the previous sections. In addition,
resource allocation for wireless relay networks
plays an important role in improving the network
performance; therefore, we will treat this topic in
more detail in the next section. Regarding B/SER
performance analysis of cooperative diversity
protocols, there exists many publications which
consider different protocols, network settings, e.g.,
multi-branch, multihop relay networks, (Boyer
et al, 2004; Ribeiro et al, 2005). In general, the
BER of a particular cooperative diversity protocol
is lower-bounded by the corresponding outage
probability. ,

Exact analysis of B/SER for cooperative di-
versity protocols (e.g., AF and DF protocols) is
usually cumbersome. However, there are some
existing works, which consider approximated B/
SER analysis-for these protocols, e.g., (Ribeiro ez
al,2005). In particular, the approximated analysis
in (Ribeiro et al, 2005) gives closed-form expres-
sions of SER for the AF cooperative protocol,
which is quite accurate in the high SNR regime.
Specifically, consider a scenario where there are
m relays helping a source-destination pair. Let

Yeas Ve s Vrq be the average received SNR for
the soun"ce-d'estination, source-relay i, relay
-destination links, respectively. The SER of the
AF cooperative protocol can be approximated as
(Ribeiro ez al, 2005)

1 1
S

751'.. ’yr;.(l

P~ C(m K) =[] (13)

’Y,d =1

where C(m, K) is a constant depending on the

number of relays m , modulation scheme, and

specular factor K of the Ricean fading channel.
The SER in (13) shows that the AF cooperative
protocol achieves the full diversity order. Deriva-
tion of SER for the DF protocol can be found in
(Boyer et al, 2004).

Regarding QoS provisioning issues, many
wireless applications have delay constraints to
guarantee minimum QoS performance besides a
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common minimum B/SER requirement. In addi-
tion, data traffic may be bursty which is usually
queued in data buffers upon arriving from the
higher layers. Therefore, the total packet delay
may consist of queueing and transmission delay
components (Ceruttiezal,2008). Of course, when
dataisnotbuffered, the total packet delay is simply
the transmission delay (Narasimhan, 2008). For
cooperative diversity protocols that involve sev-
eral block transmissions foreach data packet such
as incremental relay protocols, the total packet
delay can be controlled by smartly regulating the
average number of transmissions. This is similar
tocontrolling the number of transmission attempts
in a classical truncated ARQ protocol (Le et al,
2007). In general, a cross-layer model should be
developed to harmonize and optimize the network
performance while meeting delay constraints (Le
& Hossain, 2008a).

For emerging applications in multihop wire-
less networks (e.g., wireless mesh and sensor
networks), network/protocol design should be

performed to optimize network or QoS perfor- -

mance measures of interest. In (Le & Hossain,
2008b), optimal cross-layer algorithms have been
developed to perform joint relay selection, power
allocation, and routing to optimize different per-
formance measures including powerminimization
and rate utility maximization in a general multi-
hop wireless network. In (Khandani ef al, 2007;
Madan et al, 2009), centralized and distributed
cooperative routing protocols have been proposed
to minimize the energy consumption. Finally,
relay-selection and power allocation strategies
have been proposed to maximize lifetime of a
wireless sensor network using the AF cooperative
diversity protocol in (Huang et al, 2008). These
are just few examples where network protocol
designand QoS provisioning problems forthe cor-
respondingapplicationsare considered. Ingeneral,
these design problems depend on the specifics of
underlying applications which may require very
diverse solution approaches to resolve.

i



ESOURCE ALLOCATION
OR COOPERATIVE
WIRELESS NETWORKS

Si Qle-User Resource Allocation

ere are quite a few existing works considering
ource allocation for single-user cooperative
ireless networks (Gunduz & Erkip, 2007; Li
al, 2007; Liang et al, 2007; Luo et al, 2007;
adsen & Zhang, 2005; Yao et al, 2005). For
_e:'single-u'ser setting, there is only one source
communicating to only one destination with the
elp of one or several relays. Since the capacity
fageneral relay channel is still an open problem,
y some upper and lower capacity bounds are
énved in the llterature In (Madsen & Zhang,
005), lower and upper capacity bounds for

een derived. Optimal power allocation schemes
at aimed at maximizing these capacity bounds
ave also been adopted. In (Liang et al; 2007),

and optimized through power allocation:.

. Forthepractical AF and DF protocols, optimal
ower allocation methods aiming at maximizing
¢ SNR have been developed in (Li et al, 2007;
Zhao et al, 2007). Using the SNR expression of
e AF protocol with m relays (4), the problem

relay power constraints can be written as

2

o
SNR.Js, [SNR,a

nd

+3

ad

- lmt SNR.6

= SNR.I ,,l +SNR,[a ral +1

(14)
subject to : Z 4 . (15)‘
0<P <pm™. (16)

erent cooperation strategies including time-
1v1s1onrelaymgandcompress—and-forwardhave ’

e capatity bounds for parallel relay channels -
fith degraded sub-channels have been derived

of SNR maximization under total and individual
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Assuming that white Gaussian noise powers
measured in the signal bandwidth at all the relays
and the destination are equalto N and the source
h'ansmlssmnpower P, arefixed. Theoptlmalrelay
power in the high SNR regime can be found as
(Zhao et al, 2007)

P : ’2 p ,2 i

a a

P = oy a-’r; a7
eV

where [. ]opm denotes the projection operation on

theinterval [0, P™*],and A ischosensuchthatthe.
total relay power is satisfied. Optimal relay power
allocation for DF protocol is more 1nvolv1ng and -
dependson the decoding strategy employed atthe
relays. In (Li ez al 2007), optimal relay solutions
have been derlved for some special cases.

Multl-User Resource Allocatwn

In this section, we present a resource allocation

y _frameworkforamultn-userwnelessrelaynetwork

More details can be found in (Phan et al 2008;

' Phan et al 2009a, b, ¢).

j System Models

Consider a multi-user relay network in which
M source nodes 3, transmit data to their cor-

 responding destination nodes d,i€ Il M 1

There are also L relay nodes T, J€4L,..,L},
which are employed to assist transmlssmns from
source to destination nodes. The set of relay nodes
assisting the transmission of the source node s,
is denoted by R( ) The set of source nodes
usmg the relay node 7, is denoted by S( )
. S(r; {s [r, € R( )} Therefore, one
partlcular relay node can forward data for several
users'. Weassume that the AF cooperative scheme
is used for re-transmission. Moreover, orthogo-
nal transmissions are assumed for simultaneous
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transmissions among different users by using dif-
ferent channels, e.g., different frequency bands,
and time division multiplexing is employed by the
AF cooperative scheme for each user. Then, the
transmission from a source to a destination node
can be described as follows. In the first phase,
each source node s, transmits data to its chosen
relays in the set R (s.. ) . In the second phase, each
relay node amplifies and forwards its received
signal to d, . The corresponding system model is
shown in Fig. 3. ‘

The investigated system model is quite gen-
eral and it covers a large number of applications
in different network settings. For example, the
model can be applied to cellular wireless networks
using relays for uplink with one destination (BS)
or downlink with one source (BS) and many
_ destinations. It can also be directly applied to
multi-hop wireless networks such as sensor/ad
hoc or wireless mesh networks. Moreover, in our
model, each source can be assisted by one, sev-
eral, or all available relays. The presented model,
therefore, captures most relay models considered
in the literature.

Let P denote the power transmitted by source
" node s; P “denotes the power transmitted by
relay node r € R( ) for assisting the source
node s, and a,, and @, denote the channel
. gains for links s -7, and 7;-d,, respectively. The
channel gains could include the effects of path
loss, shadowing and fading. To keep the model in
this section general, we assume that the variances
of additive circularly symmetric white Gaussian
noise (AWGN)at the relay 7, andatthedestination

node d, are N_, N, respectively. We consider
the case when fhe source-to-relay link is (much)
better than the source-to-destination link, which
would be an outcome of a typical relay selection
strategy employed by each source node. Assuming
that MRC is employed at the destination node d,,

the SNR of the combined signal at the destmatlon

node d; can be written as?
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Figure 3. Multi-user wireless relay network
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* Itcan be verified that the SNR ", foruser s, is
concave increasing with respectto P." r € R( )
Moreover, the rate of user s, whlch is deﬁned as
R, = log(1+ ~,) is also concave increasing.

Formulations of Power
Allocation Problem

In general, resource allocation in wireless networks
should take into account fairness among users.
An attempt to maximize the sum of ratés of all
the users would generally degrade performance
of the worst user(s) significantly. To balance
fairness and throughput performance for all the
users, we consider two different optimization
criteria for power allocation. The first criterion
aims at maximizing the minimum rate among all




users. In essence, this criteria tries to make rates
~ of all users as equal as possible. For the second
* criterion, users are given different weights and
| power allocation is performed to maximize the
- weighted sum of rates for all users. In the latter
~ case, user(s) in unfavorable conditions could be
‘allocated large weights to prevent severe degra-
dation of their performance. Another possible
" application for this optimization criterion is to
perform QoS differentiation where users of higher

both optimization criteria, we impose constraints
on the total maximum power that each relay can
use to assist the corresponding users.

“location

We first consider the power allocation problem
under max-min rate fairness for the users. Math-
' ematlcally, it can be formulated as (Phan e al,
2009c)

max min R,
{1’;"20} K
subject to: E P < P i=1..L (20)

a.eS[r‘] 3 J
where R is the rate of user s, and Pnmx is the

¥ maximum power of relay r,. The left-hand side
i of (20) is the total power that relay r, allocates to
its assisted users which is constrained to be less
_than its maximum power budget. This constraint
is required to avoid overloading the relays in the
network.

In general, the power allocation obtained
according to the problem (19)-(20).can result
in a loss in network throughput because the ob-
Jective function (19) specifically improves the
performance of the worst user(s) that in turn can
decrease the overall system throughput. Therefore,
- this criterion is applicable for networks in which
all users are of (almost) equal importance. This is

service priority can be allocated larger weights. In‘

A. Max-Mm Rate Falrness Based Power Al-

19) -
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the case, forexample, when wireless users pay the
same subscription fees, and thus, demand similar
level of QoS. It can be seen that the set of linear
inequality constraints with positive variables in
the optimization problem (19)-(20) is compact
and nonempty. Hence, the problem (19)~(20) is
always feasible. Moreover, since the objective
function mm R, is an increasing function of
allocated powers, the inequality constraints (20)
should be met with equality at optimality. Intro-
ducing a new variable T', we can equivalently
rewrite the optimization problem (19)-(20) in a
standard form as '

max T

{20, T>0} 2 1)
subject to: T-R <0,i=1,.,.M (22)
> Br=P™, j=1.,L 23)

sES[ ] ’

Itcan be verified that the optimization problem
(21)+(23) is convex. Thus, its optimal solution can
be obtained using standard convex optimization
algorithms (Boyd & Vandenberghe, 2004). In the
following, we describe a different formulation for
the power allocation problem, whlch achieves
better throughput performance.

B. Weighted-Sum of Rates Fairness Based
Power Allocation - »

As discussed before, max-min rate fairness based
power allocation tends to improve performance
of the worst user at the cost of overall network
throughput degradation. Maximization of the
weighted-sum of rates can potentially achieve cer-
tain fairness for different users by allocating large
weightstousers inunfavorable channel conditions
while maintaining good network performance in
general. Let w, denote the weight allocated to user

8; . Then, the weighted-sum of rates fairness based
power allocation problem can be mathematically
posed as (Phan et al, 2009¢)
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. M
subject to: 2 P <P™, j=
selfr)

As in the optimization problem (19)-(20), it
can be seen that the constraints (25) in the problem
(24)-(25) must be met with equality at optimality.
Otherwise, the allocated powers can be increased
to improve the objective function, and thus, it
contradicts with the optimality assumption. In
addition, it can be verified that this optimization
problem is convex; therefore, its optimal solution
can be obtained by any standard convex optimiza-
tion algorithms.

We would like to note that power allocation

1,..,L. (25)

schemes based on other faimness criteria can also

be considered. For instance, the proportional fair-
ness criterion can be adopted. In terms of system-
wide performance metric such as the network
 throughput, the latter criterion can ensure more
fairness than the weighted-sum of rates, while
achieving better performance than the max-min
fairness (Kelly et al, 1998). It can be shown that
the objective function to be maximized in the
proportional fairness based power allocation

"scheme is HM R, . Consequently, this objective

~ function can be re-formulated as convex function
usmg the log-functlon

Distributed Implementatidn

for Power Allocation

Toreduce communication overhead and to imple-
ment online power allocation for the multi-user
relay network, we now develop a distributed
algorithm for solving the optimization problem
(24)-(25) and show that such a solution con-
verges to the optimal solution. The algorithm is
developed based on the dual decomposition ap-
proach in convex optimization (Bertsekas, 1999).
Applications of this optimization technique for
distributed routing, reverse engineering of MAC,
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and transmission control protocols can be found
in (Chiang et al, 2007; Kelly et al, 1998; Xiao
et al, 2004).

In dual decomposition method the onglnal
problem is separated into independent subprob-
lems that are coordinated by a higher-level master -
dual problem. Now, we first write the Lagrangian
function by relaxing the total power constraints
for the relays as follows

(‘/s ) S uk -3 n,

i=1 J=1

Yl

nesfy)

(26)

where Y%= [I"l’l"g, ,I"L] B, 20,j=1,..,L
are the Lagrange multipliers correspondmg to the
L linear constraints on the relay powers.
Usmg the fact that : ;
/

>n EP'—ZEMP

=l sesr, i=1r,eR(s,)

the Lagrangian in (26) can be rewritten as

w, R — Z[LP"

 neR(s)

+Z#Pmax

L(%E)=3

cad i=1

The corresponding dual function ofthe Lagran- _
gian can be written as

9(4 = max L('/1 ) .(27). |
P"i>o] A

Since the original optimization is convex,
strong duality holds, and the solution of the un-
derlying optimization problem can be obtained
from that of the correspondmg dual problem as
follows

o o




It can be seen that the dual function in 27
canbe found by solving M separate subproblems
corresponding to M different users as follows

[Ta;c] L‘.(‘/sP,j‘)=w,.R,.—rj;8i)u,-P,j‘ 29)

i where L,(%4 P*) corresponds to the i th compo-
nent of the Lagrangian. Let L(%) be the optimal

roblem (29), then the dual problem in (28) can
be rewritten as

i=1 j=1

iy g-(‘/«)=f)L’Z(%>+iu,~ e (30)

Adistrib‘utéd powerallocation algorithm canbe
developed by iteratively and sequentially solving

known in optimization theory as a primal-dual
algorithm. The Lagrange multiplier #; 20 rep-

price that user %, must pay for using P: at each
relay 7; € R(s,). In particular, the optimization
problem (29) can be interpreted as follows. The
user s, tries to. maximize its rate minus the total
~ pricethat it has to pay given the price coefficients
 at relays. The weight w; can be seen as a gain

- coefficient for each unit rate for user 8.

_ The details of the distributed power alloca-
tion algorithm are as follows. The master dual
problem is solved in a distributed fashion at each

its initial “price” value, ie., Lagrange multiplier
K, . These price valuesare used by thereceiversto
compute the optimal power levels that the relays
should allocate to that particular user. The optimal
Powers are fed back to the relays, which then
updates the next values of the B j=1,..,L.

‘f;ailu'e of L,.(‘/ql-“’f) obtained'by solving the

' the problems (29) and (30). This algorithm is also -

resents the pricing coefficient for each unit power
atrelay 7. Therefore, ﬂjP,: * can be seen as the

~ relay. Speciﬁcally,b each re'lay.f;. first broadcasts -
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This procedure is repeated until the so-obtained
solution converges to the optimal one.

Note that the dual function g(*4) is differen-
tiable. Therefore, the master dual problem (28)can
be solved by using the gradient descent method.
The dual decomposition presented in (29) allows
each user s,, for the given H; , to find the optimal

allocated power r; € R(s,) as follows:

P%(%4) = arg max {w, R — Z p, P} (31)
i opt i}ER(a'. ) R
which is uhique due to the strict concavity.

Due to the fact that the solution of the problem
(31)isunique, the dual function 9(*) inthemaster
problem (28) is diﬂ‘erentiable, which allows us
to use the following iterative gradient method to
update the dual variables -

Al
opt ]J

(32)

4€8(r;)

Z (t+1)-={uj (tH[af““— IDRAC)

where ¢ isthe iteration index, ”+ denotes projec-
tion onto the feasible set of non-negative numbers,
and ¢ is the sufficiently small positive step size.
‘The dual variables %(t) will converge to the dual
optimal Y, ast— o0, and the primal variable
P (A1) ), will also converge to the primal
J opt ’

optimal variable P;J’ (4, ), - Updating p,(t)
via (32) can be interpreted a‘; follows. The relay
7;." updates its price depending on the requested
power levels from its users. The priceis increased
when thetotal requested power from users is larger
than its maximum limit. Otherwise, the price is
decreased. Finally, we summarize the distributed
power allocation algorithm as follows,
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Distributed Power Allocation Algorithm

Parameters: the receiver of each user estimates/
collects its weight coefficient w, and chan-
nel gains of its transmitter-relay and relay-
receiver links.

Initialization: set =0, each relay j initializes
B, (0) equal to some nonnegative value
and broadcasts this value.

Iterations:

1. Thereceiverofuser 8, solvesitsproblem (31)

and then broadcasts the solution P (‘4,,)
to its relays. ’ ovt

2. Eachrelay r; receives the requested power
levels and updates it prices with the gradient
iteration (32) using the information received
from its assisted users. Then, it broadcasts
the new value p (¢ +1).

3. Sett=1+1 and goto step 1 until satisfy-
ing a predetermined stopping criterion.

The convergence proof of the general primal-
dual algorithm can be found in (Bertsekas, 1999).

~ This algorithm only requires message exchange

betweenrelaysand theirassisted receivers. There-
fore, it can be easily implemented in a distributed
manner with low overhead.

Joint Admission Control
and Power Allocation

Here, we consider a scenario in which users have
minimum rate requirements. This scenario is
important for real-time/multimedia applications,
which require certain minimum rates to maintain
QoS performance. Because network radio resourc-

esmay belimited (e.g., limited source and/or relay

power), supporting all users with their minimum
required rates may not be feasible. Therefore, an

admission control mechanism should be employed

140

to determine which users to be admitted into the
network. Then, power can beallocated to admitted
users in order to ensure that each admitted user
achieves the required QoS performance.
Specifically, consider a resource allocation
problem that aims at minimizing the total relay
power. In addition, each user has a minimum rate
requirement. For the above described wireless
systems with multiple users and multiple relays,
the problem of minimizing the total relay power
given a minimum rate constraint for each user
can be posed as :

L

min >3 P (33)

(2320} = aedy)

subject to: R >R™ i=1,.,M 34)
D B SPM™j=1,.,L (35)
.9.55(1}] '

where R™" denotes the minimum rate require-
ment for user s, .

Mathematically, there are instances in which
the optimization problem (33)-(35) becomes infea-
sible. A practical implication of the infeasibility is
that it is impossible to serve all M users at their
desired QoS requirements. In QoS-supported
systems, some users can be dropped or the rate
targets can be relaxed as a consequence. We in-
vestigate the former scenario and try to maximize
the number of users that can be admitted at their
minimum rate requirements.

The joint admission control and power alloca-
tion problem can be mathematically posed as a
two-stage optimization problem (Matskani ez al,
2007; Matskani e al, 2008). All possible sets of
admitted users S, S,,... with possibly maximal
cardinality (which can be only one or several
sets) are found in the first admission control
stage, while the optimal set of admitted users
S, is the one among the sets 8y S,s+.., which
requires minimum transmit power in the second
power allocation stage. Once the candidate set of



admitted users has been determined, the power
- allocation problem can be shown to be a convex
~ programming problem., However, the admission
control problem is combinatorially hard, which
introduces high complexity for practical imple-
mentation. Therefore, a low-complexity solution
approach for the jointadmission controland power
allocation problem is highly desirable.

- Power Allocation Problem '

- problem can be equivalently writtenasa one-stage
optimization problem that enables us to developa
low-complexity algorithm to solvetheunderlying

- noteanindicatorvariable foruser s, where T, =1

_these variables, the underlying problem can be
rewritten as (Phan et al, 2009b) '

< .

M
. max Ex'.

_fa,.e{o,l},g;igo} =

; Rf“sf:.mu’j‘=1’""L‘ .
a,.eSrj] J ' »j L »

‘Notethatthe constraints (37) are automatically
satisfied for the users that are not admitted. The

b (3»8)

control problem in a more compact form. How-

control problem still remains due to the binary
variables z, .’ o

Following the conversion steps similar to
those used in (Matskani ef al, 2008), the joint
admission control and power allocation problem
can be converted to the following one-stage op-
timization problem

L A. Reformulation of Admission Control and.

1 The joint admission control and power allocation -

- problem. Toward this end, letz,i=1,.,M de-

- ifuser i isadmittedand 7, = 0, otherwise. Given
(36)

subject to: ' R, > R™z,,i=1,.,M (37)

.indicator variables helptorepresent the admission ,

. ever, the combinatorial nature of the admission -
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‘ oM L
max €) z,—(1—¢) P
. {z‘ €{0,1}, {‘20} » ; ' FEI ’ig{;j] J

(39

subjéct to: constraints (37),(38) (40)

where € is a constant chosen to satisfy the fol-
lowing relation

—<e<1. (41)

- Theproblem (39)-(40)is acompact mathemati-
cal formulation of the joint optimal admission
control and power allocation problem. The proof
of the equivalence of the one-stage optimization

' problem and the original two-stage optimization

problem can be found in (Matskani et al, 2008).
Moreover, the one-stage optitnization problem is
always feasible since in the worst case no users
are admitted, i.e., z,=0,Vi=1,.,M.

B. Low-Complexity Algorithm -

- Although the original optimization problem

(39)-(40) is NP-hard, its relaxation for which
T,4=1,..,M arerelaxed to be continuous, can
beshown tobea convex prograrhmi_ng prdblem. In
the following, we propose a reduded-complexity
heuristicalgorithm to perform joint admission con.
trol and power allocation, The following heuristic
algorithm can be used to solve (39)-(40).

Joint Admiésidn Control and
Power Allocation Algo_rithm

1. SetS:={s'.lz'=1,...,Ml.
Solve convex problem (39)-(40) for the
sources in § with z, being relaxed to be
continuous in the interval [0,1]. Denote
the resulting power allocation values as

B i =101,
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3. For each s, €S8, verify whether
R > R™, Vs €S.

a.  Ifthis is the case, then stop and P '
are power allocation solutions.

b. Otherwise, remove the user s, with
largest gap to its target R™", i..,
8, = a,rgmma cs {R Rmm < O}
from set S and goto Step 2.

It can be seen that after each iteration, either the
setofadmitted users and the corresponding power
-allocation levels are determined or one user is
removed from the list of the most likely admit-
ted users. Since there are M initial users, the
complexity is bounded above by that of solving
M convex optimization problems with different
dimensions, where the dimension of the problem
depends on the iteration. It is worth mentioning
that the proposed reduced complexity algorithm
always returns one solution.

Note that the objective function for the con-

sidered above joint admission control and power
allocation problem was the minimization of the
total relay power. However, the principle used to
construct the above algorithm can be employed
to develop similar algorithms for other objective
functions as well (e.g., max-min, weight-sum-rate
functions). Due to space constraints, we do not
consider these problems here.

Numerical Results for Multi-
User Resource Allocation

Consider a wireless relay network as in Fig. 3
with ten users and three relays distributed in a
two-dimensional region 14 x 14 where network
sizes are measured with respect to some reference
distance. Therelaysare fixed at coordinates (10,7),
(10,10), and (10,12). The source and destination

nodes are deployed randomly in the area inside

theboxarea [(07 0)7 (77 14)] and [(127 0)7(147 14)]
respectively. In our simulations, each user is as-

sisted by two relays. The noise power is taken to
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be equal to N, =10, All users and relays are
assumed to have the same minimum rate R'“'"
and maximum transmit power P“"‘x

Numerical Results for Power Allocation

We show that by proper weight setting, the
weighted-sum of rates maximization based power
allocation scheme provides the flexibility required
to support users with differentiated services. Par-
ticularly, we suppose thatusers 1 and 2 have higher
priority than the others, and set the corresponding
weights as w, =w, =5, w, = w, =1 in the
optimization problem (24) (25) Flg 4 displays
the resulting rate of the high-priority users.’ For
reference, wealso include in Fig. 4 the correspond-
ing results obtained by equal power allocation
(EPA) and by weighted-sum of rates maximiza-
tion with equal weight coefficients. It can be seen
that over the wide range of the relay power limits,
the weighted-sum of rates maximization scheme
outperforms the EPA. Without much surprise, the
performance of the EPA scheme is quite close to’
that of the weighted-sum of rates maximization
with equal weight coefficients. On the other hand,
the weighted-sum of rates maximization with
unequal weight coefficients provides noticeable
rate enhancement to the high-priority users as
compared to the other schemes, especially when
therelays have severe power limitation, e.g., arate
gain of about 0.2 b/s/Hz when P™ = 10. This
figure indicates that the performance difference
betweendifferentalgorithms gets smaller forlarger
relay power limits. In other words, this reveals an
interesting property that when the relays have more
(or unlimited) available power, different (relay)
powerallocation strategies have much less impact
on the user rate performance, which is limited by
the source transmit power in this case.

Fig. 5 shows the network throughput for the
aforementioned power allocation schemes. In the

~ max-min rate fairness based power allocation

scheme, there is a significant loss in the network
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£ throughput since the objective is to improve the

performance of the worst users. This confirmsthat -

achieving max-min faimess among users results
in a performance loss for the whole system. The
weighted-sum of rates fairness based scheme
£ results in maximum throughput. Moreover, the

rate gain of the weighted-sum of rates scheme
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over the EPA scheme is about 1.8 b/s/Hz over
the range of the relay power limits. This gain
comes at the cost of more complexity in system
implementation to optimize the power levels. The

- weighted-sum of rates based scheme with unequal

weights achieves slightly worse performance as
compared to its counterpart with equal weights
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Fi igure 6. Evolution of ‘price’values and powers allocated at each relay

1 .

‘Price’ Values
[~]
(4]

-
o

- Relay Allocated Power
M3
o

20 40

while pmviding better performance for the high
priority users, i.e., users 1 and 2 in Fig. 4.
Figs. 6 and 7 show the evolution of different

parameters in the proposed distributed imple-

- mentation of the power allocation scheme for
one particular channel realization. Specifically,

Iteratiori

Fig. 6 shows the evolution of the price values
;, J =1,2;3 and the powersat the relays, while
Fig. 7 displays the rate for each of the ten users
and sum rates of all users. The update parameter
¢ was set to 0.001 in this example. With such a
choice of the update parameter, we can see that

Figure 7. Evolution of data rate for each user and user sum rate

~
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about 50 updates, the algorithm converges
I'to the optimal solution obtained by solving the
f‘;‘mposed ‘optimization problem in the central-

’merical Results for Joint Admission
ontrol and Power Allocation

ealsoinvestigate the performanceofthe proposed
int admission control and power allocation algo-
_rithm with P, =1 and P™* =10, It is assumed
that the channel gain is due to the path loss only
and the locations of the source and destination

nodes are fixed. Different values of " R
 have been used. For reference, we also consider
- the optimal admission control and powerallocation
“scheme using exhaustive search over all feasible
user subsets. A feasible user subset contains the
maximumpossible number of users and is selected
asthe optimum user subset if it requires the small-
esttransmit power. The simulation parameters and
* the performance results forthe optimal admission
control and power allocation scheme, and the

algorithm” in Table I, respectively.

Note that the running time is measured in sec-
onds. It can be seen that the proposed algorithm.
determines exactly the optimal number of admitted
~users in all cases. The transmit power required
by our proposed algorithm is just marginally
larger than that required by the optimal admission
control and power allocation based on exhaus-
tive search. However, the running time for the
proposed algorithm is dramatically smaller than
that required by the optimal one. This makes the
~ proposed approach attractive for practical imple-

mentation. As expected, when " increases, a
smaller number of users is admitted with a fixed
amount of power. For example, nine users and
four users are admitted with SNR 7™ = 12 dB
and 14 dB, respectively.

surce Allocation and QoS Provisioning for Wireless Relay Networks

§

CONCLUSION

In this chapter, we have presented a survey of
cooperative diversity and discussed important
resource allocation problems in wireless relay
networks. Specifically, we have described fun-
damental cooperative protocols and pointed out

Table 1. Results with P =1, P"“’“x =10 (Run-
ning time in seconds)

-proposed heuristic scheme are recorded in the
columns “optimum allocation” and “proposed -

SNRate |12 dB/A.0746 bisiHz | 12 dB/A0TA6 b/s/iHz
#usersserved |9 9

Users sen_'ed 1,2,3,4,6,7,8, 1,2,3,4,6,7, 8,

9,10 9,10

Transmit power | 20.3619. 20.4446

Running time 18,72 5.39 -

SNR /rate 13 dB/4.3891 b/s/Hz . | 13 dB/4.3891 b/s/Hz
#usersserved | 6 6

Usersserved {1,2,7,8,9,10 1,2,7,8910
Transmit power | 22,9531 23.0342
Usersserved | 2,3,7,8,9, 10 :

Transmit power | 23.7717 -

Running time | 458.07 9.60

SNR /rate 14 dB/4.7070b/s/Hz | 14 dB/A.7070 b/s/Hz -
#usersserved |4 - 4
Usersserved | 7,8,9, 10 7,8,9,10

Transmit power | 25.6046 25.6195

Running time | 850.28 v 11.78

SNR Krate 15dB/5.0278 b/s/Hz | 15 dB/5.0278 b/s/Hz
#usersserved |2 2

Users served 8,10 8,10

Transmit power | 7.5310 7.5320

Running time | 930.11 12.92

SNR rate 16 dB/5.3509 b/s/Hz | 16 dB/5.3509 b/s/Hz
#usersserved | 1 1
Users served 8 8
Transmit power | 9.8002 9.8025
Running time | 931.11 13.15
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some recent enhanced protocols available in the
literature. Typical applications of cooperative
diversity in multihop cellular networks, cluster-
based wireless ad hoc networks and broadcasting
inad hoc networks have been introduced. We have
also presented the overview on resource alloca-
tion problems for single and multi-user wireless
relay networks. For the multi-user case, we have
investigated optimal relay power allocation and
admission control problems with fairness con-
sideration using centralized and distributed ap-
proaches. Simulationresults are shownto confirm
the theoretical developments.

REFERENCES

Azarian, K., El Gamal, H., & Schniter, P. (2008).
On the optimality of the ARQ-DDF protocol.
IEEE Transactions on Information Theory, 54(4),
1718-1724. doi:10.1109/TIT.2008.917722

Beres, E., & Adve, R. (2008). Selection coopera-
tion in multi-source cooperative networks. JEEE

Transactions on Wireless Communications, 7(1),
118-127. doi:10.1109/TWC.2008.060184

Bertsekas, D. P. (1999). Nonlinear Programming
(2nd Ed ). Belmont, MA: Athena Scientific.

Bletsas, A., Khisti, A., Reed, D. P., & Lippman,
A. (2006). A simple cooperative diversity method
based on networh path selection. IEEE Journal
on Selected Areas in Communications, 24(3),
659-672. doi:10.1109/JSAC.2005.862417

Boyd, S., & Vandenberghe, L. (2004). Convex
Optimization (Ist ed ). Cambridge, UK: Cam-
bridge University Press.

Boyer, J., Falconer, D. D., & Yanikomeroglu,
H. (2004). Multihop diversity in wireless re-
laying channels. IEEE Transactions on Com-
munications, 52(10), 1820~1830. doi:10.1109/
TCOMM.2004.836447

146

Cerutti, 1., Fumagalli, A., & Gupta, P. (2008).
Delay models of single-source single-relay
cooperative ARQ protocols in slotted radio net-
works with Poisson frame arrivals. IEEE/ACM
Trans. Networking, 16(2),371-382.d0i:10.1109/

TNET.2007.900360 :

Chiang, M., Low, S. H., Calderbank, A. R., &
Doyle, J. C. (2007). Layering as optimization
decomposition: A mathematical theory of network
architectures. Proceedings of the IEEE, 95(1),
255-312. doi:10.1109/JPROC.2006.887322

Cover, T. M., & El Gamal, A. A. (1979). Capacity
theorems for the relay channel. IEEE Transac-
tions on Information Theory, 25(5), 572-584.
doi:10.1109/TIT.1979.1056084

Dai, L., & Letaief, K. B. (2008). Throughput
maximization of ad-hoc wireless networks
using adaptive cooperative diversity and
truncated ARQ. IEEE Transactions on Com-
munications, 56(11), 1907-1918. doi:10.1109/
TCOMM.2008.041164

Gunduz, D., & Erkip, E. (2007). Opportunistic
cooperation by dynamic resource allocation. I[EEE

Transactions on Wireless Communications, 6(4),
1446-1454. doi:10.1109/TWC.2007.348341

Hong, X., Xu, K., & Gerla, M. (2002). Scalable
routing protocols for mobile ad hoc networks.
IEEE Network, 16(4), 11-21. doi:10.1109/
MNET.2002.1020231

Huang, W.-J., Hong, Y.-W. P., & Kuo, C.-C. J.
(2008). Lifetime maximization for amplify-and-
forward cooperative networks. IEEE Transactions
on Wireless Communications, 7(5), 1800-1805.
doi:10.1109/TWC.2008.061075

Hunter, T. E., & Nosratinia, A. (2006). Diversity
through coded cooperation. IEEE Transactions
on Wireless Communications, 5(2), 283-289.
doi:10.1109/TWC.2006.1611050




Jing, Y., & Hassibi, B. (2006). Distributed space-
time coding in wireless relay ‘networks. IEEE
Transactions on Wireless Communications, 5(12),
3524-3536. doi:10.1109/TWC.2006.256975

Jing, Y., & Jafarkhani, H. (2008). Single and mul-
tiple relay selection schemes and their diversity
orders, In Proc. IEEE Inter. Conf. on Commun.,
Beijjing, China.

- (1998). Rate control in communication networks:
i shadow prices, proportional fairness and stability.
£ TheJournal of the Operational ResearchSociety,
49(3), 237-252. ‘ '

Khandani, A. E., Abounadi, J., Modiano, E., &
Zheng, L. (2007). Cooperative routing in static
wireless networks. IEEE Tramsactions on Com-
munications, 55(11), 2185-2192. doi:10.1109/
TCOMM.2007.908538

Ko, Y., Vorobyov, S. A., & Ardakani, M. (2009a).
How muchmultiuser diversity gain isrequired over
large-scale fading? In Proc. IEEE Inter Conf. on
Commun:, Dresden, Germany.

Ko, Y., Vorobyov, S. A., & Ardakani, M. (2009b).
How much- multiuser diversity is required for
homogeneous multiuser systems? IEEE Trans.
Wireless Commun., revised.

Koetter, R., & Medard, M. (2003). An'algebraic
approach to network coding, IEEE/ACM Trans.
Netw., 11(5), 782-795.

~ Laneman, J. N., Tse, D. N.C., & Wornell, G. W.
(2004). Cooperative diversity in wireless net-
works: Efficient protocols and outage behavior.
IEEE Transactions on Information T heory, 50(1),
3062-3080. doi: 10.1109/TIT.2004.838089

Laneman, J.N., & Wornell, G. W, (2003). Distrib-
uted space-time-coded protocols for exploiting
cooperative diversity in wireless networks. JEEE
Tramsactions on Information Theory, 49(10),
2415-2425. doi:10.1109/TIT.2003.817829

Kelly, F. P, Maulloo, A. K., & Tan, D. K. H.

esource Allocation and QoS Provisioning for Wireless Relay Networks

Le, L. B., & Hossain, E. (2007). Multihop cellular
networks: Potential gains, research challenges, and
a resource allocation framework. IEEE Commu-
nications Magazine, 45(9), 66-73. doi:10.1109/
MCOM.2007.4342859 '

Le, L. B., & Hossain, E. (2008a). An analytical
model for ARQ cooperative diversity in multihop
wirelessnetworks. IEEE Transactions on Wireless
Communications, 7(5 ), 1786-1791.doi:10.1109/
TWC.2008.060798

Le, L. B., & Hossain, E. (2008b). Cross-layer
optimization frameworks for multihop wireless
networks using cooperative diversity. IEEE
Transactions on Wireless Communications, 7(7),
2592-2602. doi:10.11 09/TWC.2008.060962

Le, L.B.,Hossain,E., & Zorzi, M. (2007). Queue-

- ing analysis for GBN and SR ARQ protocols

under dynamic radio link adaptation with non-zero
feedback delay. IEEE Tramsactions. on Wireless
Communications, 6(9), 3418-3428. doi:10.1109/
TWC.2007.06020038 ,

Li, 8.-Y. R, Yeung, R. W,, & Cai, N. (2003).
Linear network coding. IEEE Transactions on
Information Theory, 49(2),371-381.doi:10.1 109/
TIT.2002.807285 -

Li, Y., Vucetic, B., Zhou, Z., & Dobhler, M. (2007).
Distributed adaptive power allocation forwireless
relay networks. IEEE Transactions on Wireless
Communications, 6(3), 948-958. doi:10.1109/
TWC.2007.05256

Liang, Y., Veeravalli, V. V,, & Poor, H. V. (2007).
Resource allocation for wireless fading relay
channels: Max-min solution. JEEE Transactions
on Information Theory, 53(10), 3432-3453.
doi:10.1109/TIT.2007.904996

Lin, Z., Erkip, E., & Stefanov, A. (2006). Co-
operative regions and partner choice in coded
cooperative systems. IEEE Transactions on
Communications, 54(7),1323-1334. doi:10.1109/
TCOMM.2006.877963

147




e

1"

I

Resource Allocation and QoS Provisioning for Wireless Relay Networks

Luo, J., Blum, R. S., Cimini, L. J., Greenstein,
L. J., & Haimovich, A. M. (2007). Decode-and-
Forward cooperative diversity with power allo-
cation in wireless networks. IEEE Transactions
on Wireless Communications, 6(3), 793-799.
doi:10.1109/TWC.2007.05272

Madan, R.,Mehta,N. B., Molisch,A.F., & Zhang,
J.(2009). Energy-efficient decentralized coopera-
tive routing in wireless networks. IEEE Trans-
actions on Automatic Control, 54(3), 512-527.
doi:10.1109/TAC.2009.2012979

Madsen, A. H,, &'Zhang, J. (2005). Capac-
ity bounds and power allocation for wireless
relay channels. JEEE Transactions on Informa-
tion Theory, 51(6), 2020-2040. doi:10.1109/
TIT.2005.847703

Maric, I, & Yates, R. D. (2004). Cooperative mul-
tihop broadcast for wireless networks. IEEE Jour-

nal on Selected Areas in Communications, 22(6),
1080-1088. doi:10.1109/JSAC.2004.830912

Matskani, E., Sidiropoulos, N. D., Luo, Z.-Q., &
Tassiulas, L. (2007). Joint multiuser downlink
beamforming and admission control: A semi-
definite relaxation approach. In Proc. IEEE Inter.
Conf. Accous. Speech and Sig. Proc., Honolulu,
Hawaii, USA.

Matskani, E., Sidiropoulos, N. D., Luo, Z.-Q.,
& Tassiulas, L. (2008). Convex approximation
techniques for joint multiuser downlink beam-
formingand admission control. IEEE Transactions
on Wireless Communications, 7(7), 2682—2693.
doi:10.1109/TWC.2008.070104 ’

Morgenshtern, V. L., & Bolcskei, H. (2007).
Crystallization in large wireless networks. /JEEE

Transactions on Information Theory, 53(10),
3319-3349. doi:10.1109/TIT.2007.904789

Nabar, R. U., Bolcskei, H., & Kneubuhler, F. W.
(2004). Fading relay channels: Performance lim-
its and space-time signal design. IEEE Journal
on Selected Areas in Communications, 22(6),
1099-1109. doi:10.1109/JSAC.2004.830922

148

Narasimhan, R. (2008). Delay-limited through-
put of cooperative multiple access channels with
hybrid-ARQ. In Proc. IEEE Sym. Info. Theory,
Toronto, Canada.

Nechiporenko, T., Phan, K. T., Tellambura, C., &
Nguyen, H. H. (2009). (to appear). Capacity of
Rayleigh fading cooperative systems under adap-
tive transmission. IJEEE Transactzons on Wireless
Communications.

Ng, T. C.-Y,, & Yu, W. (2007). Joint optimiza-
tion of relay strategies and resource allocations
in a cooperative cellular network. IEEE Journal

on Selected Areas in Communications, 25(2),
328-339. doi:10.1109/JSAC.2007.070209

Nosratinia,A., Hunter, T.E., & Hedayat, A. (2004).
Cooperative communication in wireless networks.
IEEE Communications Magazine, 42(10), 68—73.
doi:10.1109/MCOM.2004.1341264

Phan, T. K., Le, L. B., Vorobyov, S. A., & Le-
Ngoc, T. (2009a). Centralized and distributed
power allocation in multi-user wireless relay -
networks. In Proc. IEEE Inter. Conf. Commun.,
Dresden, Germany.

Phan, T.K,,Le,L.B., Vorobyov, S.A., & Le-Ngoc,
T. (2009c¢). (to appear). Power allocation and ad-
mission control in multi-user relay networks via
convex programming: Centralized and distributed
schemes. EURASIP J. Wireless Commun. and
Networking.

Phan, T. K., Le-Ngoc, T., Vorobyov, S. A., & Tel-
lambura, C. (2008). Power allocation in wireless
relay networks: A geometric programming based
approach. In Proc. IEEE Global Telecommun.
Conf., New Orleans, LA, USA.

Phan, T. K., Le-Ngoc, T., Vorobyov, S. A., & Tel-
lambura, C. (2009b). (to appear). Power alloca-
tion in wireless miltiuser relay networks. IEEE
Transactions on Wireless Communications.




Resource Alloéation and QoS Provisioning for Wireless Relay Networks

Ribeiro, A., Cai, X., & Giannakis, G. B. (2005).
Symbol error probabilities for general coopera-
tive links. IEEE Transactions on Wireless Com-
munications, 4(3), 1264-1273. doi:10.1109/
TWC.2005.846989

Scaglione, A., Goeckel, D., & Laneman, J. N.
(2006). Cooperative communications in mobile
ad-hoc networks: Rethinking the link abstraction.
IEEE Signal Processing Magazine, 23(5), 18-29.
doi:10.1109/MSP.2006.1708409

Scaglione,A., & Hong, Y. W, (2003). Opportunistic
large arrays: Cooperative transmission jn wireless
multihop ad hoc networks to reach far distances.
IEEE Tramsactions on Signal Processing, 51(8),
2082-2092. doi:10.1109/TSP.2003.814519

Sendonaris, A., Erkip, E., & Aazhang, B.
(2003a). User cooperation diversity-Part I: Sys-
- tem description. IEEE Transactions on Com-
munications, 51(11), 1927-1938. doi:10.1109/
TCOMM.2003.818096

Sendonaris, A., Erkip, E., & Aazhang, B. (2003b).
User cooperationdiversity-PartII: Implementation
aspects and performance analysis. IEEE Transac-
tions on Communications, 51 (11), 1939-1948.
doi:10.1109/TCOMM.2003.819238

Sirkeci-Mergen, B., & Scaglione, A. (2007a). On

the power efficiency of cooperative broadcast in
dense wireless networks., JEEE Journal on Se-
lected Areasin Communications, 25(2),497-507.
doi:10.1109/JSAC.2007.070223

Sirkeci-Mergen, B., & Scaglione, A. (2007b).
Randomized space-time coding for distributed
Cooperative communication. IEEE Transac-
tions on Signal Processing, 55(10), 5003-5017.
doi:10.1109/TSP.2007.896061

Sirkeci-Mergen, B., Scaglione, A., & Mergen,
G. (2006). Asymptotic analysis of multistage
cooperative broadcast in wireless networks. JEEE
Transactions on Information Theory, 52(11),
5166-5166. doi:10.1 109/TIT.2006.883627

Tannious,R., & Nosratinia, A. (2008). Spectrally-

- efficient relay selection with limited feedback.

IEEE Journal on Selected Areas in Commu-
rications, 26(8), 1419-1428. doi:10.1109/
JSAC.2008.08_1008

Tarokh, V., Jafarkhani, H., & Calderbank, A. R.
(1999). Space-time block coding from orthogonal
designs. IEEE Transactions on Information The-
ory, 45(5), 1456-1467. doi:10.1109/18.771146

Tarokh, V., Seshadri, N., & Calderbank, A. R.
(1998). Space-time codes for high data rate
wireless communication: Performance crite-
rion and code construction., IEEE Transac-
tions on Information Theory, 44(2), 744-765.
doi:10.1109/18.661517

Telatar, 1. E. (1998). Capacity of multi-antenna
Gaussian Channels. European Trans. Telecom-
munications, 10(6), 585-595. doi:10.1002/
ett.4460100604

- Wei, 5., Goeckel, D. L., & Valenti, M. C. (2006),

Asynchronous cooperative diversity. JEEE
Transactions on Wireless Communications, 5(6),
1547-1557. doi:10.1109/TWC.2006.1 638675

Xiao, L., Fuja, T. E., Kliewer, J., & Costello, D.
J. Jr. (2007). A network coding approach to co-
operative diversity. IEEE Transactions on Infor-
mation Theory, 53(10), 3714-3722. doi: 10.1109/
TIT.2007.904990

Xiao, L., Johansson, M., & Boyd, S. (2004).
Simultaneous routing and resource allocation
via dual decomposition. JEEE Transactions on
Communications, 32(7),1136-1144.doi:10.1109/
TCOMM.2004.831346

Yao,Y.,Cai, X, & Giannakis, G.B. (2005).On en-
ergy efficiency and optimum resource allocation of
relay transmissions in the low-powerregime. IEEE
Transactions on Wireless Communications, 4(6),
2917-2927. doi:10.1109/TWC.2005.85 8294

149

H
)
|
i
'
I
I,
I
i
1
f
}
i




Resource Allocation and QoS Provisioning for Wireless Relay Networks

Zhao, B., & Valenti, M. C. (2005). Practical relay
networks: A generalization of hybrid-ARQ. IEEE
Journal on Selected Areas in Communications,
23(1), 7-18. doi:10.1109/JSAC.2004.837352

Zhao, Y., Adve, R., & Lim, T. J. (2007). Im-
proving amplify-and-forward relay networks:
Optimal power allocation versus selection. JEEE

Transactions on Wireless Communications, 6(8),
3114-3123. )

Zheng, L., & Tse, D. (2003). Diversity and mul-
tiplexing: A fundamental tradeoff in multiple
antenna channels. IEEE Transactions on Infor-
mation Theory, 49(5), 1073-1096. doi:10.1109/
TIT.2003.810646

Zhifeng, P. L., Lin, Z., Erkip, E., & Panwar,
S. (2006). Cooperative wireless communica-
tions: A cross-layer design. JEEE Communica-
tions Magazine, 13(4), 84-92. doi:10.1109/
MWC.2006.1678169 '

150

Zhu,H., & Cao, G.(2005). tDCF: Arelay-enabled
medium access control protocol for wireless ad
hoc networks. In Proc. IEEE INFOCOM, Miami,
FL, USA.

ENDNOTES

: The term user refers to a source-destination
pair in this context.

2 We consider the case where source-relay

links are much better than the source-des-
tination link. This would be an outcome of
a typical relay selection strategy employed
by each source node.

& We observe that users 1 and 2 have indistin-

guishable performance, so only one curve
for each scheme is plotted.




