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Abstract

The purpose in this research aims to investigate dlyorithms of adaptive resource
allocation on OFDM-based (Orthogonal Frequency $®on Multiplexing) cooperative
communication systems. To maximize the transmissab@ of subcarriers and minimize the
transmission power of subcarriers, dynamic resou allocation has been identified
as one of the most Iimportant issue. The tgcles of dynamic resource
allocation can be broadly categorized into otparts: one is to maximize system
throughput under total power and target bit erate r(BER) constraints and the other is to
minimize bit error rate under total power and traission rate constraints.

Firstly, we investigated the optimization prpl of OFDM-based cooperative
communication systems in the single source, ddgtima and relay nodes environment. We
used Lagrange multiplier with KKT (Karush-Kuhn-T@ek conditions to solve the optimal power
allocation for the subcarriers of the source nddee to the computational complexity of the
optimal algorithm, a suboptimal algorithm aboutcarrier power allocation of the
source node was designed to maximize systewughput and reduce computational
complexity. The goal of the suboptimal algorithndantotal power and target BER constraints is
to maximize the total system throughput by eowallocation at the subcarriers
of the source node.

Secondly, we investigated the optimizatiggroblem of relay selection and
power allocation at the subcarriers of source ndde the OFDM-based cooperative
communication systems in the single sourcegstidation and multi-relay nodes
environment. To reduce the computational complexity optimal algorithm mentioned above,
a suboptimal algorithm for power allocation at s@urnode was designed. Initially, the
suboptimal algorithm arranges the uniform powepdcdtion at the source and relay
nodes to decide the selection of transmissiglay node. Then, the optimal power
allocation at subcarriers of source node undel fmiver and target BER constraints is
performed to maximize the system throughpumuBation results showed that the
proposed algorithm can effectively increase theéesgshroughput.

Keywords: Orthogonal Frequency Division Multiplegi{OFDM), Cooperative Communication,
Target Bit Error Rate
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. Introduction

1.1 Background

Nowadays wireless communications have become arkaivig fast technological evolution
in the recently years. Although separated by onlgva years, every new generation of wireless
devices has brought significant improvements imgof link communications including speed,
device size, power needed, applications, etc. Ireless communications, the technological
evolution has reached a point where researchers bagun to develop wireless network
architectures that depart from the traditional idek communicating on an individual
point-to-point basis with a central controlling basation. Such as the ad-hoc and wireless sensor
networks, where the traditional hierarchy of a r@tnhas been relaxed to allow any node to help
forward signal from other nodes, thus establislsogymunication paths that involve multiple
wireless nodes. One of the most appealing idedsmihese new research paths is the implicit
recognition that, contrary to being a point-to-golink, the wireless channel is broadcast by
nature. This implies that any wireless transmis&om an end-user, rather than being considered
as interference, can be received and processethet nodes for a performance gain. This
recognition facilitates the development of new @pts on distributed communications and
networking via cooperation [1].

The technological progress has seen with wirelessntunications following that of many
underlying technologies such as integrated circeit®rgy storage, antennas, etc. Digital signal
processing is one of these underlying technologi@stributing to the progress of wireless
communications. Perhaps one of the most importamtributions to the progress in recent years
has been the advent of MIMO (multiple-input muk#gutput) technologies. In general, MIMO
technologies improve the received signal qualitg arcrease the data communication speed by
using digital signal processing techniques to shepme combine the transmitted signals from
multiple wireless paths created by the use ofipielteceive and transmit antennas.

Orthogonal frequency division multiplexing (OFDM) a practical technique for the next
generation of wireless communication systems. Bligaudio broadcasting (DAB) and digital
video broadcasting (DVB) are based on OFDM techmidquis also applied to IEEE 802.11a,
IEEE 802.119, IEEE 802.16, IEEE 802.16e and HipddPANVLAN systems, and by asymmetric
digital subscriber line (ADSL) systems.

Recently, the demand for high data rate transmis$ias been increasing in wireless
communications. Orthogonal frequency division npldétxing (OFDM) is a promising technique
for high data rate transmission. The OFDM wirelessmunication system that divides the high
data rate stream to several low data rate strehatsare transmitted simultaneously over all
orthogonal subcarriers. The main idea of OFDM isdiade the given frequency band into
multiple subcarriers, each of which is equally suhcBecause of orthogonality among
subcarriers, the subcarriers can be very cldse each other by carefully designed in
the frequency spectrum without interfering eadther. Therefore, the OFDM-based system
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is of spectrum efficient. Cooperative communicati@me a new paradigm that draws from the
ideas of using the broadcast nature of the wiretbssinel to make communicating nodes help
each other, of implementing the communication pgede a distribution fashion and of gaining

the same advantages as those found in MIMO systEnesend result is a set of new tools that
improve communication capacity, speed, and perfoo@areduce battery consumption and
extend network lifetime; increase the throughput stability region for multiple access schemes;
expand the transmission coverage area; and proodgeration tradeoff beyond source—channel
coding for multimedia communications.

Cooperative communications are a new communicagpamadigm which generates
independent paths between the user and the baiss $tp introducing a relay channel. The relay
channel can be thought of an auxiliary channelh® direct channel between the source and
destination. Since the relay node is usually séwsaaelengths to distant from the source, the
relay channel is guaranteed to fade independerdly the direct channel, which introduces a
full-rank MIMO channel between the source and thestidation. In the cooperative
communications setup, there is a-priori few comstsao different nodes receiving useful energy
that has been emitted by another transmitting néde.new paradigm in user cooperation is that,
by implementing the appropriate signal processilggrahms at the nodes, multiple terminals
can process the transmissions overheard from athsies and be made to collaborate by relaying
information for each other. The relayed informatisnsubsequently combined at a destination
node so as to create spatial diversity. This cseat@etwork that can be regarded as a system
implementing a distributed multiple antenna wheoflaborating nodes create diverse signal
paths for each other.

Hence, cooperative communications are a new paradigift for the fourth generation
wireless system that will guarantee high data redesl users in the network, and we anticipate
that it will be the key technology aspect in tHféhfgeneration wireless networks.

1.2 Motivation

With the increasing needs for high speed wirelggdi@ations, future wireless networks, no
matter infrastructure-based, such as cellular ne¢syoor ad hoc, such as a disaster recovery
network, will be required to provide reliable higlta rate services in dynamic environments.
The use of multiple antennas can improve the p@mdrspectral efficiency greatly in single-link
wireless communications [2]-[9]. In many instanchewever, this may be impractical due to
limitations on the size and power of the commumecatievices. Cooperative transmission, which
utilizes the broadcast nature of the wireless nmadimd the numerous nodes in a network, is an
efficient way to realize the benefits of multi-amb@ transmission with only one antenna at each
node.

The system performance is improved by the resooraeagement, in an OFDM-based
cooperative system, in which the link gain varigsbveral instantaneous rates of the subcarriers.
When the channel coefficient differences among aubers are large, it is possible that
subcarriers with good channel coefficient will dl@ated most of the resource, i.e., bits and
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power for a significant portion time. The usershatihe worst channel coefficient may be unable
to receive any data, since most of the time theureg will be assigned to users with good
channel coefficients. The fairness issue of resuncanagement is very important in
OFDM-based cooperative communication systems. Sasearches have focused on dealing
with this resource management issue [10]-[11]. Hmwefairness issue is not considered in
[12]-[20]. There is always a tradeoff between gatiBon of fairness and improvement of the
system performance.

These challenges motivated us to investigate théonoeance of the adaptive resource
allocation with total power and target BER constimiand design adaptive resource allocation
algorithms which can be implemented to maximize bms number at subcarriers in the
OFDM-based cooperative communication environmerts. our research, two different
optimization problems are formulated:

1. Optimization problem for the cooperative OFDMséd communication systems with

single relay environment.

2. Optimization problem for the cooperative OFDMs&d communication systems with the

relay selection in multi-relay environment.

1.3 Overview of cooperative communication systems

Generally, resource management in the cooperat®eNdbased communication systems
is to allocate power under target BER and total ggogonstraint. The major topic is to maximize
the system capacity that is to maximize allocatlots number at source and the overall
throughput. Resource allocation schemes for OFDbedaystems can be divided into two parts:
one is fixed resource allocation, and the otheadaptive resource allocation. Fixed resource
allocation includes time division multiple accessdafrequency division multiple access.
However, this scheme is not optimal since it ddaes@nsider the current channel state
information (CSI). In the adaptive resource allamatscheme, the systems allocate the available
power to the subcarriers that can best exploityitubing the instantaneous CSI. Therefore,
adaptive resource allocation scheme obviously le#teibperformance because each subcarrier’s
CSI can be seen as independent. This propertyiéziaoperation diversity.

In the cooperative OFDM-based system, the subcali@cates the power and the uniform
power distribution should be based on the systamerder to maximize the allocation bits
numbers. Consequently, we discuss necessary baridyan the two key principles that enable
to archive high performance in the cooperative OFbaded systems: adaptive modulation and
power allocation to the single or multiple relaylajptive modulation is the means by which good
channel conditions subcarriers can be exploiteactoeve higher data rates. Power allocation to
the single or multiple relays describes the gaiwailable by subcarrier power allocation or
subcarriers at the selected relay power allocaliaming good channel conditions. We will
formulate the problem of allocating the resouraetf@ cooperative OFDM-based systems, with
certain constraints that needs to be satisfiedy agdhe source total power, relay total power, and
target BER.



1.4 Organization of thisreport

This report is organized as follows. In ChapteZhapter Il, the adaptive resource allocation
for the cooperative OFDM- based communication systeare described. The cooperative
OFDM-based system model and channel model arengessén Chapter 2.1. In Chapter 2.2, to
evaluate the performance of multiuser OFDM systam, analytical model is studied, and
optimization criteria are reviewed. In Chapter the adaptive resource allocation for dual-hop
single-relay OFDM-based cooperative communicatystesns is presented.

In Chapter 3.1 the dual-hop single relay amplifg-éorward cooperative communication
systems problem is introduced. In Chapter 3.2stlstem model is describes. In Chapter 3.3, the
optimization criteria of adaptive resource allogatifor dual-hop single-relay OFDM-based
cooperative communication system are presented.sliheptimal resource allocation algorithm
is proposed in Chapter 3.4. The performance optbposed suboptimal allocation algorithms for
dual-hop single-relay OFDM-based cooperative compation system is analyzed and a series
of simulations are compared in Chapter 3.4.

In Chapter 1V, the adaptive resource allocation doial-hop multi-relays OFDM-based
cooperative communication system is introduced hagfer 4.1. The optimization criterion
multi-relay problem for OFDM-based cooperative coumncation system is formulated in
Chapter 4.2. In Chapter 4.3 the proposed suboptadaptive resource allocation algorithm is
discussed. In Chapter 4.4, the performance of doplmulti-relay OFDM-based cooperative
system is analyzed. Finally, Chapter V summaribhesconclusions of this report and points the
areas for future research.



1. System M odel

2.1 System Modéel Description

In this chapter, a system model for the downligkgmission of OFDM system
is shown in Fig. 2.1. We assume that the systen\hsisbcarriers. The available bandwidth B f
the system is divided by N orthogonal narrowbarcatriers. In this report, an adaptive M-ary
guadrature amplitude modulation (M-QAM) is used &hehl phase detection is employed. We
also assume that each subcarrier has a bandwidth wéh much smaller than the coherence
bandwidth of the channel and that the instantan&&lIsof all subcarriers are known perfectly at
the transmitter. Based on CSI of all users, thestratter applies the resource management
schemes include: bit and power allocation algoritiorassign different subsets of subcarriers,
allocate the number of bits per OFDM symbol to t@ngmitted on each subcarrier, adjust the
transmit power level across all subcarriers, retypeg.

Transmitter
Channel State
Information
4
—F‘| Adaptive modulator: 1 )—F IFFT
Bit Stream Bit and - & Inserting
—» power ’ Parallelto | | CP
Allocation - Serial
—>| Adaptive modulator: H
Receiver
. . < FFT
Bit Stream Adapti « : . |
‘_Demzlc)h,ll:;‘:or : Subcarier || & — Removing
| Selector Serial to | CP
Parallel
A A

Bit and Power
Allocation Information

Fig. 2.1 The structure of OFDM system

Transmitter
In the transmitter, the serial data streams fusers are fed into the subcarrier, bit, and power
allocation block which allocates bits from diffeterceivers to different subcarriers and then the
subcarriers and bit allocation information are seneach receiver through a separate control
channel. When data need to be transmitted at #resrnitter, the serial data streams are first
5



arranged in parallel for each subcarrier and mdeddlandependently. At each subcarrier,
according to the number of the assigned bits, tapi@e modulator chooses the corresponding
modulation scheme to form a modulated bit. The rntaidd bits per symbol and the allocated

transmit power are denoted & and P, for theith subcarrier, respectively. The modulated

bits of all subcarriers are transformed into tmeetidomain samples by the inverse fast Fourier
transform (IFFT) to form a time domain OFDM bitsr mymbol. After IFFT operation, a cyclic
prefix (CP) is inserted at the beginning of eaatetdomain OFDM symbol and the length of CP
is assumed to be longer than or equal to the marimelay spread of the multipath channel, to
prevent ISI. The transmit signal is then passeduin different frequency selective fading
channels to different subcarriers.

Channel Model

In this report, the channel is modeled to be a &glglfading channel whose fading characteristic
is assumed to be quasi-static so that the fadimgsg&re constant during one OFDM symbol
period, but vary from one symbol to another. Afatént subcarriers, the signal received from the
transmitter is assumed to undergo frequency seketdading channel, independently. The channel
impulse response for the ith subcarrier is giveridy) as follows [21]:

g (t) = Z,Cgi(|)5(t -7) (2.1)

Where J(-)is the Dirac delta function, is the number of resolvable paths; for ke path,
cg,(I) and 7, denote the path gain and path delay, respectiValy.path gains are independent
for different paths. We assume that the symbolttchnndor each subcarrier is large relative to the
multipath delay spreadr, ; therefore, each subcarrier approximately expereflaefading. The
channel gain for thigh subcarrier, denoted ag, , can be expressed as follows [22]-[23]:

L
a, =Y cg(He ™' i=12..,N (2.2)
=1

Receiver

At each receiver, after the CP is removed fromrdoeived time domain samples, the samples are
transformed into frequency domain modulation symidwlthe fast Fourier transformed (FFT).
After propagation through a Rayleigh fading chanifehe transmitted signal is received by the
ith subcarrier; hence, the signal received fromitinsubcarrier can be expressed as

r=JRGT +w (2.3)

Where w, denotes the frequency domain additive white Gaussioise (AWGN) with zero
6



mean and variancer’.

The signals received from allocated subcarriersohtained through the subcarriers allocation
information, and then the signals are demodulatgdiding an adaptive demodulator which
depends on bit allocation information to configarerresponding demodulation scheme.

Cooperative OFDM-based

We consider that a dual-hop relay link consistsooke source/destination pair and one
amplified-forward relay. For broadband communicato®etween the nodes OFDM-based system
is used. The available bandwidth is divided iNtsubcarriers in which the channel is assumed to
be frequency-flat. The channel coefficient of the subcarrier between source and destination,

source and relay, relay and destination is denoted g, * 94 and g, , respectively. Fig. 2.2

shows the OFDM-based cooperative protocol. Wheralfaduplex AF relay is employed to help
the source-to-destination called SD link commumacat

Relay

Source Destination

Fig.2.2 OFDM-based cooperative protocol
The source broadcasts its information to both th&tidation and the relay. In the phase 1, the
received signals at the destination and relay eaexipressed as

fa =Py 03T + 2y (2.4)
g, = \/PisﬂgsfiTi tZy (2.5)

in which P, is transmitted power at the source of ftie subcarrier, T, is the transmitted

information symbol, andz,, is additive noise. In (2.4) and (2.53 and g4 are the channel

coefficients from the source to the destination #Hr@source to the relay respectively. They are

model as zero-mean, complex Gaussian random vesiawith variancescfszUli and 5; ,

respectively. The noise termg, or z, is modeled as zero-mean, complex Gaussian random

variance N,.



For an Amplify and Forward cooperation protocok tielay amplifies the received signal and

forwards it to the destination with transmitted jgowP; . In phase 2, the received signal at the

destination from the relay can be expressed as

i (2.6)

r.fdio 5 gfdi rsfi + Zfdi
V Psi‘gsfi‘ + NO

where g, is the channel coefficient from the relay to thetaetion and z,, is an additive

noise.

We assume that the source sends data with pdven theith subcarrier  to relay and

destination, while the relay retransmits an amgadifsignal of the received data to the destination.
The relay received signal from the source can Ipeessed as follow

Mg, = (rsfi ai)gfdi tZy (2.7)

Where g, is a power scaling factor and can be expressed as

P,
' (2.8)

a = .
VP Jos| +Ng

to ensure a relay transmit power on ttte subcarrier of P, . The noise variance at the relay

within one OFDM subcarrier is denoted kY, .
The relay received the signals from the sourcettf@atSNR; can be expressed as
2
£ ‘gsﬁ‘

SR, = (2.9)

The destination received the signals from two widngd one is the source, the other one is the

relay. If the destination received the signal frihra source that theSNR, can be expressed as

The destination receives the signal from the réfay the SNR;, can be formulated as



2 2
_1 Pq‘gsfi‘ Pfi‘gfdi‘

= (2.11)
No Pg‘gsfi‘z + Pfi‘gfdi‘z + N,

fd,

where signal to noise ratio (SNR) at the outputaotemporal maximum ratio combiner

NRrc , Which combines the signal contributions of blatks at the destination is then given

by

2 2 )
1 Pg‘gsfi‘ Pfi‘gfdi‘ ‘
No Pg‘gsfi‘z + Pri

+ Pq‘hsdi

NRyee = (2.12)

2
gfdi‘ + N No

The noise variance at the destination within on®MFbased subcarrier is denoted by, .

In this project, we consider that the M-QAM with &gr bit mapping is applied. The
OFDM-based system applies adaptive modulation seh@morder to take advantage of
fluctuations in the channel condition. The simplea is that transmission rate as high as possible
when the link condition is better, and transmissaab@a lower rate when the link condition is bad.
Lower rates are achieved by using a small consisllasuch as QAM. The higher rates are
achieved with large constellations, such as 256-QAM expression for the BER of M-QAM as

the SNRyrc and the discrete number of bits which denotesbpycan be approximated as

[24]-[25],

BER, (SNRy . b)) = bg(l— ! Jx erfc{ %J (2.13)

J2b 2" -1

However, this expression is not easily differerigady invertible in its SNR or the number of bits.
So0[26] consider a different approximation with tagsroperties. In [26], the authors find an
approximation BER as

(2.14)

~ 16N
BER, (NRyc . b) = 02 ex;{ﬂj

2% -1

In Fig. 2.3, the tightness of the standard form(@ld2) to the BER approximation (2.14) is
shown. We can observe that the approximation of BERt within 1 dB for M > 2°and
BER< 107 at higher SNR.

Rearranging (2.14), the maximum achievable disdrggetransmitted by theh subcarrier can
be formulated as



In 5BER (2.15)

- 1L6NR
bi = |ogz(]_ + Aj
The instantaneous rate where the maximum achieh&teete bits numbers can be formulated
as of the communication between source and destnatith the relay on thé&h subcarrier is

transmitted therefore can be formulated as

NRxe
b = i‘log{l + TJJ (2.16)

Where |- | denotes the floor operator arid is a constant for the ith subcarrier’s target BER,
denoted atBER , the constant can be specified as

- = In(tBER) 2.17)
-16

10° H H . . -
—&— Simulation
—+— Standard Formulate (2.13)
S - — Approximation (2.14)
10 ! _\-\-\-\-\--""‘-\-\._ = —_
o
ol
"H-\.\_\_L\
e 10° R
7]
m
@
(=]
i
2
< 10
10"
.IG .- L L L L L L L
1] 9 10 15 20 25 30 35 40

SMNR per symbol (dB)

Fig. 2.3 BER approximation for M-QAM over Rayleigdding channel

In [27], a simple adaptive modulation scheme wasppsed, the modulation mode used is
adapted on the instantaneous SNR unB&R constraint. Based on the instantaneous SNR, the
Q-mode adaptive modulation scheme adjusts thertigs®n modey, where q = {01....,Q}, to

satisfy tBER constraint. Following the approach proposed2ir], the mode selection rule is
given by

Select modegy when BER(SNRx. , b, ) < tBER < BER(SNRyrc 1D, 11) 5

10



where b, . is the number of discrete bits on thi& subcarrier corresponding to mogleThe

b. , is the maximum discrete number of bits for @«enode adaptive modulation scheme.

n.Q

g T T T T T T T
—=— 3-Mode
—E—4-Muode
TH ——35-Mode
—#—E-hode

RENERCtes oeEa-a-8e
==
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] a 10 13 20 23 a0 s 40
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Fig. 2.4 Throughput versus SNR for various Q-moder &kayleigh fading channel at
tBER =10°

In Fig. 2.4 the throughput for the various numbemode attBER =10° is shown. It can be
observed that throughput is significantly relateel humber of mode. As expected, the throughput
increases as the number of mode increases.

2.2 Optimization Criteria

Fig. 2.2. presents the consideration of an OFDMetatownlink system for a single relay
scheme. The source has all knowledge of the chasta¢® information (CSI) through the
feedback links from all subcarriers. The resourt@cation problem, which includes subcarrier
allocation and power allocation, provides subcami®d bit allocation data to the source to form
an OFDM symbol. In this following, the optimizati problem formulation is considered, i.e.,
we would like to maximize the overall thoughpudbr a given power budget at
the source. For an OFDM-based downlink system Wiubcarriers, the optimization problem
can be described. As to describe the optimizatimblpms, various notations are introduced.
Denote the data rate (number of bits transmittezt an OFDM symbol) of thegh subcarrier by
b .Thus, the instantaneous data fatan be expressed as

11



NRyre,
b = i‘log{l + T]J (2.18)

The resource allocation cooperative OFDM-basedmopétion problem was investigated,
where the objective is to maximize the total insdarous data rate of the OFDM-based system
subject to total available transmission power atse, relay and target BER constraints.

Mathematically, the optimization problem is formelc as

N
Ma b 2.19
ax 3 b (2.19)
subject to:
—_ Pslotal HE—
P= = i=1..N (2.20)
N
z Pfi = Pftota.l (221)
i=1
P, 20i=1..,N (2.22)
BER <tBER, i =1,...,N (2.23)

where N denotes the total number of subcarriefs, denotes the power allocated fdh
subcarrier at the source?; denotes the power allocated for fitle subcarrier from relay to
the destination.P, ~ denotes the total power constraint at the rcepthat divide byN

denote uniform power allocation?;, ~ denotes the total power constraint at the relay.

To obtain the optimal solution in (2.19), to alldoa power on theth subcarrier at source and
relay should be allocated jointly. However, thisusas a prohibitive high computational
complexity. Separating the source and relay powdcation is a way to reduce the
computational complexity. The transmission powerdach subcarrier can be adapted by using
Lagrange multiplier method with KKT conditions. Thlgorithm is demonstrated in [28]-[29] as
the optimal solution for the problem that distriditpower into parallel independent channels
with a total available power constraint. After sabcer allocation, the system employed
Lagrange multiplier method to solve the optimizatgroblem of (2.19), the KKT conditions by
those constraints of follows for the uniform povadiocation at the source node (equal power
distribution), and total power and target BER caaists. With the subcarriers
of the relay node must be transmitted by a signaboal to zero. Use differentiate to
solve Lagrange function for get the power distrifmitacross subcarriers the optimal

power allocation for subcarriers at reld can be obtained by
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AIn(2)

P = + b' Ps _ bi Ps i (222)
2 2
Gyl +aPk, . c? c T +aP, ’ c2 cT +aP, ? c2
+ +
b P, b p, b P, b P, b P, b P,

where a is a threshold, to be determined from the totallalke transmit power
constraint.
We use Lagrange method by KKT conditions to abtapower allocation

P. = [Pfl, P s Py ]T in Appendix A. The Karush-Kuhn-Tucker (KKT)conditie are sufficient

for optimality.
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[11. Adaptive ResourceAllocation for Dual-Hop Single-Relay
OFDM-Based Cooperative Communication Systems

3.1 Introduction

Cooperative relaying strategies have become a mgpic in the wireless research
community. The first research on relay channels @l#ained in the seventies in [30]-[32]. The
interest in this topic was initiated recently by tbonference papers [33]-[35] and triggered a
large amount of work in this area [34].

Most of the literatures available today consiffequency-flat fading. In [36] cooperative
diversity protocols are analyzed for combating iétth fading and shadowing effects in a
wireless network and thereby increasing the rolasstiof the wireless connection between source
and destination. In [37] a form of spatial diveysg investigated, in which diversity gains are
achieved via the cooperation of two mobile useet tommunicate with a base station. It is
shown that cooperation leads not only to an ineeasuplink rate for both users but also to a
more robust system, where user rates are lesgigernsichannel variations. In [38], [39] and [40]
optimal power allocations between source and r¢fagenerative and nonregenerative) are
discussed for the case that both share a total mnoduransmit power over the two time-slots
required for relaying. In [41] the optimal gain caation between multiple nonregenerative
coherent relays is presented which maximizes tbiaianeous rate for multiple nonregenerative
coherent relays, retransmitting in the same banithwithis gain allocation can be interpreted as a
distributed maximum ratio combining (MRC).

The case of cooperative relaying in frequency-selecfading channels is much less
examined so far. In [42], the authors determine growallocations for multiple orthogonal
nonregenerative relays which are the same as haviagelay using OFDM to maximizing the
average SNR of the maximum ratio combiner at tistioion node. In [43] the information rate
of OFDM and OFDMA networks consisting of one soldestination pair and multiple relays is
examined. In the case of OFDM only one amplificatgain is used for all subcarriers at the
nonregenerative relay. Therefore, the rate is pttozed with respect to the frequency-selective
channel. In the case of OFDMA only one nonregenaraklay is assigned to one subcarrier,
which results in an optimization problem that cdme solved by integer programming. In [44]
distributed Alamouti coding [45] for OFDM relayinmks is proposed. Furthermore, a closed
form expression for the bit error ratio (BER) assuymBPSK, M-QAM, MPSK modulation is
presented.

In this project, we focus on dual-hop AF witingée or multiple relay for OFDM-based
communication system. The transmitted signals algest to frequency selective Rayleigh
fading channels. We examine the possibilities afgroallocation over the subcarriers at relay to
maximize overall throughput that is the instantarsemate of the link. It is assumed that source
and relay have their own separate transmit powlee Jource and relay have total power and
target BER constraints. We give the optimal powlecation at the source that maximizes overall
throughput for a given relay power allocation. TKI€T conditions has to be solved the optimal

14



source power allocation. Therefore, the simulatesults show that an alternate, optimization
of the source power allocation and purpose sub@ptiof the source power allocation are
improved.

3.2 Analytical Modél

We consider that a dual-hop relay link consistssiofjle source/destination pair and single
amplified-forward (AF) relay. For broadband comnaation between the nodes OFDM-based
system is used to cooperative communications. Vadadle bandwidth divided into subcarriers
in which the channel assumed to be frequency-Tla¢. channel coefficient ath subcarrier at the

relay and destination node are denoted gy > g4 ° and g, , Fig. 3.1 shows the

OFDM-based cooperative system model.

Relay

Source Destination

Fig.3.1 The OFDM-based cooperative system model

The cooperative OFDM-based communication systeunseésl to transmit the information data
bits/symbol over subcarriers. That can be impleegily employing the IDFT in the transmitter
at the source and DFT in the receiver at the dastim. A cyclic prefix can be employed for
introducing the channel circulant property and gating the inter-symbol interference. The
block diagram of the considered cooperative OFDIdeblasystem model with single AF relay is
shown in fig. 3.2. Where a half-duplex AF relayeisiployed to help the source-to-destination
called SD link communication. Prior to transmissitire information bits are first fed into bit and
power loading component to produce &hx1 symbol block T, = [T,,T,.....,T,] > where T,
denotes the information bits/symbol or zero synmdmiit by the source. Then these bits/symbol

are mapped ontl subcarriers with the transmit powéts =[P, , P, ,...,P, ] > where P, denotes

the source power for théh subcarrier. This block goes through the souscgestination SD link
and source to relay SF link, respectively.

15
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Fig.3.2 Block diagram of OFDM-based communicatigstems with single AF
cooperative relay

Denotingg to be the frequency domain channel coefficierd,rdteived bits/symbol on thin
subcarrier at the destination or relay. In the phhsthe received signals at the destination and
relay can be expressed as

g, = \/PiggsdiTi t Zy (3.1)
e, = \/PiqgsfiTi tZy (3.2)

Where P, denote the transmitted power at the source ofitiesubcarrier,T; denotes the
transmitted information symbol, and,, or z; denote additive noise. In (3.1) and (3.3),,

and g4 are the channel coefficients received by destinaiud relay from source to destination

and source to relay respectively. They are modakdaero-mean, complex Gaussian random
variables with variances);, and J3 respectively. The noise termg, or z, is modeled as

zero-mean, complex Gaussian random variable wWith
For an Amplify and Forward cooperation protocbk telay amplifies the received signal and

forwards it to the destination with transmitted jgowP; . In phase 2, the received signal at the

destination from the relay can be expressed as

P,
= ' (3.3)

r.fdi > gfdi rsfi + Zfdi
V Pﬁ ‘gsfi‘ + NO

where g, denote the channel coefficient from the relay lte testination andz,, is an

additive noise.
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We assume that the source sends data with pdeon theith subcarrier to relay and

destination, after amplified the received signa tklay forward signals to destination. In the
phase 2, the received signal at destination frarelay can be expressed as

Mg, = (rsfi a)gfdi tZy (3.4)

Whereg is a power scaling factor can be expressed as

P,
| (3.5)

a = :
VP Jog | + N

to ensure a relay transmit power on ttte subcarrier of P, . The noise variance at the relay

within one OFDM subchannel is denoted Iy .
In the phase 1, the received SNR at the relay astirdition can be formulated as

(3.6)

the destination received signals from two ways ftlsasource and relay. If destination only

received the signal from source whe®8R,, can be formulated as

2
P |9«
NR, = ﬂ (3.7)
i NO
If the destination only received signal from relalyere SNR;, can be formulated as
Pg‘gsfr va‘gfdv‘z
NR, = i Gl=5 (3.8)

1
! N 2 2

No Pq‘gsfi‘ + Pfi‘gfdi‘ + N,
where signal to noise ratio (SNR) at the outputaofemporal maximum ratio combiner

NRxc - In the phase 2, the received SNR at destinatsamgumaximum ratio combiner (MRC)

can be formulated as
1 mlfRle. Rl

NR, =
° No Pﬁ‘gsfi‘z + Pfi‘gfdi‘z + N, No

(3.9)

the noise variance at the destination within oR®M-based subcarrier can be denoted IHy.

The expression for the BER of M-QAM in terms of tI&R,,. and the number of bits
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which denotes by can be approximated as

BER, (SNRy . b)) = 32{1 - J;_QJ x afc{wfm;'\l—i{“”fc} (3.10)

However, the above expression is not easily wiffeable or invertible in its SNR or the
number of bits. Considering a different approximativith these properties, an approximation
BER is presented as

(3.11)

~ 1L6SNR e
BER, (S\R, b)) = 02ex —

For a given target BER (tBER), the maximal achi#@e bits transmitted by the ith subcarrier
can be approximated as

(3.12)

NR
b O I0g2(1+ %j

In(5tBER)

where I' = is a constant.

In this project, we consider the M-QAM with @rébit mapping is applied. The
OFDM-based system applies adaptive modulation seh@morder to take advantage of
fluctuations in the channel condition. The mainaidd this chapter would be the transmission
rate as high as possible when the link conditiatebeand transmission at a lower rate when the
link condition bad. Lower rates are achieved bygsa small constellation, such as QAM. The
higher rates are achieved with large constellatisnsh as 256-QAM.

3.3 Optimization Criteria

The objective of proposed optimization problemagrtaximize throughput by power allocation

at source node. An OFDM-based downlink system feingle relay scheme is considered. The

constraint to this problem is total transmissiomwgoat source node which include subcarrier and

power allocation, provides subcarrier and bit atamn data to the source for an OFDM symbol.
To optimize the transmit power allocation of théayeand/or source over the N subcarriers

with respect to separated sum power constrairtietatnodes as

N

; P =P (3.13)
N
Z P, =P (3.14)

i=1

The values of the transmit power over the subearare thereby stacked in the vectors can be
define as PS:[Psl,Psz,...,PsN]T and P. =[P ,P,_,...P ] > respectively. We assume that all

parameters which are not subject of the currentropation problem are known to the optimizing
18



node. This includes channel coefficients and negences. We derive the optimal transmit PA
over the subcarriers at the source assuming a gimgarm power transmit power allocation at
the relay. Then propose an alternating optimizatibnsource transmit power allocation. To
optimization of source power allocation we assuna¢ the vector Hs defined.

To maximize the overall throughput for a givenform power at the relay node and optimal
power allocation at the source node with allocaadgorithms. For an OFDM-based downlink
system with N subcarriers that the objective isn&ximize the total continuous data rate of the
OFDM-based system subject to total available trassion power at source under total power
and target BER constraints.

Mathematically, the optimization problem can berfatated as

N
Max » b 3.15
5 Z; (3.15)
subject to :
N
; P =P (3.16)
P >0 i=1.,N (3.17)

where N is the total number of subcarrieR,is the power allocated fdth subcarrier at the

source. R, is the total power constraint at the source.

To obtain the optimal solution in (3.12), téoahtion power on thé&h subcarrier at source
and relay should be allocated jointly. Howevers tbauses a prohibitive high computational
complexity. Separating the source and relay powdcation is a way to reduce the
computational complexity. The transmission powerdach subcarrier can be adapted by using
Lagrange multiplier method. The algorithm can bendestrated in [37]-[38] as the optimal
solution for the problem that distributed poweroigarallel independent channels with a total
available power constraint. After subcarrier alltma the system employed Lagrange multiplier
method to solve the optimization problem of (3.@% optimal power allocation can be obtained
by appendix B. We can use the Lagrange methoetermine the solution of the optimization

problem with the Lagrange functioh(P, ,...,P, ,a, &,....&y) as
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L(R,...P. ,a,&,....&)

DIRE LIS
i=1 i=1

:iIOQZ 1+%j+a(zpﬁ B PS:otal]-'-igiPS

i=1 r i=1

Pf
total

2
N + P[0

N 2 P N
R T T e e PR
zzlogz 1+ r ta PS - PStmaJ +Z£ipsi

j j

1 P ‘ O, O

‘2

(3.18)

The Lagrange function can be rewrited as

-MZ
= -
i
Z

1l
iy

L(P. P..,a,&,..,&) =

s, 1+ Ps, s log,|1+

Where a =

The solution Pg = [Psl, Py v Py, ]T satisfies the following conditions:

Up L(P,, . &,..,8y) =0 (3.20)
N

le P-P =0 (3.21)

&R, =0 fori=1..N (3.22)

P >0 fori=1..,N (3.23)
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& =20 fori=1..N (3.24)

Then we differentiate the Lagrange functiarfP, a,¢€,,...,€y) with respect toP, and set

each derivative to 0.

Pftoval Pflovsl 2 Pftoval 2p2 Pftotal 2 Pftoval
b +2a.P51b. +ac —* +ac —* Tb°P. +I'bc — +ab°P- +abP.c +b°P.c
i i i i N i N (1 (Rad} N i~y i~ s i N (=T

B N
P, Y
F(biPS e ;:IHJ rlbP, +C
oL N
o - B
oP, P, , P, P,
rbP, +c ﬁ' +aP’b +aPc ﬁm“LbiPsCi Tw
Pf
MbP, +c¢ —
‘ N
=0
(3.25)
P P. P )2
& bi2P2 + 2a,bc, o P+ aici2 o |4 b, Ci2 how
> S N N N (3.26)
w07 + g =
apﬁ b P + Pf(ma\ (I— + P )+ b P Pflulal b P . Pf(ma\
s TGy VT ARG T B TG T

The KKT conditions by the constraints of above tbe uniform power allocation by the
subcarriers of relay node (equal power distribytiofo solve the Lagrange function with the
KKT conditions by the differentiate above equatit;m get the power distribution across
subcarriers. We get the power distribution atithesubcarrier can be formulated as

2
_ [ma-a;-m vitak | _ v tak
i _\/ &+ af +(e2 +afi2J & +af 220

The constanta can be solved by summing above N equations to alegtotal transmission
power.

2 +
X -—a—-a, -m v, +ak _ Vi tak
Psxmaj - ; \/ qz +af|2 +(q2 +af|2j qz +af|2 (3-28)

Purpose the optimization of source power Allocatdgorithm as follows:

Optimal Power Allocation Algorithm
1) Optimal power allocation at source
1.a) Obtaina from (3.28)

1.b)Usea ,(3.27)tofind P, forall i

1.c) Calculatdy; to allocate the bits number for all subcarriers
21



b = Iogg(1+ e j

r

2) Terminate algorithm

In this subsection, we discuss a suboptimal of soyower allocation algorithm where equal
power distribution at the relay has been describéeé. proposed algorithm for the source power
allocation use (2.18) list below

N
b =l092(1+-——$¥5ij

The subcarrier of the source power allocationlmaformulated from (2.18) to the solution as

2 Py 2 )
i Ps"gsfi‘ N gfdi‘ . Ps‘gsdi‘
R
b Olog,1 + r

Where d, =T (2" -1),I, =db -a —ac —bc substitute into above equation as

2 P
-1+ JI7 +4ab di+diclﬁtal
P =

) -2ab

(3.29)

Suboptimal Power Allocation Algorithm

1) Initialization
l.a) Let b = by, foralli
1.b)N={1,2,...N}

2) Source power allocation

2.a) Obtain P, from (3.29) for ali

N
2.b) If Z P, > P, do tonextstep, else set final allocation and teate algorithm
i=1
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2.c) Compute P; from (3.29) for alli usingh - 1

2.d) Select the subcarrigr that has the maximum cost to reduce one bit:

i” = argmaxP, - P,
iON

2.e)Letb. =b. -1

2.f) Compute P, from (3.29) for i’

2.9)If b. =0 then N = N\i’

2.h) goto step 2.a

3.4 Simulation Results
The proposed suboptimal algorithms were appliethéoSingle Source, destination and relay
cooperative OFDM-based system with the followingapaeters: number of subcarrig¥s16;
andtBER = 10° for all users. The channels were assumed to leel fiuring one OFDM symbol
period and six taps independent Rayleigh multighidgnnels with exponentially decaying power
profile.
For comparison purposes in the single source padl@cation problem, we have considered
two other power allocation methods. One of thepiglied equal power allocation among all
subcarriers. Another is purpose optimal power alion algorithm to distribute power among
all subcarriers.
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3.5 Summary
This chapter introduces the resource allocationttier powe allocation at subcarrier of source
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node that is in the single relayand single souestidation OFDM-based cooperative systems.
To improve the system performance according toyrpaver allocation optimization criteria,
the suboptimal allocation algorithm are proposexspectively. In the suboptimal algorithm,
subcarrier and power allocation are carried outuseply for both source (using uniform power
distribution) and relay optimization problems. Fremmulation results, we can observe that the
proposed suboptimal algorithms have better perfoo@aclose to the optimal environments
whether above problems.
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V. Adaptive ResourceAllocation for Dual-Hop M ulti-Relay
OFDM-Based Cooperative Communication Systems

4.1 Introduction

Cooperative relaying technique has become a poiveriic of the next-generation wireless
communication systems for its ability of extendowyerage and improving capacity. One of the
important relaying strategies of amplify and ford/gAF) is proved to be usable in practical
scenario [50]. Amplify and forward (AF) mode is gila as the received signal at relay to amplify
and forward without any decoding or demodulatioacpss. A lot of research has been done to
analyze the related performance.

Due to the spectrum efficiency robustness in npdtih propagation environments and ability
to combat the inter symbol interference the ortmaddrequency division multiplexing (OFDM)
is considered an effect technique in the broadbameéless communication system. The
combination of the relaying and OFDM is an evennpsing way to improve system capacity
and extend coverage. Different from single carggstem, multi-relay OFDM-based systems
channel transfer function may vary in differentagellinks because of the propagation
environment. In conventional cooperative OFDM-ba&&drelaying systems, no additional relay
selection operation is done in relay. To utilize thdependence of different relay links, recently
single relay without direct SD link is discussedrtorove the capacity of both AF [51]-[52] and
DF relaying [53]-[54]. The basic idea is to paietbubcarriers of the first hop (SD link) and the
second hop (RD link) in the order of channel gaim flata transmission. However, these
researches only focus on single relay scenario.nglyetems are with multiple relays less than
one source are concerned, relay selection shoutddem into consideration, referring to which
relay is selected to forward signal on a certalayrénks. In [55], jointly subcarrier matching and
relay selection with multiple parallel without diteSD link, AF relays has been studied. However,
no power allocation with regard to multiple reldas been studied, which is crucial for capacity
enhancement.

In this chapter, we consider a two-hop AF relgysystem where a source communicates with
its destination through multiple relay nodes. Toximaze the allocation bits at the subcarriers, we
formulate the optimal solution for selected relayd aoptimization of multi-relay ubcarriers
assignment and power allocation as a mixed binagger programming problem. Due to the
high complexity of the problem, a suboptimal saatiis proposed to solve relay and power
allocation problems. Simulation results show thmet proposed algorithm with relay selection
and optima bits power allocation achieves are \@oge to optima compared to the optimal
solution.

4.2 System Model
A downlink single source-destination multi-relay O¥i-based cooperative system which

consists of a transmitter, N subcarrier and M r&daghown in Fig. 4.1.
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Source Destination

Fig. 4.1 Multi-Relay OFDM-Based cooperative sysisith single source and
Destination

In the phase 1, the received signals at the déistmand thamth relay can be expressed as

g, = Egmiﬂ T Zy (4.1)
r.Sfi,rn = Vpg gSfi‘m-l-i + ZSfi,m (4.2)

in which P, is the transmitted power at the source ofithesubcarrier, T, is the transmitted

information bits per symbol, and; is additive noise. In (4.1) and (4.2)g,, and gy, are

the channel coefficients from the source to thdinason and the source to the selected mth relay
respectively. They are model as zero-mean, com@exissian random variables with

variances 5jdi and 5§i _, respectively. The noise termg is modeled as zero-mean, complex

Gaussian random varianig.

For an Amplify-and-Forward cooperation protocole thth relay amplifies the received

signal and forwards it to the destination with swaitted power P, . In the phase 2, the received

signal at destination from the mth relay can beesged as

e d = (ysfi‘mai,m)gfivmdi *tZ 4 (4.3)

2
where a, = \/Pfi/(Psi‘gsfi‘m‘ + Noj is a power scaling factor.
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In the phase 1, the received SNR at mhtb relay and destination can be formulated
respectively as

2

S\IRSfi,m :Psi‘g% (4_4)
0
2o
NR, =S'I3;”i (4.5)
0

In the phase 2, the received SNR at destinatian ffee selected mth the relay that t8IR;

can be formulated as
2

I:)fi m

2

1 Pﬁ‘gsfi,m
No Psi‘gsfivm‘z + Pfivm

9, .

2
+N,

(4.6)

fi ,mdi

O+ 4
In the phase 2, the received SNR at destinationgusiaximum ratio combiner (MRC) can be

formulated as
2

I:)fi m

2

P 2
gfiymdiz LS ‘I?lsdi ‘
+ N0 0

1 R ‘gsfi,m

N, 3 ‘ggivm‘z +P, 4.7)

SNRMRci,m =

9t .

,m

4.3 Optimization Criterion

Considered the single source, destination and relly OFDM-Based cooperative systems is to
allow selectednth relay node reliably receive data from thth relay of theith subcarrier. The
throughput of ith subcarrier is determined by tla¢adrate (number of bits transmitted over an

OFDM symbol) of the ith subcarrier big. Thus, the instantaneous data rdte, can be

expressed as

S\":QMRCi,m
I_

b, = Iog{1+ j (4.8)

In multi-relay OFDM-based cooperative systems thagmission ability is dependent on each
relay. To choose the maximize throughput relay frmonti-relay environment would be better
than single relay systems. The relay selection walimore important than single relay systems.

fi,m

P P
Let P, :% P :% define the uniform power distribution at source araday

subcarriers. The rule of relay selection can berdesas
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m = argmaxb ,,

m=1...M
N (4.9)
bl,m = |ng(1+ %J

where them denotes the maximum transmission bits per symbthefelay node with uniform
power allocation at source and relay.

Optimization Problem
The objective is to maximize the overall throughpotler target BER of all subcarriers and total

*

m

available power constraints by optimizing the poalécationP,

With the above notations, the optimization prablef the multi-relay at subcarriers can be
formulated as

N
B/%)?x;bi’mx (4.10)
Subject to:
N
2_1: P =P (4.11)
P20 i=1..N 4.12)

After subcarrier allocation, the system employejyrange multiplier method to solve the
optimization problem of (4.10), the optimal powd#oeation can be obtained by appendix B. We
can use the Lagrange method to determine the solati the optimization problem with the

Lagrange functioh(F, ,...,R, ,a,&,....& )as

L(R,...P. ,a,&,....&)

SRR N

UL LRI

&R,

1l
N
”-MZ
N

=g“log2 1+%j+a(;% - PSm]+i£iPS

(4.14)

frotal

o el

N P,
N No F;|gsfi|2 + toa gfdi|2 + N, No
=>log,|1 N

N N
i=1 * r +a(z R PSMBJJ-FZE‘PS*

|2P

1 R |g5fi

To solve the problem of (4.10), the optimal reeupower allocation can be obtained by

appendix B and the subcarriers of the selected neithy power allocation onp, =~ can be
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formulated as

2
_ |-a-a;-m g tak | _ g *tak
i \/ Fral? [az + affj @ vaty

Optimal source Power Allocation Algorithm
1) Relay selection
1.a) Select the maximum transmission bits numbftise source using
m., = argmaxZN: b
m=1..M =1
2) Optimal power allocation at source
2.a) obtaina from (3.28)

2.b)usea ,into (3.27) to getP, for alli

2.c) calculateb ., to allocate the bits number for all subcarriers

r

NRyre
b . =log, 1+ ———=

3) Terminate algorithm

The P, , denotes the power allocation frath subcarrier of source node to seleatdt

relay node. The source power allocation can be dtatad from (2.18) to the solution as

-v+ /(v + dac(a + adP,
P, = \ o ( ) (4.16)
- 2bc

The suboptimal of source power allocation algorittan be described as
Suboptimal source Power Allocation Algorithm

1) Initialization

la)letb . =by, foralli

1.b) N={1,2,...N}
2) Source power allocation
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2.a) ObtainP, from (4.16) for ali
N

2.b) If Z P, > PR, 90 tonextstep, else set final allocation anthteate algorithm
i=1

2.0) ComputeP; from (4.16) for alli using b . -1

2.d) Select the subcarrietthat has the maximum cost to reduce one bit:

i" = argmaxP, - P,
iON

2.e)letb. . =b . -1
2.f) Compute P, from (4.16) fori’

2.9)If b. =0 then N=N\’

2.h) goto step 2.a
4.4 Simulation Results

In this section, we consider a multi-relay co@piee OFDM-based system with the following
parameters: number of subcarridMs16 ; andtBER = 0.0land 0.005 for all users. In the
simulations, six independent Rayleigh multipathroteds with an exponentially decaying power
profile are discussed.

Fig. 4.2-9 shows total throughput for differerawer allocation algorithm with different
number of relay foM = 5, 10, 15, 20 and target BERER = 0.01 and 0.005. The different
suboptimal algorithms shows the purpose suboptiahgbrithm with discrete rate and same
algorithm with continuous rate to catch the disenette for the power reallocate after decimal
point value by floor operate method
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andtBER = 0.01
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4.5 Summary
This chapter presented the resource allocationtferpower allocation at subcarriers of the
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selected node that to the multi-relay in the sirggarce-destination OFDM-based cooperative
systems. We first formulated the relay selectioobjgm. Secondly, based on subcarriers power
allocation at selected relay node, we proposedy netaver allocation algorithms for effective
throughput maximization. As mentioned in simulatresults, it is also observed that the system
effective throughput is significantly improved bging our proposed algorithms.
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V. Summary and Conclusions

Resource management is an important issue in ObBdé¢d cooperative communication
systems. In this project, we considered maximizimpughput and allocation bits per symbol
over source node subcarriers with the power conompptimization problems. Furthermore,
we created a framework for designing and evaluatsgurce allocation algorithms.

The first part of the report provides a framewdid the optimization problems in
OFDM-based cooperative systems. For the optimimapooblems, we considered the single
source, relay and destination in the OFDM-basegeaiive communication system. We can
observe that the optimization problems become corwetimization problems. Hence, we
proposed an appropriate resource allocation algurivhich is based on Lagrange multiplier
method to solve convex optimization problems. Theppsed algorithm solved to find optimal
solution. We can observe that the proposed subapaigorithms have better performance in the
source power allocation to maximize bits per syndyothe subcarriers.

Secondly, the single relay OFDM-based cooperatiysem was extended to a multi-relay
transmission. We proposed appropriate resourcecaitn algorithms for the maximizing
throughput. The proposed algorithm is based orodaitling algorithm to obtain bit allocation
among subcarriers. In another algorithm, the Laggamultiplier method was exploited to solve
optima allocation at the subcarriers at source @ty with suboptimal algorithm. The
simulation results showed that a remarkable perdmga improvement can be achieved Rayleigh
fading channels.
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