
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


UNIVERSITY OF SOUTHAMPTON
School of Electronics and Computer Science

Cooperation and Resource Allocation in Relay and
Multicarrier Systems

by

Jia Shi

BEng, MSc

A doctoral thesis submitted in partial fulfilment of the requirements for the award of

Doctor Philosophy at the University of Southampton

March 2015

SUPERVISOR: Professor Lie-Liang Yang

BEng, MEng, PhD, Senior Member IEEE

Professor of Communications, Southampton Wireless Group

School of Electronics and Computer Science University of Southampton

Southampton SO17 1BJ

United Kingdom

c© Jia Shi 2015

1



Dedicated to my family



UNIVERSITY OF SOUTHAMPTON

ABSTRACT

School of Electronics and Computer Science

Faculty of Physical Science and Engineering

Doctor of Philosophy

Cooperation and Resource Allocation in Relay and Multicarrier Systems

by Jia Shi

In modern wireless communications, various techniques have been developed in order to exploit

the dynamics existing in wireless communications. Diversity has been recognized as one of the

key techniques, which has the potential to significantly increase the capacity and reliability of

wireless communication systems. Relay communication withpossible cooperation among some

nodes is capable of achieving spacial diversity by forming avirtual antenna array for receiving

and/or transmission. Dynamic resource allocation is capable of taking the advantages of the time-

varying characteristics of wireless channels and wirelesssystems themselves, generating promising

increase of energy- and spectrum-efficiency. This thesis focuses on the cooperation and resource

allocation in relay and multicarrier systems, via which we motivate to design the low-complexity

algorithms that are capable of achieving the spectrum-efficiency and reliability as high as possible.

First, we investigate and compare the error performance of atwo-hop communication links

(THCL) system with multiple relays, when distributed and cooperative relay processing schemes

are respectively employed. Our main objectives include to find some general and relatively simple

ways for error performance estimation, and to demonstrate the trade-off of using cooperative relay

processing. The error performance of the THCL employing various relay processing schemes is

investigated, with the emphasis on the cost of cooperation among relays. In order to analyze the

error performance of the THCL systems novel approximation approaches, including two Nakagami

approximation methods and one Gamma approximation method,are proposed. With the aid of

these approximation approaches, a range of closed-form formulas for the error rate of the THCL

systems are derived. Our studies show that cooperation among relays may consume a significant

portion of system energy, which should not be ignored in design of cooperative systems.

Second, resource allocation, including both power- and subcarrier-allocation, is investigated in

the context of the single-cell downlink orthogonal frequency division multiple-access (OFDMA)

and multicarrier direct-sequence code-division multiple-access (MC DS-CDMA) systems. Our re-

source allocation is motivated to maximize thesystem reliabilitywithout making a trade-off with the

attainablespectrum-efficiencyof the system, while demanding the complexity as low as possible.

For the sake of achieving low-complexity in implementation, we carry out power- and subcarrier-

allocation separately in two stages, which has been proved without much performance loss. On

this topic, we propose a range of subcarrier-allocation algorithms and study their performance with



the OFDMA and MC DS-CDMA systems. In general, our proposed algorithms are designed either

to avoid assigning users as many as possible the worst subchannels, or to assign users the best

possible subchannels. Our studies show that all the proposed algorithms belong to the family of

low-complexity subcarrier-allocation algorithms, and they outperform all the other reference sub-

optimal algorithms considered, in terms of both the error and spectrum-efficiency performance.

Furthermore, some of our proposed subcarrier-allocation algorithms are capable of achieving the

performance close to that achieved by the optimum subcarrier-allocation algorithm.

Finally, based on our subcarrier-allocation algorithms, we investigate the resource allocation

in multicell downlink OFDMA and MC DS-CDMA systems, with theemphasis on the mitiga-

tion of intercell interference (InterCI). Specifically, weextend the subcarrier-allocation algorithms

proposed in the single-cell systems to the multicell scenarios, in which each base station (BS) in-

dependently carries out the subcarrier-allocation. Afterthe subcarrier-allocation, then minimum

BS cooperation is introduced to efficiently mitigate the InterCI. In the multicell downlink OFDMA

systems, two novel InterCI mitigation algorithms are proposed, both of which are motivated to set

up the space time block coding (STBC) aided cooperative transmissions to the users with poor

signal-to-interference ratio (SIR). Our studies show thatboth the proposed algorithms can sig-

nificantly increase the spectrum-efficiency of the multicell downlink OFDMA systems. In the

multicell MC DS-CDMA systems, after the subcarrier-allocation, we propose two low-complexity

code-allocation algorithms, which only require the BSs to share the large-scale fading, including

the propagation pathloss and shadowing effect. Our studiesshow that both the code-allocation algo-

rithms are highly efficient, and they are capable of achieving significantly better error and spectrum-

efficiency performance than the random code-allocation (i.e., the case without code-allocation).
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Chapter 1
Introduction

1.1 Motivation

In wireless communications, the communication environments are typically dynamic. First, signals

transmitted over wireless channels experience propagation pathloss and shadowing effects, which

are usually referred to as the large-scale fading [1]. Simultaneously, due to the reflection, attenua-

tion, deflection, scattering, Doppler effect, etc., wireless signals also experience fast fading. Both

the large-scale fading and the small-scale fading are time variant, making the signals received by

wireless receiver dynamic. Second, in wireless mobile communication systems, users move around

in random ways, making the distribution of users random. Furthermore, different users may have

different requirements for their services and corresponding service qualities. All these, plusing the

above-mentioned large- and small-scale fading, make the inter-relationship among the communi-

cation users highly dynamic, not only the number of users competing the limited resources in a

given geographic area is time-varying, but also is the inter-user (or co-channel) interference. Addi-

tionally, in wireless communications, the system structures may be different in different areas, the

resources for supporting communications can be highly diverse in different areas and at different

time, and so on.

Owing to the above-mentioned, in modern advanced wireless communications, techniques have

been developed in order to exploit the dynamics existing in wireless communications, instead of

trying to avoid them as in the conventional wireless systems. Among these techniques, diversity

has been recognized as one of the key techniques, which has the potential to significantly increase

the capacity and efficiency of wireless communication systems.

Following the state-of-the-art of wireless communications, in this thesis, we motivate to design

and investigate the techniques that can make efficient use ofthe dynamics of wireless commu-

nications. Cooperation and resource allocation are the twothemes of the thesis. Specifically, in

Chapter 2, we study a two-hop relay link, where one source node communicates with one desti-
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nation node with the aid of a number of relay nodes that may cooperate with each other to carry

out detection and transmission. In this way, we can mitigatethe effect of propagation pathloss and

achieve the space diversity provided by the multiple relays. In this chapter, our focuses are on the

effect of the power allocated between the source and the relays, and the effect of the energy con-

sumed by relays on the achievable error performance of the two-hop relay link. In Chapters 3-6,

our focus is on the resource allocation, which through cooperation implements resource sharing

and achieves multiuser diversity. In these chapters, various power- and subcarrier-allocation algo-

rithms are proposed for the single-cell and multicell cellular systems supported by the OFDMA or

the MC DS-CDMA. We investigate and compare the spectrum-efficiency and error performance of

our proposed algorithms as well as a range of existing algorithms on the topics.

1.2 Relay Communications

In modern wireless communications, relay communication with cooperation among some nodes is

capable of achieving spacial diversity by forming a virtualantenna array for each receiving and/or

transmission. Relay communication was considered as earlyas 1971, when Van der Meulen [2]

proposed the concept of the relay channel in the context of a three-node communication system. A

few of years later, T. M. Cover and EL Gamal [3] studied the capacity of the Guassian relay channel,

and proposed some essential relaying protocols. In relay communications, the cooperative diversity

can be achieved by the re-transmissions of source signals byrelays by exploiting the broadcast

nature of wireless channels. In [4,5], Lanemanet al. have evaluated and compared the decode-and-

forward (DF) and amplify-and-forward (AF) relaying protocols in terms of the achievable diversity

order and outage probability, as well as characterized the diversity-multiplexing trade-off (DMT)

of the two relaying protocols. In [6, 7], the authors have studied the user cooperation, in order

to achieve transmit diversity in cellular networks, where auser relays its partner’s information in

addition to transmitting its own information. The study in [7] has demonstrated that an increase

of throughput can be used to trade for an increase of cell coverage. The authors of [8–10] have

investigated the achievable DMT of the various cooperativecommunication systems. Specifically,

Azarian et al. of [8] have studied the optimal DMT of both the AF and DF relaying schemes,

when both single relay and multiple relay scenarios are considered. For the sake of reducing the

implementation complexity without much trade-off the outage and error rate performance, various

relay selection schemes have been studied in [11–14]. Specifically, Bletsaset al. in [11] have

proposed and studied a relay selection regime, which yieldsthe diversity on the order of the number

of relays used. Later in [12], the authors have proposed a simple opportunistic relaying scheme

with the DF and AF strategies, which is capable of achieving the optimal outage performance.

By introducing a threshold in [13], the authors have investigated the threshold-based opportunistic

relaying and relay selection, when the DF relaying protocolis assumed.

The above-mentioned relay communications schemes employ some advantages over the con-
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ventional point-to-point communications. However, thereis always throughput loss, resulted from

the half-duplex operation used by the relay schemes. Therefore, some successive relay proto-

cols [15–18] have been proposed to recover the throughput loss imposed by the conventional relay

schemes, using, such as, AF or DF. Specifically, consideringa two-path successive relay system,

Chunbo Luoet al. [17] have proposed a low-complexity network coding scheme to combat the

inter-relay interference and provide the simultaneous data transmission from the source and relays

with a rate of one. In [18], the same authors have proposed another relay communication scheme,

which has a rate one and is capable of fully cancelling the inter-relay interference.

In relay communications, there are various types of relay protocols, which are summarized as

follows.

• Amplify-and-forward (AF) [3]: Signals received by a relay within a time slot are forwarded

to the destination using another time slot without detection of the information sent by the

source. Two time slots are required for using the AF scheme tosend a symbol (or frame)

from a source node to its destination node.

• Decode-and-forward (DF) [19]: A relay first decodes the signals received from the source,

and then re-encodes as well as re-modulates the information, before forwarding it to the

destination. Note that, if a relay re-encodes and re-modulates the detected signals in the

same way as the source, the scheme is referred to as the “repetition-coded DF” scheme.

In DF, two time slots are required to send a symbol (or frame) from a source node to its

destination node.

• Compress-and-forward (CF) [19]: In CF scheme, contrary to the AF and DF, a relay first

quantizes the signal received from a source and then compresses it, before forwarding it to

the destination. The destination combines the quantized and compressed signal received from

a relay with the original signal from the source to produce the decision. In CF, two time slots

are also required to send a symbol (or frame) from a source node to its destination node.

• Successive relaying [16]: Successive relay schemes usually work with two sets of relays

under two phases. In the first phase, the source node and the first set of relay nodes transmit,

while the second set of relay nodes and the destination node receive. In the second phase, the

source node and the second set of relay nodes transmit, whilethe first set of relay nodes and

the destination node receive. The above two phases work alternatively until the transmission

complete. It can be seen that the data rate is approximately one, if sufficiently long data

blocks are transmitted.

In relay communications, various topologies have been investigated in diverse cooperative sce-

narios. Typically, there are the classic three-node topology, two-hop cooperative topologies with

multiple sources, multiple relays, and/or multiple destinations, and their extensions of multi-hop

cooperative networks.
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DestinationSource

Relay

Figure 1.1: System model of the three-node cooperative network, where the source trans-

mits signals to the destination both directly and via the relay.

The three-node network has the conceptual structure shown in Figure 1.1. This cooperative

topology has been widely studied. In addition to some of the references mentioned in the previous

paragraphs, the authors of [20] have considered the three-node model in cellular network, where

subscribers help to relay information for each other to improve the overall network performance.

In [21], a relay selection scheme has been designed for a three-node network, with the motivation to

minimize the bit error rate (BER) of the network. Onatet al. [22] have investigated the SNR-based

selective relaying for the three-node network, where the relay either retransmits or retains silent

depending on the link quality of the network. Aiming at reducing the outage probability, in [23]

an ARQ aided DF relay scheme has been proposed for the three-node cooperative network, where

optimum power-allocation between source and relay is addressed. Furthermore, Ropokiset al. [24]

have investigated the coding issues in the three-node network.

.

..

Relay 1

Relay 2

Source Destination

Relay L

Figure 1.2: System model of a two-hop cooperative network with L relays.

The three-node model system can be extended to a two-hop model [25, 26] havingL relays,

as shown in Figure 1.2. In this model, all relays may be simultaneously activated to support the
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source node to communicate with the destination node [25]. Alternatively, a part of nodes can be

selected based on certain criteria to support the communication. The performance of the two-hop

multiple-relay model has been widely investigated in the context of various scenarios, including

AF/DF, relay selection, different modulation schemes, etc. [25–30].

Relay

...

Broadcast

Multiple Access

User 2

User 1

User L

Figure 1.3: System model of a multiway relay cooperative network, whereL mobile users

exchange information via one relay in a two-hop fashion.

Multiway relay cooperative networks can be used for information exchange among a group of

distributed mobile users, their system model can be depicted as Figure 1.3. In a multiway relay

network, information exchange among theL users can be accomplished in two steps, including

a multiple access step and a broadcast step. The Multiway relay network was first investigated

in [31], as early as in 1977, for the achievable rate region. Recently, multi-way communication has

been suggested to be implemented with the aid of relays, forming the multiway relay communica-

tion [32–36]. Specifically, in [32], the achievable rate region has been studied, when the AF, DF

or CF relay protocol is assumed. In [33, 34], the multiway relay communication has been investi-

gated, when assuming that a group of single-antenna users supported by a half-duplex multiantenna

relay station are operated under the non-regenerative [33]or regenerative [34] relay strategy. The

capacity of the binary multiway relay channels has been studied in [35], where multiple terminals

exchange their information with the aid of a relay supportedby a so-called functional-decode-

forward coding strategy. Furthermore, in [36], the non-coherent fast frequency-hopping (FFH)

technique has been proposed for information exchange amonga group of users through a relay,

which recovers and forwards a time-frequency matrix.

In literature, multi-hop model is another widely studied cooperative topology, which can be

simply represented by Figure 1.4 whereL relays successively forward information from the source

to the destination. Concerning this model, Hasna and Alouini [37–39] have analyzed the end-to-

end (E2E) equivalent SNR, outage probability, when assuming nonregenerative relays communi-

cating over Nakagami fading channels. Furthermore, they have investigated the power-allocation

in multihop networks, when aiming at minimization of outageprobability [40]. In [41], Triguiet
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Destination

. ..

Relay 1Source Relay N

Figure 1.4: System model of a multi-hop network, where the source sends signals to the

destination viaL intermediate relays.

al. have developed a unified framework for studying the capacity, BER and outage probability of a

single input single output (SISO) multihop links operated in AF principles, when communicating

over generalized fading channels.

Note that, the multi-hop model of Figure 1.4 can be extended to various and more complex

networks, in which each hop may have multiple relays, as wellas there are multiple sources and

destinations, such as the studies in [12,42–45].

In cooperative relay communications, a typical assumptionwidely used is that information ex-

change among the cooperative relay nodes does not consume energy. In the published references,

such as [46–49], on the relay communications employing cooperative relays, the ideal cooperation

among relays has been used as a typical assumption. Under this assumption, there is no energy

consumption for the information exchange required by cooperation and, furthermore, other over-

heads required are also often ignored. Against this background, in Chapter 2, we are motivated

to study the power-allocation and energy consumption for information exchange among multiple

cooperative relays, when we consider a novel relay communication network employing various

relay processing schemes. According to our study, we can demonstrate that the ideal cooperation

assumptions often result in misleading observations, whenpractical scenarios are considered.

1.3 Multicarrier Schemes and Resource Allocation in Multicarrier

Systems

Multicarrier communication techniques have now played important roles in broadband wireless

communications. Without any doubt, in the future generations of wireless communications, multi-

carrier communication is still one of the promising candidates, due to its capability to support wide

range and diverse services, flexibility for implementation, high spectrum-efficiency and capacity,

etc. Owing to the above-mentioned, in this thesis, the resource allocation is studied in the context

of the multicarrier communications. In this section, we first provide a brief overview for the three

most widely employed multicarrier techniques, including the orthogonal frequency division mul-

tiplexing (OFDM), multicarrier code-division multiple-access (MC-CDMA), and the multicarrier

direct-sequence CDMA (MC DS-CDMA). Then, we provide a literature review of the resource



1.3.1. Overview of Multicarrier Communication Schemes 7

allocation in multicarrier communications.

1.3.1 Overview of Multicarrier Communication Schemes

...

S/P

Converter

serial data

a1 + jb1

a2 + jb2

aM + jbM

exp(2πf1t)

exp(2πf2t)

exp(2πfM t)

s(t)

∑M

m=1 Re(·)

Figure 1.5: The transmitter schematic of the OFDM system employing M number of

subcarriers [1].

OFDM and its multiuser extension of orthogonal frequency division multiple-access (OFDMA)

belong to the parallel data transmission schemes, which areable to achieve high data rate commu-

nications via transmitting data on a number of orthogonal subcarriers [50, 51]. Figure 1.5 depicts

the transmitter block diagram of the OFDM system, which employs M number of orthogonal sub-

carriers. In OFDM, data symbols are transmitted in parallelon multiple subcarriers after serial-to-

parallel (S/P) conversion. As shown in Figure 1.5, each of the M parallel sub-branches conveys a

data symbol, expressed asai + jbi for the ith sub-branch. Then, each of theM symbols modulates

one corresponding subcarrier chosen from theM orthogonal subcarriers. In OFDM or OFDMA,

this multicarrier modulation is implemented by fast Fourier transform (FFT). As shown in Fig-

ure 1.5, after the multicarrier modulation, the final transmitted signal is derived by adding theM

sub-branches signals, yielding the composite OFDM signal expressed as

s(t) =
M

∑
m=1

ℜ{(am + jbm) exp(j2π fmt)}

=
M

∑
m=1

[am cos(2π fmt)− bm sin(2π fmt)] . (1.1)

OFDM and OFDMA systems are able to achieve high data rate communications benefited from

the efficient parallel data transmission. With the aid of cyclic prefixing or zero padding [1], inter-

symbol interference can be significantly mitigated in OFDM systems. OFDM systems can achieve

very high spectrum-efficiency. Furthermore, owing to usingFFT techniques for subcarrier modu-

lation and demodulation, OFDM systems have low-complexity. However, OFDM systems suffer

from the high peak-to-average power ratio (PAPR) problem [1,50]. When the power of transmitter

amplifier is limited, the high PAPR OFDM signals suffer from non-linear distortion, which may
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cause significant performance degradation. In order to reduce the non-linear distortion, the average

transmit power of OFDM signals may need to be reduced, which however limits the transmission

distance. Additionally, due to the limited transmit power of mobile terminals, the PAPR problem

in OFDM systems becomes more severe in the uplink transmission. Hence, in order to combat

this problem, single-carrier frequency division multipleaccess (SC-FDMA) schemes employing

reduced number of subcarriers have been proposed for the uplink transmission in LTE/LTE-A sys-

tems [52,53]. As shown in [1], the localized FDMA (LFDMA) scheme in the SC-FDMA conflicts

only slight PAPR problem, since a user only transmits a few ofsubcarriers. By contrast, the in-

terleaved FDMA (IFDMA) scheme in the SC-FDMA does not have the PAPR problem, as every

user only transmits a single subcarrier [1]. Furthermore, with the aid of theM-ary pulse-position

modulation, time-hopping multicarrier CDMA (TH MC-CDMA) scheme can completely avoid the

PAPR problem, as only one of the subcarriers is activated at one time instant [54,55].

...

...

serial data

..

.

Converter

S/P

...

..

.

∑

sk(t)
ck[1]

b
(k)
i

ck[2]

ck[Np]

b
(k)
1

b
(k)
Q

exp(2πfi1t)

exp(2πfi2t)

exp(2πfiNp
t)

Figure 1.6: The transmitter schematic of the MC-CDMA systemwith F-domain spreading

employingqNp number of subcarriers [1].

MC-CDMA [56, 57] is another widely used technique in multicarrier systems, which has the

general transmitter schematic as shown in Figure 1.6. MC-CDMA uses the frequency-domain (F-

domain) spreading. As the figure shows, the serial data is first converted intoQ parallel sub-

branches. Each of the parallel sub-branches is spread overNp subcarriers using a user specific

N-length F-domain spreading code. Finally, after the multicarrier modulation, the composite MC-

CDMA signal is obtained by adding theQNp subcarrier signals, which can be expressed as

sk(t) = ℜ
{√

2P

Np

Q

∑
i=1

Np

∑
j=1

b
(k)
i (t)ck[j] exp(j2π fijt)

}

(1.2)

for the kth user. In (1.2),P is the transmission power per sub-branch,b
(k)
i (t) represents theith

data stream of userk, [ck[1], ck[2], . . . , ck[Np]]T is the F-domain spreading code of userk. In MC-

CDMA, subcarrier modulation can be implemented using FFT techniques, forming the so-called

spread OFDM.

MC-CDMA enjoys all the advantages of the OFDMA. Furthermore, MC-CDMA also benefits

from the merits of CDMA [58]. In MC-CDMA, one data symbol is spread over multiple subcarri-
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ers, which facilitates to achieve frequency diversity, when communicating over frequency selective

fading channels [1]. However, as the OFDM, the MC-CDMA also suffers from the PAPR problem.

...
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serial data
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∑
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exp(2πfiM t)

Figure 1.7: Transmitter schematic of the MC DS-CDMA system with time domain spread-

ing, which employsQM number of subcarriers [1].

MC DS-CDMA [59, 60] systems use multiple subcarriers to convey parallel data streams with

direct-sequence (DS) spreading in time-domain (T-domain)and possibly also F-domain spreading

[1]. Figure 1.7 depicts the transmitter schematic of the MC DS-CDMA system using only T-domain

spreading. As the figure shows, the serial data stream is converted intoQ number of reduced-rate

parallel substreams. In order to increase the processing gain of subcarrier signals, MC DS-CDMA

system invokes the T-domain spreading on each of theQ substreams. After the DS spreading,

each substream is modulated onM number of subcarriers. The composite MC DS-CDMA signal

transmitted by userk can be expressed as

sk(t) = ℜ
{√

2P

QM

Q

∑
i=1

M

∑
j=1

b
(k)
i (t)ck(t) exp(j2π fijt)

}

(1.3)

whereP andb
(k)
i (t) have the same definitions as those in (1.2),ck(t) is the T-domain spreading

sequence of userk.

Owing to the employment of T-domain spreading, MC DS-CDMA system usually requires a

significantly lower number of subcarriers than the OFDM and MC-CDMA systems. Therefore,

the MC DS-CDMA scheme has less severe PAPR problem suffered by the other two multicarrier

schemes. In contrast to the MC-CDMA, the MC DS-CDMA is easy toguarantee independent

fading over different subcarriers, since the number of subcarriers in MC DS-CDMA can be signif-

icant reduced in comparison with that in MC-CDMA [61]. Furthermore, in the MC DS-CDMA,

the number of subcarriers may be reconfigured online according to the communication environ-

ments, making the MC DS-CDMA highly-flexibility. In the MC DS-CDMA, if non-orthogonal

DS spreading codes are used, multiuser detection may be required to mitigate the multiuser inter-

ference. Furthermore, the MC DS-CDMA system may not benefit much from employing the FFT

aided multicarrier modulation and demodulation, since thenumber of subcarriers used is usually

not high [1].
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1.3.2 Overview of Resource Allocation in Multicarrier Systems

In wireless communications, promising energy- and spectrum-efficiency can be achieved, when tak-

ing the advantage of the time-varying characteristics by using, for example, adaptive modulation,

dynamically resource allocation, etc. [62]. The studies inreferences show that dynamic resource

allocation is capable of achieving significant gain over fixed resource allocation. So far, various

resource allocation algorithms have been proposed for different multicarrier systems [62–74]. In

detail, joint bit-, subcarrier- and power-allocation algorithms in have been studied in [62, 63] in

order to minimize the total transmission power, while maintaining users’ quality-of-service (QoS).

Wonget al. [62] have proposed an iterative subcarrier-allocation algorithm, which is operated fol-

lowing bits and power assignment. [63] has considered the joint assignment of the bits, subcarriers

and power for each of the users via low-complexity algorithms. Moreover, in [64–68, 75], various

sub-optimum joint subcarrier- and power-allocation algorithms have been proposed. Specifically,

in [64], the authors have proposed two computationally inexpensive approaches for joint resource

allocation, where subcarrier-allocation is carried out intwo iterations. Considering the uplink

OFDMA systems, the authors in [65, 75] have proposed the joint subcarrier- and power-allocation

algorithms, with the objectives of maximizing the sum rate and the total utility of resources, re-

spectively. A heuristic non-iterative subcarrier- and power-allocation algorithm has been proposed

in [68] for the OFDMA downlink by extending the ordered subcarrier selection algorithm [76] pro-

posed for single user systems. Furthermore, in [69,70], dynamic resource allocation problems have

been addressed in the context of cross-layer optimization of OFDMA systems. More recently, the

two-part paper [73, 74] has studied the chunk-based subcarrier-allocation and power-allocation in

downlink OFDMA systems, in order to reduce the complexity ofresource allocation.

Researchers in [77–89] have designed and studied a range of subcarrier-allocation algorithms

for the downlink single-cell OFDMA systems. Specifically, Jang and Lee [78] have studied the

greedy subcarrier-allocation algorithm without considering the fairness, in order to maximize the

sum rate of the downlink OFDMA systems. By contrast, authorsin [79] have proposed a fair

subcarrier-allocation algorithm of providing equal data rate for all users. The fair greedy algorithm

has been introduced in [80, 82] for subcarrier-allocation in the OFDMA systems, where all users

are assigned the same number of subcarriers. The fair greedyalgorithm has the shortcoming that

the users assigned subcarrier later may have poor error performance. For the sake of maximizing

the sum rate of downlink OFDMA systems, another two famous greedy-type subcarrier-allocation

algorithms have been proposed, which are the worst user first(WUF) greedy algorithm [85] and

the maximal greedy algorithm [86]. However, the WUF algorithm is inefficient when operated

in highly frequency-selective fading channels, while the maximal greedy algorithm’s complex-

ity is dependent on the number of times of applying the above-mentioned fair greedy algorithm,

which might be very high. Liu and Yang [83] have proposed a low-complexity worst subcarrier

avoiding subcarrier-allocation algorithm, which aims at achieving the best error performance of the

frequency-division multiple-access systems including the OFDMA.



1.3.2. Overview of Resource Allocation in Multicarrier Systems 11

A range of references have focused on power-allocation in the downlink OFDMA systems

[90–95]. Reference [90] has shown that the water-filling power-allocation is able to maximize the

total data rate of the downlink OFDMA systems, which employswith the unfair greedy subcarrier-

allocation algorithm. By contrast, Shenet al. [92] have proposed an optimal power-allocation

scheme performed after the greedy subcarrier-allocation,which aims at maximizing the sum ca-

pacity of the OFDMA systems with proportional fairness constraints. In [93], the proposed power-

allocation schemes for the OFDMA systems have been designedin the sense of maximizing the

sum rate and minimizing the sum power consumption of the systems, respectively. In [94, 95],

the authors have investigated the power-allocation in the OFDMA-based cooperative and cognitive

radio systems.

A range of researches can be also found in the area of joint resource allocation in the MC-

CDMA systems [96–100]. Specifically, the authors in [96] have studied the joint subcarrier- and

power-allocation, in order to enhance the power-efficiencyand minimize the error rate of the sys-

tems. The allocation of transmission rate, subcarrier and power has been considered for MC-

CDMA systems in [97], aiming to minimize the total transmission power under certain BER re-

quirement. In [99,100], the capacity performance of the MIMO-OFDMA and MIMO-MC-CDMA

systems has been compared, when only power-allocation is applied. In [101], an iterative resource

allocation algorithm implementing bit loading and power-allocation has been developed for the

MC-CDMA systems, in order to maximize the throughput, when both transmission power and BER

constraints are imposed for all users. In [102,103] have a special emphasis on subcarrier-allocation

in user-group based MC-CDMA systems has been put by the authors, and the algorithm proposed

by Huanget al. in [103] aims at maximizing the total throughput, while guaranteeing the fairness

among the different user groups. In [104, 105], the authors have studied the subcarrier-allocation

in association with linear MUDs in the MC-CDMA systems. Specifically, in [104], the allocation

algorithms has been proposed to minimize the uplink power consumptions, when assuming var-

ious BER requirements for different users. By contrast, in [105], the authors have demonstrated

that the combination of the proposed subcarrier-allocation and linear MUDs is efficient for miti-

gating multiple-access interference (MAI). The binary power-allocation in single-cell MC-CDMA

systems has been addressed in [106, 107], by considering theon-off power control [106], and that

power is uniformly distributed over the subcarriers with high relative channel gains, while turning

off the power of the subcarriers suffering deep fading [107].

As shown in literature, the MC DS-CDMA scheme employs a rangeof advantages over the MC-

CDMA and OFDMA schemes. It can achieve higher capacity, is more and flexible for design and

reconfiguration, and suffers less severe PAPR problem, etc., in comparison with the MC-CDMA

and OFDMA. However, very limited researches [108–114] havebeen devoted to the resource al-

location in MC DS-CDMA systems. In a little more detail, in [108], the allocation of subcarrier

and non-orthogonal spreading codes have been studied in thegeneralized MC DS-CDMA systems.

It can be shown that the proposed schemes are capable of significantly mitigating the intercarrier
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interference without reducing the system’s spectrum-efficiency. A joint subcarrier-, power- and

code-allocation algorithm has been designed in [110] for the multi-rate MC DS-CDMA systems

with both T- and F-domain spreading, with the objectives of maximizing the received signal power

as well as eliminating the MAI. In [111, 115], a resource allocation framework has been proposed

for cognitive radio-based ad hoc networks with the MC DS-CDMA signalling. A code assignment

scheme with interference avoidance has been proposed for the generalized MC DS-CDMA systems

in [112–114]. Additionally, for the MC DS-CDMA systems withboth T- and F-domain spreading,

the authors of [113] have proposed a time slicing code assignment scheme combined with a power-

control mechanism, which is shown has much better interference mitigation performance than the

scheme proposed in [112].

The resource allocation algorithms considered so far are mainly for the single-cell multicar-

rier communication systems. The resource allocation in multicell scenarios may be very different

from that in single-cell systems. In multicell systems, in order to enhance the aggregate capacity

or system reliability, resource allocation in multicell networks is required to effectively capitalize

on the spectrum sharing among adjacent cells, in addition tothe other considerations in single-cell

systems. As a consequence of spectrum sharing among different different cell, intercell interfer-

ence (InterCI) makes resource allocation in multicell networks more challenging. Usually, the

resource allocation schemes proposed for single-cell scenarios cannot be directly used in multicell

networks, owing to the InterCI.

In multicell systems, resource allocation schemes can be categorized into the centralized and

distributed resource allocation schemes, depending on where and how the allocations take place.

Figure 1.8 and Figure 1.9 depict the general schematics of the centralized and distributed resource

allocation in multicell systems. In the centralized resource allocation, as shown in Figure 1.8,

assume that, via backhaul links, a central control unit is capable of collecting the channel state

information (CSI) of all the subcarriers of all the users in all cells. With the CSI, it allocates the

resources to all the users in all cells. Such a centralized resource allocation scheme can provide an

enormous number of degrees of freedom, which are provided bythe number of cells, the number

of users, the number of subcarriers, the number of scheduling slots, the number of codes, the power

levels, etc., that can be exploited to optimize the network performance [116]. However, implement-

ing such a centralized resource allocation scheme faces a lot of challenges, including an extremely

complicated backhaul system, which may consume a lot of resources, huge signalling overhead,

for information exchange, etc. By contrast, when the distributed resource allocation is used, as

shown in Figure 1.9, each BS is only required to manage its local resources and users indepen-

dently, based on the CSI between the BS and its users and the interference also measured locally.

Evidently, distributed resource allocation scheme can release the burden on backhaul systems and

mitigate the signalling overhead. Furthermore, the distributed schemes can quickly response to the

dynamic and fast varying environments of mobile communication systems. However, because of

the strong coupling between the local resources and the interference from other cells, the perfor-



1.3.2. Overview of Resource Allocation in Multicarrier Systems 13

mance of distributed resource allocation approaches is in general worse than that of the centralized

resource allocation methods [116].
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Figure 1.8: Schematic of a multicell system employing centralized resource allocation,

where the control unit jointly allocates resources for all the users in all cells.

A range of references, such as, [117–123], have investigated the centralized resource alloca-

tion in multicell OFDMA systems. Due to the presence of InterCI, the optimization problem of

resource allocation in multicell OFDMA systems is much harder to solve than that in single-cell

scenarios. For this sake, the mixed integer nonlinear programming problem of joint resource allo-

cation in the multicell downlink OFDMA systems is usually decoupled into several separate linear

programming problems, to allocate subcarrier, bits and power [117]. In [118], a two-stage resource

allocation scheme has been proposed, which carries out joint subcarrier-allocation and scheduling

in the first stage, followed by an interference-aware power-allocation in the second stage. Consid-

ering a two-cell OFDMA system, the authors in [119, 120] haveproposed a centralized resource

allocation scheme to allocate power and subcarriers. In [120], the NP-hard optimization problem

for joint resource allocation is converted to a weighted sumthroughput maximization problem,

based on which a centralized power- and non-convex subcarrier-allocation algorithm has been pro-

posed. A new cooperative resource allocation scheme for a three-cell OFDMA system has been

studied in [122] associated with considering the interference alignment. In [121], the authors have

proposed a concept of load matrix, so that the InterCI and intracell interference (IntraCI) of all

users in all cells of a wireless cellular network can be jointly managed. The trade-off among energy

efficiency, backhaul capacity, and network capacity has been addressed in [123], where the resource
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allocation problem with limited backhaul capacity has beeninvestigated for the multicell OFDMA

systems. In addition to the OFDMA, recently, some research efforts have been made to the central-

ized resource allocation in the other multicarrier systems. For example, Wanget al. have studied

the centralized resource allocation in the downlink MC DS-CDMA networks in [124,125]. Specif-

ically, in [124], the authors have proposed an iterative bisection resource allocation scheme, which

aims at maximizing the sum throughput of the system under with transmit power constraints. By

contrast, in [125], adaptive allocation of subchannels, power and alphabet size has been considered

in a MC DS-CDMA network, in order to maximize its capacity.

The massive growth of various services and the tremendous increase of the number of mo-

bile users demand to install more and more BSs, which causes alot cost to the mobile operators,

and, meanwhile, imposes heavy burden on the environment. Consequently, energy-efficiency mo-

tivated resource allocation has become one of the most imperative trends in design of cellular

networks [126]. Energy-efficient resource allocation has been investigated in a range of refer-

ences, such as in [127–134]. Specifically, in [127, 128], theauthors have investigated the power-

allocation in the AF and DF relay aided cooperative cellularnetworks. The proposed power-

allocation schemes in [128] are shown to be robust against imperfect CSI in slow fading scenarios,

while the total uplink transmit power is optimized. In the context of the the cooperative multi-

cell OFDMA systems, Cheunget al. [129] have studied the joint power- and subcarrier-allocation,

in order to maximize the energy-efficiency of a multiuser, multi-relay OFDMA cellular system.

For the sake of energy-efficiency maximization, in [130], analgorithm has been proposed, which

jointly considers the power- and subcarrier-allocation, as well as the relay selection. Furthermore,

in [131–134], the authors have investigated the energy-efficiency maximization problem for vari-

ous multicell multicarrier communication systems. Specifically, Miao et al. [131] have developed

the link adaptation and resource allocation algorithms forthe uplink communications in multicell

OFDMA systems, by emphasizing the energy-efficiency over the peak rate or throughput. Addi-

tionally, in [132], the authors have presented a solution tothe energy-efficient resource allocation,

which maximizes the link capacity of a cognitive radio, under the constraint of the total interference

power on of the primary radio.

Distributed resource allocation has also been widely investigated in the context of the various

multicell OFDMA systems, such as, in [135–138]. The distributed resource allocation algorithms

proposed in [135] consider the joint subcarrier, bit and power-allocation in multicell OFDMA sys-

tems, where the proposed algorithms have linear complexity, and the BSs carry out the alloca-

tion in a round-robin manner. In [136], the authors have studied the distributed subcarrier- and

power-allocation for the multicell OFDMA systems with cognitive radio functionality. By con-

trast, in [136], a distributed power-allocation scheme hasbeen proposed for multicell multiple

input multiple output (MIMO)-based OFDMA systems, when assuming that the CSI of all users

is shared among the BSs. Resource allocation in DF relay-assisted multicell OFDMA systems has

been considered in [138], and a semi-distributed iterativeallocation algorithm has been proposed
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Figure 1.9: Schematic of a multicell system employing distributed resource allocation, in

which each BS independently performs resource allocation for the users in its cell.

by constraining the interference temperature. Recently, interference aware resource allocation has

drawn more and more research attentions. The authors in [139] have developed a layered architec-

ture, which integrate a packet scheduler with an adaptive resource allocator, in order to avoid strong

InterCI. Yuet al. [140] have proposed a distributed power-allocation schemein conjunction with a

low-complexity heuristic radio resource allocation scheme, so that the performance of the cell-edge

users in the multicell OFDMA systems, can be significantly improved. Furthermore, the studies

in [141, 142] have addressed the distributed resource allocation in the uplink multicell OFDMA

systems. Specifically, in [141], a distributed low-complexity subcarrier-allocation scheme has been

proposed for the uplink OFDMA-based cooperative systems via efficient partition of the allocation

into three stages.

Due to the burst effect of traffics and time-varying wirelesschannels, InterCI becomes a major

challenge for resource allocation in multicell systems. For this sake, distributed resource allocation

with InterCI coordination has attracted a lot research attentions. As some examples, an efficient

distributed resource allocation with InterCI coordination has been proposed in [116] for the multi-

cell TDMA/FDMA systems. Inspired by [143,144], the distributed binary power-allocation scheme

in [116] switches off the transmission for the users experiencing strong InterCI. More recently, a

range of studies [145–147] have investigated the distributed subcarrier- and power-allocation in the

multicell OFDMA systems with InterCI coordination, which typically decompose the optimization

problem into several sub-problems that can be distributively processed. Specifically, in [147], the
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authors have proposed a scheme, which combines soft frequency reuse with interference limited

power-control, in order to avoid severe InterCI to the othercells.

Resource allocation has also been widely investigated in association with game theory. In dis-

tributed resource allocation, noncooperative games are operated for users to compete with each

other for their resources, with the objective to maximize the utility, which may be capacity, er-

ror rate, energy consumed, etc. The game theoretic framework is well suited to the networks of

infrastructure-free, such as, peer-to-peer and ad hoc networks [116, 148]. For instance, Good-

man et al. in [148] have proposed a noncooperative game assisted power-allocation algorithm

for the infrastructure-free wireless data networks, such as, ad hoc networks. In the infrastruc-

ture based networks, specifically, in multicarrier cellular systems, distributed resource allocation

has been studied based on the noncooperative game models [149–152]. Specifically, Han Zhuet

al. in [149, 150] have proposed the distributed noncooperativegames for subchannel assignment,

adaptive modulation as well as power control in the multicell OFDMA systems. In [151, 152], the

noncooperative games have been introduced distributed subcarrier- and power-allocation in mul-

ticell OFDMA systems, where interference avoidance is considered in [152], but is not in [151].

Additionally, noncoopertive game framework has been used in [153, 154] for distributed power-

allocation in multicell multicarrier systems. More recently, the authors in [155] have studied the

distributed resource allocation in the relay-aided multicell OFDMA systems, where all individual

relays and BSs independently play a noncooperative game.

In Chapters 3-6, we will design and study various power- and subcarrier-allocation algorithms

in both single-cell and multicell scenarios, when both OFDMA and MC DS-CDMA signalling are

considered.

1.4 Thesis Outline and Contributions

In this thesis, our focuses are on the cooperation and resource allocation, via which we are moti-

vated to achieve the spectrum-efficiency and the reliability as high as possible. In general, we can

see that cooperation and resource allocation are highly related to each other. In order to implement

resource allocation in wireless communication systems, base stations (BSs) need to know variety

of information of users, including channel state information, data symbols and other control in-

formation, etc. BSs may collect these information from users, which can actually be explained as

a type of cooperation for information exchange among users.In multicell scenarios, information

sharing may happen among BSs by means of cooperation, so thatthe BSs have the knowledge of

the data symbols and channel information of intercell users. In this case, resource allocation can be

implemented with the objective to mitigate intercell interference, in addition to achieving multiuser

diversity. Therefore, in Chapter 2 of this thesis, we are motivated to investigate the cost of relay

cooperation by analyzing the error performance of the system, which gives us a comprehensive

understanding on cooperative communication. Based on that, in Chapters 3-6, we are motivated to
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study the resource allocation in both the single-cell and multicell downlink multicarrier systems.

Our resource allocation algorithms are used to maximize thereliability and spectrum-efficiency

by design of the low-complexity algorithms that are practically meaningful. In detail, the main

contributions of the thesis can be outlined as follows.

Chapter 2: We investigate and compare the error performance of two-hopcommunication links

(THCL) with multiple relays, when distributed and cooperative relay processing schemes are re-

spectively employed. Our main objectives include finding some general and relatively simple ways

for estimating error performance and demonstrating the trade-off of using cooperative relay pro-

cessing. One distributed relay processing and two cooperative relay processing schemes are com-

pared. In the two cooperative relay processing schemes, oneassumes the ideal relay cooperation, in

which relays exchange information without consuming energy, while the other one assumes energy

consumption for relay cooperation. In this chapter, the error performance of the THCLs employing

the considered relay processing schemes is investigated, when the channels from source to relays,

the channels for information exchange and that from relays to destination experience various types

of fading modeled by the Nakagami-m distributions. In order to derive the formulas for the BER

of the THCL employing binary phase-shift keying (BPSK) modulation and various relay process-

ing schemes, we introduce the Nakagami and Gamma approximations for finding the distribution

functions of various variables encountered. Our studies show that the proposed approximation ap-

proaches are highly effective, which are capable of accurately predicting the BER of the THCLs

supported by the different relay processing schemes.

Chapter 3: In this chapter, the resource allocation, including power-and subcarrier-allocation, is

investigated in the single-cell downlink OFDMA systems. Wedesign and propose two subcarrier-

allocation algorithms for the OFDMA systems. One is designed to avoid assigning users as many

as possible the worst subchannels, which is referred to as the bidirectional worst subchannel avoid-

ing (BWSA) algorithm. The second one is called the best subchannel seeking (BSS) algorithm,

which aims at assigning users the best possible subchannels. When assuming quadrature amplitude

modulation (QAM), the BER lower-bound and upper-bound are derived for the OFDMA systems

employing dynamic subcarrier-allocation and channel-inverse power-allocation algorithms. We

study and compare the error rate and spectrum-efficiency performance, as well as the complex-

ity of the two algorithms. We also compare them with some existing optimum and sub-optimum

subcarrier-allocation algorithms. Our studies show that both the BWSA and BSS algorithms be-

long to the class of low-complexity subcarrier-allocationalgorithms. With respect to the error rate

and spectrum-efficiency performance, they outperform all the other sub-optimum algorithms con-

sidered, especially, when they are operated in relatively large OFDMA systems. If this is the case,

we find that both the error performance and the spectrum-efficiency attainable by the BWSA and

the BSS algorithms are close to that achieved by the optimum (Hungarian) subcarrier-allocation

algorithm.

Chapter 4: We investigate the resource allocation in the single-cell downlink MC DS-CDMA sys-
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tems, where one subcarrier may be assigned to several users who are then distinguished from each

other by their unique DS spreading codes. Our resource allocation is motivated to maximize the

system reliability without making a trade-off with the attainable spectrum-efficiency of the sys-

tem. Without much performance loss, we carry out power- and subcarrier-allocation in a separate

approach. In this chapter, we propose a range of subcarrier-allocation algorithms and study them

with the MC DS-CDMA systems. We first analyze the advantages and shortcomings of some exist-

ing subcarrier-allocation algorithms in the context of theMC DS-CDMA. Then, we generalize the

worst subcarrier avoiding (WSA) algorithm to a so-called worst case avoiding (WCA) algorithm,

which achieves better performance. Then, the WCA algorithmis further improved by our proposed

worst case first (WCF) algorithm. Furthermore, we propose aniterative worst excluding (IWE)

algorithm, which can be employed in conjunction with the WSA, WCA and the WCF algorithms,

forming the IWE-WSA, IWE-WCA and the IWE-WCF subcarrier-allocation algorithms. The com-

plexities of these algorithms are analyzed, showing that they are all low-complexity subcarrier-

allocation algorithms. The error and spectrum-efficiency performance are investigated and com-

pared, demonstrating that we can now be very close to the optimum performance attained by the

high-complexity Hungarian algorithm.

Chapter 5: In this chapter, we investigate the distributed resource allocation algorithms in multicell

downlink OFDMA systems, in which the BSs independently carry out the subcarrier-allocation and

then operate the InterCI mitigation with very limited BS cooperation. We propose two novel InterCI

mitigation algorithms, one is the distributed decision making assisted cooperation, which is named

as the distributed decision making assisted cooperation (DDMC), and the other one is the central-

ized decision making assisted cooperation, which is referred to as the CDMC. In order to combat

the InterCI, both the DDMC and the CDMC algorithms are motivated to set up the space time block

coding (STBC) aided cooperative transmissions to the userswith poor signal-to-interference ratio

(SIR). In the DDMC algorithm, each BS distributively makes the InterCI mitigation decisions. By

contrast, the CDMC algorithm makes the centralized InterCImitigation decisions, based on limited

InterCI information. While the DDMC algorithm aims at maximizing the sum rate of the users

sharing a subcarrier, the CCMC algorithm motivates to maximize the sum rate of the users sharing

a subcarrier, and also improve the frequency reuse factor ofthe subcarriers. Our studies show that,

both the DDMC and the CDMC algorithms can achieve better spectrum-efficiency performance

than the existing well-known on-off power (OOP) algorithm,which switches off the subchannels

experiencing strong InterCI. Furthermore, the CDMC algorithm is demonstrated to achieve the

highest frequency reuse factor among all the InterCI mitigation algorithms considered.

Chapter 6: The resource allocation, including the allocation of both subcarriers and spread-

ing codes in the multicell MC DS-CDMA systems is investigated. Specifically, we extend the

subcarrier-allocation algorithms proposed in the single-cell MC DS-CDMA systems in Chapter 4

to the multicell scenarios, while focusing our attention onthe code-allocation to mitigate the In-

terCI. For the sake of achieving low-complexity code-allocation, we assume that the BSs only share
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the information about large-scale fading, which includes both the propagation pathloss and shad-

owing effect. Based on the information shared among the BSs,two code-allocation algorithms are

proposed, namely, the simplified strong InterCI avoiding (SSIA) algorithm and the enhanced strong

InterCI avoiding (ESIA) algorithm. Both the SSIA and the ESIA algorithms are motivated to min-

imize the average InterCI of the users sharing the same subcarrier and the same code. Specifically,

in our considered three-cell MC DS-CDMA systems, we can formthree InterCI factor matrices by

considering two cells at a time. In the context of the SSIA algorithm, the code-allocation considers

only one of the InterCI factor matrices at a time. By contrast, the ESIA algorithm considers the

code-allocation by making use of all the three InterCI factor matrices simultaneously. Therefore,

the ESIA algorithm is capable of achieving higher diversityand better performance than the SSIA

algorithm, but at the cost of slight increased complexity. Furthermore, our studies show that both

the proposed SSIA and ESIA algorithms are highly-efficiencyand low-complexity. They are ca-

pable of achieving significantly better BER and spectrum-efficiency performance than the random

code-allocation (or, in other word, the case without code-allocation).



Chapter 2
Performance of Two-Hop

Communication Links with Relay

Processing

2.1 Introduction

It has widely been recognised that cooperative wireless communications will play more and more

important roles in the future generations of wireless communications systems [5–7,156]. One type

of cooperative communication systems is the relay-assisted wireless communications, where dis-

tributed mobile nodes, often referred to as relay nodes, areexploited for attaining cooperative diver-

sity, in order to enhance the reliability of wireless communications [157–159]. The relay-assisted

wireless communication systems have been investigated in the context of various relay protocols,

which include amplify-and-forward (AF), decode-and-forward (DF), compress-and-forward (CF),

etc. [19, 31, 157–159]. The concept of cooperative communication has been proposed and studied

in [160, 161]. Specifically, in [160], the authors have shownthat a cooperative system can achieve

a capacity improvement in comparison with the conventionalnon-cooperative system. In [162], the

authors have discussed the basic concept of a three-node cooperative network with the focus on the

various relaying schemes. A novel cooperative paradigm, referred to as user cooperation diversity,

has been proposed in [6,7], where two users in the same cell cooperate with each other to transmit

information to a destination, so that space diversity can beachieved.

Along with the relay-assisted wireless communications, a lot of researchers have addressed the

bit error rate (BER) or symbol error rate (SER) analysis, when assuming communications over, such

as, Rayleigh fading, Rician fading and Nakagami-m fading channels [46,163–169]. In the analyses,

various cooperative relaying scenarios have been considered, which include the classic three-node

relaying network [46,168], serial or parallel multihop cooperative relaying networks [164,167,169],
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etc. A lot of exact or approximate closed-form formulas havebeen derived for evaluating the

BER/SER of considered scenarios. In [165], the exact average SER formulas have been obtained

for the cooperative network, where a source sends messages to a destination with the aid of multiple

AF relays, when assuming communications over flat Rayleigh fading channels. In [166], the SER

analysis has been done in the context of the multihop cooperative relaying networks over various

types of fading channels, when both the number of relays and the number of hops may take arbitrary

values.

In addition to BER/SER, the outage probability of cooperative networks has been investigated

in [47, 170–172]. To be in a little more detail, lower and asymptotic bounds of outage probability

have been derived in [170] for the dual-hop relaying networks experiencing Rayleigh fading chan-

nels. In [171, 172], extended analytical results of outage probability have been derived, when

communicating over independent and non-identically distributed Nakagami-m fading channels.

Furthermore, the achievable capacity bound and rate regionof two-hop relaying networks have

been studied in [173–175]. Traditional three-node relaying network has been considered in [174],

upper and lower bounds on the ergodic capacity have been derived for various relaying schemes.

In [175], capacity bounds have been analyzed for the multinode ad hoc networks.

From the published references, such as [46–49], on the relaying communications employing

cooperative relays, a typical assumption often used is the ideal cooperation among relays, which

does not consume any energy for the information exchange required by cooperation. Against this

background, in this chapter, we study and compare three types of relay processing (RP) schemes in

association with two-hop communication links (THCL). We assume that a THCL consists of one

source and one destination, which cannot communicate directly. Instead, the source sends informa-

tion to the destination via a cluster of relays that are closeto each other. Therefore, sending signals

from the source to the destination requires two hops, the source to relays (S-R) and the relays to

destination (R-D). At the relays, signals received from thesource may be processed in a distributed

way or jointly via relay cooperation. Specifically, in this chapter, three main types of RP schemes

are considered, including a) distributed RP, which does notrequire information exchange among

relays; b) ideal cooperative RP, which carries out information exchange without error and also

without energy consumption; c) cooperative RP, which carries out information exchange among

relays via a local network governed by one information exchange centra unit (IECU), and in this

local network, the communications are based on the principles of direct-sequence code-division

multiple-access (DS-CDMA). In the context of the cooperative RP, the IECU needs to recover the

information transmitted from the relays or source, with theaid of two processing schemes. The

first one is called the centralized maximal-ratio combining(CMRC), which requires exchange of

both the channel information as well as the data informationof all the relays. The second one is

termed as the centralized majority vote combining (CMVC), which requires to exchange the data

information, but not the channel information, of all the relays. Finally, information is transmitted

by the relays to the destination with the aid of transmit preprocessing schemes. In this chapter,
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two preprocessing schemes are considered, one is the maximal-ratio combining assisted transmit

preprocessing (TMRC), and the other one is the equal gain combining assisted transmit preprocess-

ing (TEGC). In summary, the RP schemes are classified according to the processing schemes used

at the IECU and the transmit preprocessing schemes employedby the relays, as shown in Figure

2.1.
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Figure 2.1: Classifications of the relay processing schemesfor the THCL systems.

In this chapter, the average BER expressions of the THCL systems with different types of RP

schemes are analyzed and derived, where the binary phase shift keying (BPSK) baseband modula-

tion scheme is assumed, and when the first and second hops experience flat Nakagami-m fading.

The BER performance of the THCL systems employing the various RP schemes is investigated and

compared, when different communication scenarios are considered. Our performance results imply

that cooperation among relays imposes a big trade-off between the complexity required and the

BER performance achievable. Specifically, when employing the ideal cooperative RP, which is ex-

plicitly not practical, the THCL systems achieve the best BER performance. However, when energy

consumption for relays’ cooperation is taken into account,the distributed RP may achieve better

BER performance than the cooperative RP, even under the assumption that the communications for

local information exchange are highly reliable.

The rest of this chapter is organized as follows. Section 2.2details the system model of the

THCL and gives the main assumptions for channels. In Section2.3, various RP schemes are de-

scribed in detail. Section 2.4 analyzes the average BER of the THCL systems associated with

various RP schemes and derives the BER expressions, when theBPSK baseband modulation is

assumed. Section 2.5 demonstrates and evaluates the BER performance of the THCL systems, and
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provides some insightful discussions. Finally, in Section2.6, conclusions are summarized.

2.2 System Model

In this section, we describe the system model of the THCL, andstate the main assumptions about

the channels, power-allocation amongst the nodes involved. Furthermore, the signalling schemes

used in the THCL are detailed.

2.2.1 System Description and Channel Modeling

IECU

. . .

Relays

Relay 3

Broadcast

Multiple Access

Relay 1 Relay 2

Relay L

Source Destination

Figure 2.2: Schematic diagram for the two-hop communication links

Figure 2.2 is the schematic diagram for the THCL system considered. The system consists

of one source, one destination andL relays. Information is transmitted from the source to the

destination with the aid of a cluster ofL number of relays, which either cooperate with each other

or independently process their signals. As seen in Figure2.2, when the cooperative RP is employed,

the information exchange among the relays are accomplishedvia an IECU. By contrast, when the

distributed RP is employed, the relays independently process their signals without the aid of the

IECU for information exchange.

We assume that each of the communication terminals, including the source, destination, relays

as well as IECU, is equipped with one antenna for receiving and transmission. The source and des-

tination are separated by a long distance, making their direct communication unavailable. Hence,

information is transmitted from source to destination in two hops under the support of relays. We

assume that theL relays are close to each other and, when they are in cooperation, the IECU seats

in the middle of theL relays and has a small distance from all the relays. We also assume that the
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relays do not communicate with each other. They can only receive signals from the source, share

their information with the aid of the IECU and independentlyprocess and transmit their signals to

the destination. By contrast, the IECU is assumed to communicate only with the relays, it does not

receive signals from the source or transmit signals to the destination. Note that, the IECU may be

viewed as a signal processing unit, which implements multi-way relay [32,176] to aid information

exchange among the relays. As shown in Figure 2.2, the relaysforward their signal to the IECU

based on the principle of DS-CDMA and, then the IECU broadcasts the processed signal back to

the relays. Additionally, we assume that all the communication terminals work in the half duplex

model, i.e., they cannot receive and transmit signals at thesame time. Moreover, we assume that a

relay employs the channel state information (CSI) of the S-Rand R-D channels related to this relay,

and the IECU has the required receiving CSI for carrying out the MRC. When the cooperative RP

is considered, a relay also has the CSI of its outgoing channel.

When the distributed RP is used, signal transmission from the source to destination is completed

in two phases:

Phase 1S-R transmission: the source transmits signal to theL number of relays.

Phase 2R-D transmission: each of the relays decodes and processes the received signal and then,

sends the processed signal to the destination, where the information sent by the source is

finally detected.

When the THCL employs the cooperative RP, signal transmission from the source to the destination

requires four phases:

Phase 1S-R transmission, which is the same as the above described for the distributed RP.

Phase 2Multiple access transmission: the relays decode their received signals and transmit them

to the IECU, respectively.

Phase 3Broadcast transmission: the IECU detects based on the signals received from the relays,

and then, broadcasts the decision back to the relays.

Phase 4R-D transmission, which is the same as the described for the distributed RP.

In the THCL system, we assume that the channels during the S-Rtransmission, multiple ac-

cess (MA) transmission, broadcast (BC) transmission as well as the R-D transmission experience

Nakagami-m fading with the probability density function (PDF) given by[177]

f (r) =
2mmr2m−1

Γ(m)Ωm
e−(m/Ω)r2

, r ≥ 0 (2.1)

whereΩ = E[r2] denotes the average power of a channel, andm (m ≥ 0.5) is the Nakagami-m

fading parameter characterizing the severity of fading. The fading becomes less severe, as the value
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of m decreases. Specifically, whenm = 1, the corresponding channel experiences the Rayleigh

fading. By contrast,m > 1 corresponds to the Rician fading. Furthermore, whenm → ∞, the

channel becomes a non-fading channel. In addition to fading, we assume that, in the THCL systems,

all the signals received at theL relays, at the IECU, and at the destination conflict additivewhite

Gaussian noise (AWGN), which obeys the Gaussian distribution associated with zero mean and a

variance ofǫ/(2γ̄s), whereγ̄s denotes the average signal-to-noise ratio (SNR) per symbol, while

ǫ is a parameter related to the allocated power, which will become explicit during our forthcoming

discourses.

The signals at the relays are operated in the following ways.First, when the distributed RP

is used, we assume that the DF relaying scheme is employed. Inthis case, the received signal

at each relay is firstly decoded and then is forwarded to the destination after the preprocessing.

In this chapter, two types of preprocessing schemes are considered, which are the maximal ratio

combining (MRC) assisted transmit preprocessing, denotedas TMRC, and the equal gain com-

bining (EGC) transmit preprocessing, denoted as TEGC. By contrast, when the cooperative RP is

employed, the relays can either employ a DF or a AF relaying scheme for the MA transmission. In

this chapter, we assume that the DS-CDMA scheme is used for the MA transmission. Both random

spreading codes and orthogonal spreading codes are considered for spreading. At the IECU, the

MRC-based detection, which is referred to as the CMRC, is employed, if the AF relaying scheme

is used at the relays for MA transmission. By contrast, the majority vote combining (MVC) scheme

is implemented at the IECU, which is referred to as the CMVC, if the relays use the DF relaying

scheme for the MA transmission.

It is well-known that, when the DS-CDMA uses random spreading codes, the signals received

from the relays conflict with multiuser interference (MUI).In this case, multiuser detection (MUD)

is exploited to suppress the MUI. In this chapter, two types of relative low-complexity MUD are

employed by the IECU, which are the minimum mean-square error (MMSE) MUD [1], and the

receiver multiuser diversity assisted multi-stage MMSE (RMD/MS-MMSE) MUD [178,179]. Cor-

respondingly, the MUD aided CMVC (CMVC/MUD) schemes can be further classified into two

types, which are the MMSE MUD assisted CMVC (CMVC/MMSE) and the RMD/MS-MMSE

MUD assisted CMVC (CMVC/RMD).

Note that, for the sake of comparison, in this chapter the total transmission power of a symbol

is constraint toP, regardless of the RP schemes used. Specifically, the total transmission power per

symbol is normalized to beP = 1. If the distributed RP is employed, the power used by the first

and the second hops are expressed asα1 andα2, respectively, withα1 + α2 = 1. By contrast, if the

systems employ the cooperative RP, a portion of power expressed asαr for information exchange

among relays is allocated, in addition toα1 andα2. Furthermore, according to our above discussion,

the relay cooperation includes the MA and BC transmissions,and their power are expressed asαma

and αbc, respectively. Consequently, when given totalP = 1, we haveαr = αma + αbc and

furthermore,α1 + α2 + αr = 1. Additionally, when the ideal cooperative RP is employed, it is
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assumed that no energy is consumed for the relay cooperation. Hence, we haveα1 + α2 = 1 which

means that the power is only allocated to the first and second hops. In this chapter, the effect of

power-allocation on the BER performance of the THCL systemswill be investigated in Section 2.5.

2.2.2 Signalling

With the aid of the above assumptions, below we describe the operations of the THCL system in

detail. First, after the source transmits a symbolx, which is assumed to satisfyE[x] = 0 and

E[|x|2] = 1, the received signals by theL relays can be expressed in vector form as

yyyr =
√

α1hhhsrx + nnnr. (2.2)

In (2.2), we defineyyyr = [yr1
, yr2 , . . . , yrL

]T as the observations obtained by theL relays, and

hhhsr = [hsr1
, hsr2 , . . . , hsrL

]T contains the corresponding gains of the channels from the source to

the L relays, where{|hsri
|} obey the Nakagami-m distribution in the form of (2.1). In (2.2),nnnr =

[nr1
, nr2 , . . . , nrL

]T is anL-length AWGN noise vector, each element of which obeys the Gaussian

distribution with zero mean and a variance of2σ2, whereσ2 = 1/(2γ̄s) with γ̄s denoting the

average SNR per symbol. Explicitly, from (2.2) we can know that the average SNR of the first hop

is γsr = α1γ̄s per relay.

Based on (2.2), the relays carry out the relay processing, which will be detailed in Section 2.3.

Let us express̃yyyr = [ỹr1
, ỹr2 , . . . , ỹrL

] the results after the RP. Then, the relays forwardỹyyr to the

destination. Correspondingly, the received signals at thedestination can be written as

yd =
L

∑
i=1

√
α2hrid ỹri

+ nd (2.3)

wherehrid represents the channel gain between theith relay and the destination, the magnitude

|hrid| obeys the Nakagami-m distribution with the PDF expressed in the form of (2.1), while nd is

the Gaussian noise distributed with zero mean and a varianceof 2σ2. Based on (2.3), we can know

that the average SNR from theith relay to the destination isγrid = α2|hrid|2E[|ỹri
|2]γ̄s, where

i = 1, 2, . . . , L. Let us now consider in detail the processing at the relays.

2.3 Relay Processing Schemes

In this section, we discuss the different types of RP schemesfor the THCL system. Three main RP

schemes are considered, which are the distributed RP, idealcooperative RP and the cooperative RP.

According to the different processing schemes used by the IECU and various transmitter prepro-

cessing schemes, , as mentioned in Section 2.2.1 , we may further classify the RP schemes into a

range of sub-types RP schemes. In this section, we detail respectively theses RP in the context of

the three main scenarios, which are the distributed, ideal and non-ideal cooperative.
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2.3.1 Distributed Relay Processing

When the THCL system employs the distributed RP, the relays use the DF relaying scheme, and

simply forward their decisions about the symbol received from the source to the destination, after

carrying out the transmit preprocessing. As mentioned in Section 2.2, two transmit preprocessing

schemes are studied, which are the TMRC and TEGC. Correspondingly, they are referred to as the

TMRC-assisted distributed RP (TMRC-DRP) and the TEGC-assisted distributed RP (TEGC-DRP).

2.3.1.1 TMRC Assisted Distributed Relay Processing

For both the TMRC-DRP and TEGC-DRP, the relays first decode the received symbols{yri
},

which are given in (2.2). Let the symbols detected by the relays be expressed as{xri
}. Then, for

the TMRC-DRP, theith relay forwards the destination the signal

ỹri
=

h∗rid
√

∑
L
i=1 |hrid|2

xri
, i = 1, 2, . . . , L. (2.4)

Explicitly, in order to implement the TMRC-DRP, each relay needs to have the knowledge about

the channels from theL relays to the destination. Consequently, when substituting (2.4) into (2.3),

the decision variable formed at the destination is given by

yd =
L

∑
i=1

√
α2

|hrid|2
√

∑
L
i=1 |hrid|2

xri
+ nd. (2.5)

As the relays may make erroneous detections, in the above equations, we havexri
= x, when

the detection of theith relay is correct. Otherwise,xri
6= x, if the detection of theith relay is

incorrect. In other words,{xri
} in (2.5) may take different values. As a result, directly analyzing

the error performance of the THCL is very difficult, as will bediscussed in detail in Section 2.4.

Specifically, let us below analyze the average SNR when assuming that the BPSK is employed by

the THCL. Let us assume that there arel number of relays achieving correct detection, while the

remainingq = L− l number of relays make erroneous detection. Then, for the TMRC-DRP, (2.5)

can be expressed as

y
(l,q)
d =

√
α2

√

∑
L
i=1 |hrid|2



 ∑
i∈l{1,...,L}

|hrid|2 − ∑
j∈̂q{1,...,L}

|hr jd|2


 x + nd (2.6)

where∈ l{1, . . . , L} represents selectingl random numbers from the collection of{1, . . . , L},
while, ∈̂q{1, . . . , L} means selecting the remainingq numbers. Based on (2.6), the SNR for the

TMRC-DRP at the destination can be formulated as

γ
(l,q)
d =

α2

∑
L
i=1 |hrid|2



 ∑
i∈l{1,...,L}

|hrid|2 − ∑
j∈̂q{1,...,L}

|hr jd|2




2

γ̄s. (2.7)
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2.3.1.2 TEGC Assisted Distributed Relay Processing

When the TEGC-DRP is employed, we employ the DF relaying scheme, and obtain the decisions as

given in (2.4). In contrast to the TMRC-DRP, in TEGC-DRP, every relay only requires the channel

knowledge from itself to the destination, in order to carry out the TEGC. In this case, the signal

forwarded by theith relay can be expressed as

ỹri
=

1√
L

h∗rid
√

|hrid|2
xri

, i = 1, 2, . . . , L. (2.8)

By substituting (2.8) into (2.3), the decision variable obtained by the destination can be expressed

as

yd =
L

∑
i=1

√
α2hrid

1√
L

h∗rid
√

|hrid|2
xri

+ nd

=
L

∑
i=1

√
α2|hrid|√

L
xri

+ nd. (2.9)

For the TEGC-DRP, when assuming the BPSK baseband modulation and considering the cor-

rectly and erroneously detected symbols at the relays, (2.9) can be written as

y
(l,q)
d =

√
α2

L



 ∑
i∈l{1,...,L}

|hrid| − ∑
j∈̂q{1,...,L}

|hr jd|


 x + nd

=

√
α2

L

[
h∑ l − h∑ q

]
x + nd

=

√
α2

L
hl,q x + nd (2.10)

where, for convenience of BER analysis, we definedh∑ l = ∑i∈l{1,...,L} |hrid|, h∑ q = ∑j∈̂q{1,...,L} |hr jd|
andhl,q = h∑ l − h∑ q.

Correspondingly, the SNR for the TEGC-DRP case can be expressed as

γ
(l,q)
d =

α2

L



 ∑
i∈l{1,...,L}

|hrid| − ∑
j∈̂q{1,...,L}

|hr jd|




2

γ̄s

=
α2

L
h2

l,q γ̄s. (2.11)

Let us now consider the ideal cooperative RP.

2.3.2 Ideal Cooperative Relay Processing

When the ideal cooperative RP is employed, we assume that information exchange among theL

relays is error free and does not consume energy. These are typical assumptions used in many

references considering cooperative relays [46–49]. In this case, the total powerP = 1 is only
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consumed by the first (S-R) and second (R-D) hops. Therefore,we haveα1 + α2 = 1. At the

IECU, the symbol transmitted by the source is detected with the aid of the MRC or the MVC.

Then, the IECU returns the detected symbol to the relays without consuming energy. Finally, af-

ter the TMRC- or TEGC-assisted preprocessing, the relays forward the symbol received from the

IECU to the destination. According to the different processing schemes employed by the IECU

and various preprocessing schemes used by the relays, we canclassify the ideal cooperative RP

into four subtypes: a) CMRC- and TMRC-assisted ideal cooperative RP (ICMRC-TMRC-RP), b)

CMRC- and TEGC-assisted ideal cooperative RP (ICMRC-TEGC-RP), c) CMVC- and TMRC-

assisted ideal cooperative RP (ICMVC-TMRC-RP), d) CMVC- and TEGC-assisted ideal coopera-

tive RP (ICMVC-TEGC-RP).

Since information exchange is ideal, the signals received by the IECU are given byyyycu = yyyr,

whereyyyr is given by (2.2). Hence, when the MRC is employed, it is assumed that the CSI of all the

S-R channels are known to the IECU. Therefore, the decision variable is given by

zcu = hhhH
sryyycu =

L

∑
i=1

(√
α1|hsri

|2x + h∗sri
nri

)
. (2.12)

From (2.12) we can know that the instantaneous SNR can be expressed as

γcu =

(

α1

L

∑
i=1

|hsri
|2
)

γ̄s (2.13)

implying that the IECU is capable of obtainingL-order of diversity for detection of the symbol

transmitted by the source.

When the IECU employs the MVC, the IECU first makes a hard-decision based on the signals

sssr received by the IECUyyyr, obtaining the estimations. The IECU then carries out the MVC-based

detection and the symbol presented insssr = {sr1
, sr2 , . . . , srL

} the most times is taken as the estimate

of the symbol transmitted by the source.

Let us express the symbol detected by the IECU asx̂, based on either the MRC or the MVC.

Then, x̂ is sent back to theL relays without error, as the transmission from the IECU to relays is

assumed ideal. Finally, every relay transmitsx̂ to the destination with the aid of the TMRC-assisted

transmitter preprocessing, the final decision variable formed at the destination is given by

yd =

√
√
√
√α2

L

∑
i=1

|hrid|2 x̂ + nd. (2.14)

By contrast, when the relays employ the TEGC-assisted transmitter preprocessing, which can

be described as (2.9) by settingxri
= x̂. Correspondingly, the final decision variable formed at the

destination can be expressed as (2.10) withxri
= x̂, i.e.,

yd =
L

∑
i=1

√
α2

L
|hrid|x̂ + nd. (2.15)
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2.3.3 Cooperative Relay Processing

When the cooperative RP is employed, information exchange among theL relays is carried out

in two phases: MA and BC transmissions. According to the different processing schemes em-

ployed by the IECU and various transmitter preprocessing schemes used by the relays, we have

four types of cooperative RP schemes: a) CMRC- and TMRC-assisted cooperative RP (CMRC-

TMRC-RP), b) CMRC- and TEGC-assisted cooperative RP (CMRC-TEGC-RP), c) CMVC- and

TMRC-assisted cooperative RP (CMVC-TMRC-RP), d) CMVC- andTEGC-assisted cooperative

RP (CMVC-TEGC-RP). In this section, we will introduce the cooperative RP in association with

different processing schemes used at the IECU.

2.3.3.1 CMRC Aided Cooperative Relay Processing

The CMRC aided RP is used by the THCL supported by a cluster of cooperative relays, which

exchange information with the aid of the IECU, as seen in Figure 2.2. Specifically, with this

scheme, theL number of relays first employ the AF relaying scheme to transmit the signals received

from the source to the IECU. Then, at the IECU, signals received from theL relays are combined

based on the MRC principles and a decision is made for the symbol transmitted by the source. Then,

the IECU sends the detected symbol back to theL relays, which finally utilize the DF relaying

scheme to transmit the detected symbols to the destination.Like the distributed RP, the signals

transmitted by the relays to the destination can also be preprocessed based on the MRC or the

EGC principles. Hence, according to the different preprocessing methods, we can further classify

the CMRC assisted RP into two types: (a) CMRC-TMRC-RP, and (b) CMRC-TEGC-RP. In more

detail, the above steps can be analyzed as follows.

Once theL relays obtain the observations ofyyyr, as shown in (2.2), each of the relays firstly

normalizes its observation, formingsri
= yri

/
√

|hsri
|2 + 2σ2, based on the knowledge about the

channel from the source to this relay, wherei = 1, 2 . . . , L. Then, the relays forward their nor-

malized observations to the IECU based on the principles of DS-CDMA. Correspondingly, the

observations obtained by the IECU can be represented as

yyycu =

√
αma

L
CCCAAAmasssr + nnncu

=

√
αma

L
CCCAAAmaGGGryyyr + nnncu

=

√
αma

L
HHHmasssr + nnncu (2.16)

wheresssr = [sr1
, sr2 , . . . , srL ]

T with sri
denoting the normalized observation of theith relay as above-

mentioned, andyyycu is an N-length vector, when a spreading factor ofN is assumed for the DS-

CDMA. In (2.16),HHHma = CCCAAAma, CCC = [ccc1, ccc2, . . . , cccL] is an(N × L) matrix containing the spread-

ing sequences assigned to theL relays to communicate with the IECU, whereccci satisfies||ccci||2 = 1,
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while AAAma = diag{a1, a2, . . . , aL}, whereai is the fading gain of the channel from theith relay

to the IECU. We assume that|ai| obeys the Nakagami-m distribution with the PDF expressed as

f|ai |(r), as shown in (2.1). In (2.16),GGGr = diag{g1, g2, . . . , gL}, wheregi = 1/
√

|hsri
|2 + 2σ2

(i = 1, 2, . . . , L). Finally, in (2.16),nnncu = [ncu1
, ncu2 , . . . , ncuN

]T, the elementncui
obeys the Gaus-

sian distribution with zero mean and a variance of2σ2
cu with σ2

cu = 1/(2γ̄sβ1), whereβ1 depends

on the noise variance at the IECU, in comparison with that at the relays and destination. Note that,

it can be shown that the SNR of each of the DS-CDMA channels isγma = αmaγ̄sβ1/L.

When substituting (2.2) into (2.16), we can obtain another expression for the observationyyycu

of the IECU, which explicitly relates to the symbol transmitted by the source, and can be expressed

as

yyycu =

√
α1αma

L
HHHmaGGGrhhhsr x +

√
αma

L
HHHmaGGGrnnnr + nnncu

=

√
α1αma

L
hhhT x + nnnT (2.17)

where, for simplicity, we expresshhhT = HHHmaGGGrhhhsr, which is anN-length vector and can be inter-

preted as the equivalent source-to-IECU channel matrix. Similiarly, in (2.17), theN-length noise

vectornnnT =
√

αma
L HHHmaGGGrnnnr + nnncu is the combined noise conflicted at both the relays and the

IECU. Additionally, it can be shown that thejth (j = 1, 2, . . . , N) element ofnnnT has zero mean and

a variance2σ2
Tj

, with σ2
Tj

expressed as

σ2
Tj
=

αmaσ2
r

L

[
L

∑
i=1

|hji |2|gi|2
]

+ σ2
cu

=
αma

2γ̄sL

[
L

∑
i=1

|hji |2|gi|2
]

+
1

2γ̄sβ1
. (2.18)

Note that, for the sake of simplicity, in (2.18), the variable hji stands for the(j, i)th element of

matrix HHHma.

Having obtainedyyycu as shown in (2.16) or (2.17), with the aid of the channel knowledge matrix

of hhhT, the IECU can carry out the detection based on the MRC principle, yielding the decision

variable

zcu =hhhH
T yyycu

=

√
α1αma

L
hhhH

srGGG
T
r HHHH

maHHHmaGGGrhhhsr x

+

√
αma

L
hhhH

srGGG
T
r HHHH

maHHHmaGGGrnnnr + hhhH
srGGG

T
r HHHH

mannncu. (2.19)

From (2.19), we can express the instantaneous SNR for detecting symbolx as

γcu =
N

∑
j=1

γcuj
=

α1αma

L

N

∑
j=1

|hTj
|2/(2σ2

Tj
)

=
α1αma

L

N

∑
j=1

∑
L
i=1 |hji|2|gi|2|hsri

|2
αma
γ̄sL ∑

L
i=1 |hji |2|gi|2 + 1

γ̄sβ1

. (2.20)
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Note that, after the expansion, (2.19) can also be expressedas

zcu =
L

∑
i=1

|hsri
|2g2

i

N

∑
j=1

|hji |2 x +

MUI
︷ ︸︸ ︷

L

∑
i=1

|hsri
|2g2

i

L

∑
q=1,q 6=i

N

∑
j=1

h∗jihjq x +

L

∑
i=1

h∗sri
g2

i

L

∑
q=1

N

∑
j=1

h∗jihjq nrq +
N

∑
j=1

L

∑
i=1

h∗sri
gih
∗
jincuj

︸ ︷︷ ︸

noise term

(2.21)

which shows that there exists MUI among the relays, when the DS-CDMA employs non-orthogonal

spreading codes. However, when orthogonal spreading codesare employed, we can obtain a free-

MUI decision varible, expressed as

zcu =

√
α1αma

L

(
L

∑
i=1

|hsri
|2g2

i

L

∑
j=1

|aj|2
)

x +

√
αma

L

L

∑
i=1

h∗sri
g2

i

L

∑
j=1

|aj|2nr j

+
N

∑
j=1

L

∑
i=1

h∗sri
gih
∗
jincuj

. (2.22)

Based onzcu, the IECU can detect for the symbol transmitted by the source. Let the detected

symbol be expressed asx̂. Then, the IECU broadcasts it to theL relays. The received signals by

the relays can be expressed as

ŷri
=
√

αbchbci
x̂ + n̂ri

, i = 1, 2, . . . , L (2.23)

wheren̂ri
denotes the Gaussian noise of theith BC channel, which has zero mean and a variance

of σ2
r̂ = 1/(2γ̄sβ2) per dimension, hereβ2 is related to the noise variance of the BC channels. We

assume that the signals experience Nakagami-m fading over the BC channels, where|hbci
| obeys

the Nakagami-m distribution in the form of (2.1). Furthermore, from (2.23)we can readily know

that the SNR of the BC channels is given byγbc = αbcγ̄sβ2. From{ŷri
}, the relays can make their

decisions about the symbol transmitted by the IECU. Let the symbol detected by theith relay be

expressed asxri
.

Once the relays obtain the detected symbols, they carry out the preprocessing based on the

TMRC or TEGC, in the same way as that discussed in Section 2.3.1. After the preprocessing, the

signals are transmitted to the destination. Finally, the decision variables formed at the destination

are given as (2.5) and (2.9) respectively, for the TMRC and TEGC schemes used.

2.3.3.2 CMVC Aided Cooperative Relay Processing

Instead of the CMRC aided cooperative RP, the CMVC aided cooperative RP can be employed.

In comparison with the CMRC aided RP, the CMVC aided RP has much lower complexity, as the

IECU does not require the knowledge of theL channels from the source to the relays. The IECU

makes a decision based on the MVC principles for the symbol transmitted by the source. Then, the
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IECU sends its detected symbol back to the relays and the following operations are the same as that

with the CMRC aided cooperative RP.

In more detail, for the CMVC aided cooperative RP, after theith relay receivesyri
, which is

given in (2.2), it carries out the hard-decision with the aidof the knowledge about the channel from

the source to theith relay. Let the estimates of theL relays be expressed assri
(i = 1, 2, . . . , L).

Then, the relays transmit their estimates to the IECU based on the principles of the DS-CDMA, as

discussed in Section 2.3.1. Correspondingly, the observations received at the IECU can be written

as

yyycu =

√
αma

L
CCCAAAmasssr + nnncu

=

√
αma

L
HHHmasssr + nnncu (2.24)

where the spreading matrixCCC, channel matrixAAAma and the noise vectornnncu have the same ex-

planation as those in (2.16). However, in (2.24),sssr = [sr1
, sr2 , · · · , srL ]

T with {sri
} being the

hard-decision symbols.

The IECU detectssssr based on (2.24), and let the detected symbols be expressed as{ŝri
}. Then,

the IECU carries out the MVC-based detection and the symbol presented in{ŝri
} the most times is

taken as the estimate of the symbol transmitted by the source. Let this symbol be expressed byx̂. It

is then sent back to theL relays by the IECU via the broadcast channels using the same principles

as that described in Section 2.3.3.1, yielding the decisionvariables for the relays, which can be

expressed as (2.23). Finally, the relays can detect the symbol x̂ transmitted by the IECU and send

their detected symbols to the destination in the same way as that discussed in Section 2.3.1.

2.3.3.3 CMVC/MUD Aided Cooperative Relay Processing

In the context of the CMVC/MUD aided RP, the relays use the DF relaying scheme to transmit

the information received from the source to the IECU. Once the IECU receives the signals from

the relays, it carries out multiuser detection (MUD) to detect the symbols transmitted by the relay,

when the non-orthogonal spreading codes are used for the DS-CDMA. In this chapter, two types

of MUD are considered, which are the (a) minimum mean-squareerror (MMSE) MUD and (b)

receiver multiuser diversity assisted multi-stage MMSE MUD (RMD/MS-MMSE MUD). In this

section, we will briefly describe the two MUDs.

Let us below first consider the MMSE MUD operated at the IECU. In order to simplify our

description and discussion, we ignore the subscripts of thematrices and vectors, as well as the

power term in (2.24). Hence, it can be written as

yyy = HHHsssr + nnn. (2.25)

When the MMSE MUD is employed, the decision variable vector for sss is given by [1],

zzz = WWW Hyyy, or zk = wwwH
k yyy, k = 1, 2, . . . , L (2.26)
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wherezzz = [z1, z2, · · · , zL]
T is anL-length decision variable vector,WWW = [www1, www2, . . . , wwwL] is an

(N × L) weight matrix, whilewwwk is anN-length weight vector,WWW andwwwk are expressed as [1]

WWW = RRR−1
y HHH, wwwk =

RRR−1
k hhhk

1 + hhhH
k RRR−1

k hhhk

(2.27)

whereRRRy andRRRk denote, respectively, the autocorrelation matrix ofyyy and the autocorrelation matrix

of the interference-plus-noise, which are given by

RRRy = HHHHHHH + 2σ2IIIN =
L

∑
k=1

hhhkhhh
H
k + 2σ2IIIN

RRRk =
L

∑
i 6=k

hhhihhh
H
i + 2σ2IIIN = RRRy − hhhkhhh

H
k (2.28)

where2σ2 is the variance of the noise samples innnn, hhhk is kth column ofHHH, while IIIN is the(N×N)

identity matrix.

By contrast, the RMD/MS-MMSE MUD originally proposed in [178,179] belongs to the class

of successive interference cancellation (SIC) assisted MUDs, it uses the MMSE MUD analyzed

above as its basic detection scheme at each stage.

As discussed in [179], when the RMD/MS-MMSE MUD is applied tothe systems with I-

Q type baseband modulation, such as,R-ary quadrature amplitude modulation (R-QAM), it is

desirable that the real and imaginary parts of a transmittedsymbol are separately detected based

on an equivalent real-domain MIMO equation formed from (2.25). This equivalent real-domain

MIMO equation can be expressed as

yyyR = HHHRsssR + nnnR (2.29)

where

yyyR =
[

ℜ{yyyT},ℑ{yyyT}
]T

, sssR =
[

(sss
(I)
r )T, (sss

(Q)
r )T

]T

HHHR =




ℜ{HHH} −ℑ{HHH}
ℑ{HHH} ℜ{HHH}



 , nnnR =




ℜ{nnn}
ℑ{nnn}



 . (2.30)

Then, when the MMSE MUD is derived based on (2.29), the decision variable vectorzzz for the

symbol vectorsss or, specifically, the decision variablez(I)
k (or z

(Q)
k ) for s

(I)
rk

(s(Q)
rk

) can be expressed

as

zzz = W̃WW
T
yyyR, z

(·)
k = w̃wwk

(·)TyyyR, k = 1, 2, . . . , L (2.31)

whereW̃WW andw̃wwk
(·) optimized in MMSE sense are given by

W̃WW =
(
R̃RRy

)−1
HHHR

=
(

HHHRHHHT
R + 2σ2III2N

)−1
HHHR,

w̃wwk
(·) =

RRR−1
k hhh

(·)
k

1 + hhh
(·)T
k RRR−1

k hhh
(·)
k

, k = 1, 2, . . . , L (2.32)
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with RRRk being the autocorrelation matrix of interference-plus-noise, which is expressed asRRRk =

HHHRHHHT
R + σ2III2N − hhh

(·)
k hhh

(·)T
k = R̃RRy − hhh

(·)
k hhhk(·)T, whereR̃RRy = HHHRHHHT

R + σ2III2N.

The detailed procedures for implementing RMD/MS-MMSE MUD can be summarized as fol-

lows [178,179].

Algorithm 1. (RMD/MS−MMSE Multiuser Detection)

Step 1 Initialization: When one-dimensional modulation, such as BPSK, is employed, the initial-

izations are

yyy(0) = yyy, RRR
(0)
y = RRRy, HHH(0) = HHH, WWW(0) = WWW (2.33)

whereRRRy andWWW are given by (2.27) and (2.28), respectively. When two-dimensional modu-

lation, such asR-QAM, is employed, the initializations are

yyy(0) = yyyR, RRR
(0)
y = R̃RRy, HHH(0) = HHHR, WWW(0) = W̃WW (2.34)

whereyyyR, HHHR, R̃RRy andW̃WW are given in (2.32).

Step 2 Let s denote the detection stage. Then, fors = 1, 2, . . . , L, if one-dimensional modulation

is employed, ors = 1, 2, . . . , 2L, if two-dimensional modulation is employed, the following

operations are executed:

1. MMSE MUD : Forming the decision variable vectorzzz(s) = ℜ{(WWW (s−1))Hyyy(s−1)} in the one-

dimensional modulation case, orzzz(s) = (WWW(s−1))Hyyy(s−1) in the two-dimensional modulation

case.

2. Finding the most reliable symbol among theL− s + 1 or 2L− s + 1 symbols that have not

been detected according to their reliabilities measured based on a scheme that will be given

later. Let the index of the most reliable user isk(s).

3. Detecting the most reliable symbol, which is expressed asx̂(s).

4. Cancelling the component related to the detected symbol from the observation equation

(2.25) or (2.29), forming the updated observation equationyyy(s) = yyy(s−1)−hhh
(s−1)

k(s)
x̂(s), where

hhh
(s−1)

k(s)
is aN- or 2N- length vector and is thek(s)th HHH(s−1).

5. Updating matrices:

HHH(s−1) → HHH(s), RRR(s−1) → RRR(s), WWW(s−1) → WWW(s). (2.35)

6. Settings = s + 1 and returning to 1) until all the symbols are detected.
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In the above algorithm for the RMD/MS-MMSE MUD, when BPSK is employed and assuming

that the source data bits obey independent identical distribution (iid), the reliabilities measured in

the maximum a-posterior (MAP) principles is given by

Lk =

∣
∣
∣
∣
∣
ln

[

f (xk = +1|z(I)
k )

f (xk = −1|z(I)
k )

]∣
∣
∣
∣
∣

=

∣
∣
∣
∣
∣
ln

[

f (z
(I)
k |xk = +1)

f (z
(I)
k |xk = −1)

]∣
∣
∣
∣
∣

, k = 1, 2, . . . , L. (2.36)

Upon applying the PDF off (z(I)
k |srk

) associated withsrk
= +1 or−1 into the above equation, we

obtain [178]

Lk = (1 + γ̄k)|z(I)
k |, k = 1, 2, . . . , L. (2.37)

By contrast, when I-Q modulation, such asR-QAM, is employed, given the decision variable

z
(I)
k (or z

(Q)
k ) for s

(I)
rk

(or s
(Q)
rk

), wheres
(I)
rk

(or s
(Q)
rk

) ∈ E ′ = {e0, . . . , e√M−1}, then the reliability

of detectings
(I)
rk

(or s
(Q)
rk

) can be evaluated in MAP sense by the formula [179]

L
(·)
k =

maxei∈E ′






exp



−
(

1+γ̄
(·)
k√

γ̄
(·)
k

z
(·)
k −

√

γ̄
(·)
k ei

)2










∑e j∈E ′ exp



−
(

1+γ̄
(·)
k√

γ̄
(·)
k

z
(·)
k −

√

γ̄
(·)
k yej

)2




,

k = 1, 2, . . . , 2L− 1. (2.38)

In (2.38),ei is given by [179].

Additionally, in the RMD/MS-MMSE MUD, the weight matrix needs to be updated at the end

of every stage until the last stage. The details for updatingweight matrix can be found in [179].

2.4 Bit Error Rate Analysis

In this section, we carry out the numerical analysis of the BER of the THCL systems employing var-

ious types of RP schemes. Our analysis is based on the assumptions that the S-R channels, the MA

channels and BC channels for information exchange, and the R-D channels experience independent

fading. Specifically, the S-R channels experience the independent and identically distributed (iid)

Nakagami-m fading, the same occurs with the MA/BC channels and the R-D channels. However,

the fading parameters characterizing the S-R channels, MA/BC channels and the R-D channels may

be different. In this section, some exact closed-form BER expressions are derived. For some cases,

where the exact closed-form expressions are unavailable, approximate approaches are proposed to

derive the closed-form expressions for computing the approximate BER. In this section, only the

BER of the THCL systems employing BPSK baseband modulation is considered for the sake of

simplicity.
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Before considering the specific scheme, we first note that theaverage BER of the BPSK com-

municating over flat Nakagami-m fading channels can be formulated as [1,180]

Pb(m, γc) =

√
γc

γc + m

(1 + γc/m)−mΓ(m + 1/2)

2
√

πΓ(m + 1)

× 2F1

(

1, m + 1/2; m + 1;
m

m + γc

)

(2.39)

where2F1(a, b; c; z) is the hypergeometric function that is defined as [181], [182]

2F1(a, b; c; z) =
∞

∑
k=0

(a)k(b)kzk

(c)kk!
(2.40)

associated with(a)k = a(a + 1) . . . (a + k− 1), (a)0 = 1.

Note that, as shown in [181], whenm ≥ 1 is an integer, the BER expression in (2.39) can be

simplified to

Pb(m, γc) =

[
1− µ

2

]m m−1

∑
v=0

(
m− 1 + v

v

)[
1 + µ

2

]v

(2.41)

whereµ =
√

γc/(γc + m).

Furthermore, whenm = 1, corresponding to the Rayleigh fading channels, the average BER

above can be expressed as

Pb(m, γc) =
1

2

[

1−
√

γc

γc + 1

]

. (2.42)

2.4.1 Bit Error Rate Analysis of Two-Hop Communication Links with Distributed

Relay Processing

When the THCL systems employ the distributed RP, the received signals of theL relays expe-

rience non-identical independent distributed (nid) fading, the errors of theL S-R channels occur

independently. Therefore, the average BER of the THCL system can be expressed as

P
(THCL-DRP)
b

(

γ
(l,q)
d

)

=
L

∑
l=0

(L
l )−1

∑
k=0



 ∏
i∈l{1,...,L}

(1− P
(S-Ri)
b ) ∏

j∈̂q{1,...,L}
P
(S-Rj)

b





(k)

P
(R-D)
b (l) (2.43)

where i ∈ l{1, . . . , L} represents one option of selectingl numbers from the totalL available

numbers{1, 2, . . . , L}, there are in total(L
l ) different options, whilej∈̂q{1, . . . , L} represents the

remainingq = L− l numbers in{1, 2, . . . , L}, after choosing thel numbers. The superscript(k)

stands for thekth option. To be in a little more detail, the term in the bracket of [·] represents the

probability of one option that there arel relays which correctly detect the signals received from the

source, while the otherq relays detect theirs in error. In (2.43),P
(S-Ri)
b is the average BER of the

S-Ri channel, whileP
(R-D)
b (l) is the BER of detection at the destination on the condition that the

correspondingl relays correctly detect the symbols and theq relays erroneously detect the symbols
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received respectively from the source. Given the S-Ri channel experiences the Nakagami-m fading,

the average BER ofP(S-Ri)
b in (2.43) can be expressed as

P
(S-Ri)
b = Pb(m = msri

, γc = α1Ωsri
γ̄s) (2.44)

wherePb(m, γc) is given by (2.39).

Note that, if all the S-R channels experience i.i.d. fading,resulting in the same error rate for the

detection at theL relays, then (2.43) can be simplified to

P
(THCL-DRP)
b

(

γ
(l,q)
d

)

=
L

∑
l=0

(
L

l

)

(1− P
(S-R)
b )l (P

(S-R)
b )q P

(R-D)
b (l). (2.45)

As discussed in Section 2.3.1, it is extremely hard to derivea closed-form formula for the

THCL employing the TMRC-DRP. However, we may derive relatively simple expressions for the

approximate average BER of the THCL system with TEGC-DRP. Specifically, when the TEGC-

DRP is considered, the average BER of the R-D channelsP
(R-D)
b (l) in (2.45) can be expressed

as

P
(R-D)
b (l) = P

(TEGC)
b (l) =







∫ ∞

−∞
Q

(

x
√

2α2γ̄s

L

)

fhl,q
(x)dx, if 0 < l < L

∫ ∞

0 Q

(

x
√

2α2γ̄s

L

)

fh∑ L
(x)dx, if l = L

1−
∫ ∞

0 Q

(

x
√

2α2γ̄s

L

)

fh∑ L
(x)dx, if l = 0.

(2.46)

In (2.46), fhl,q
(x) is the PDF ofhl,q, which is given byhl,q = h∑ l − h∑ q, as shown in (2.11).

Moreover,h∑ L = ∑
L
i=1 |hrid|, which corresponds to the case that all theL relays correctly detect

the symbols received from the source. In order to deriveP
(TEGC)
b (l), we need first derivefhl,q

(x)

and fh∑ L
(x). As hl,q = h∑ l − h∑ q, we can expressfhl,q

(x) as [183]

fhl,q
(x) =

∫ ∞

u
fh∑ l

(y) fh∑ q
(z) dy

=
∫ ∞

u
fh∑ l

(y) fh∑ q
(y− x) dy (2.47)

whereu = max{0, x} and, by definition,z = y− x.

In order to derive the BER expression, we need to derive the PDF of hl,q and, therefore, need to

obtain the PDFs ofh∑ l andh∑ q, according to (2.47). Hence, below we derive their PDFs by first

introducing theNakagami-Approximation. Two types of Nakagami-approximation approaches are

employed, which are the Nakagami Statistical Approximation (Nakagami-SAp) and the Nakagami

Theoretical Approximation (Nakagami-TAp) (or modified Nakagami-TAp).

In the context of the Nakagami-SAp, we approximateh∑ l (andh∑ q) as the Nakagami-m dis-

tributions with their PDFsfh∑ l
(y|ml , Ωl) (and fh∑ q

(y|mq, Ωq)) in the form of (2.1). The corre-

sponding fading parametersml and Ωl (mq and Ωq) are derived via simulations. Note that, the

Nakagami-m PDF is not very sensitive to the values ofm andΩ, especially, when these values are
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Table 2.1: Parameters(mL, ΩL) for the PDF ofh∑ L = ∑
L
l=1 |hl | obtained by the

Nakagami-SAp, where theL components are iid Nakagami-m random variables with pa-

rameters(m0, Ω0).

L
Ω0

m0
0.5 1 1.5 2 2.5 3

0.125 0.929, 0.424 1.908, 0.443 2.929, 0.46 3,948, 0.469 4.918, 0.474 5.869, 0.477

2 0.25 0.929, 0.808 1.908, 0.886 2.929, 0.919 3,948, 0.938 4.918, 0.948 5.869, 0.958

0.5 0.929, 1.617 1.908, 1.771 2.929, 1.838 3,948, 1.875 4.918, 1.895 5.869, 1.904

1 0.929, 3.234 1.908, 3.542 2.929, 3.676 3,948, 3.751 4.918, 3.791 5.869, 3.819

0.125 1.36, 0.843 2.851, 0.957 4.314, 1.007 5.872, 1.038 7.303, 1.052 8.809, 1.061

3 0.25 1.36, 1.687 2.851, 1.913 4.314, 2.015 5.872, 2.077 7.303, 2.105 8.809, 2.122

0.5 1.36, 3.373 2.851, 3.826 4.314, 4.029 5.872, 4.154 7.303, 4.21 8.809, 4.244

1 1.36, 6.746 2.851, 7.652 4.314, 8.059 5.872, 8.307 7.303, 8.419 8.809, 8.487

0.125 1.776, 1.443 3.758, 1.67 5.731, 1.77 7.737, 1.828 9.693, 1.858 11.842, 1.871

4 0.25 1.776, 2.885 3.758, 3.34 5.731, 3.541 7.737, 3.656 9.693, 3.715 11.842, 3.742

0.5 1.776, 5.77 3.758, 6.68 5.731, 7.082 7.737, 7.312 9.693, 7.431 11.842, 7.485

1 1.776, 11.54 3.758, 13.36 5.731, 14.163 7.737, 14.624 9.693, 14.861 11.842, 14.97

0.125 2.226, 2.207 4.656, 2.58 7.082, 2.746 9.696, 2.835 12.12, 2.891 14.66, 2.916

5 0.25 2.226, 4.414 4.656, 5.161 7.082, 5.491 9.696, 5.67 12.12, 5.782 14.66, 5.831

0.5 2.226, 8.829 4.656, 10.322 7.082, 10.982 9.696, 11.34 12.12, 11.564 14.66, 11.662

1 2.226, 17.658 4.656, 20.645 7.082, 21.964 9.696, 22.68 12.12, 23.128 14.66, 23.324

0.125 2.647, 3.13 5.636, 3.688 8.538, 3.932 11.6, 4.067 14.511, 4.149 17.685, 4.189

6 0.25 2.647, 6.26 5.636, 7.376 8.538, 7.864 11.6, 8.314 14.511, 8.299 17.685, 8.378

0.5 2.647, 12.519 5.636, 14.752 8.538, 15.728 11.6, 16.268 14.511, 16.597 17.685, 16.756

1 2.647, 25.038 5.636, 29.505 8.538, 31.456 11.6, 32.536 14.511, 33.195 17.685, 33.512

relatively large. For example, the PDFs off|hij|(y|m, Ω) do not have any noticeable differences,

whenΩ± 0.01Ω andm± 0.01m are applied. Hence, it is usually sufficient for us to derivem and

Ω based on about103-104 realizations ofhij. Hence, the time spent for using the Nakagami-SAp

to obtain BER results can be significantly less than that required by using direct simulations. When

using direct simulations, we know that at least107 (independent) realizations are required for a

BER of about10−5, in order to generate sufficient accuracy.

Note furthermore that, the Nakagami-SAp is very general androbust, as it does not need to

understand the components’ distributions. However, if theparameters of the components’ distribu-

tions are known, the approximation is in fact an ‘once for all’ thing. For instance, we can make a

table, like Table 2.1, showing the parameters,(mL, ΩL), for the resultant Nakagami-m distributions

of ∑
L
l=1 |hl |, whenL takes different values and the components,{|hl |}, obey the iid Nakagami-m

distributions with different values for the parameters(m0, Ω0). The values of(mL, ΩL) shown in

the table were generated based on104 realizations. Our performance results in Section 2.5 show

that they can generate very accurate approximation. Furthermore, this table can be repeatedly used

and, possibly, for different applications.

In the context of the Nakagami-TAp, first, according to [184], when thel components inh∑ l

are independent and obey the same Nakagami-m distribution with the parametersm0 andΩ0, h∑ l
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Table 2.2: Parametersκ for the PDF ofh∑ l obtained by the Nakagami-TAp, where the

component distributions have the parameterΩ0 = 1.

l

m0
1.0 1.5 3.0 4.0

2 0.842 0.879 0.914 0.924

3 0.825 0.867 0.914 0.929

4 0.812 0.862 0.915 0.930

5 0.807 0.859 0.918 0.931

6 0.803 0.857 0.919 0.933

can be approximated as a Nakagami-m distributed random variable with the PDFfh∑ l
(y|ml , Ωl)

in the form of (2.1) and

ml = l ×m0, Ωl = l2 ×Ω0. (2.48)

However, as the results in [184] show, the Nakagami-TAp approximation may be very inac-

curate. Based on our careful studies and numerous simulation verifications, we find that the PDF

fh∑ l
(y|ml , Ωl) can be slightly modified to make it very accurate, yielding the modified Nakagami-

TAp, with the PDF given by

f Mod
h∑ l

(y|ml , Ωl) = fh∑ l
(y|ml , κΩl) (2.49)

whereκ is a coefficient that is dependent on the distribution of the components inh∑ l and the value

of l. For instance, whenΩ0 = 1, a range of values forκ have been found, which are summarized in

Table 2.2. From the table we see thatκ < 1 is always the case. This implies that the approximation

using the parameters in (2.48) overestimatesΩl.

Figures 2.3 and 2.4, 2.5 show the PDFs offh∑ l
obtained by the Nakagami-SAp, the Nakagami-

TAp and the modified Nakagami-TAp. In the figures, the curves labeled as “simu.” were derived

by simulation using106 realizations, acting as the accurate reference PDFs. By contrast, the curves

labeled as “approx.” were obtained from the approximate formulas of the Nakagami-TAp. In all

figures, we considered various scenarios includingl = 4, 6 and m = 1, 1.5, 3, respectively. In

Figure 2.3, the PDFs obtained by the Nakagami-SAp can match with the simulated PDFs, reveal-

ing that the Nakagami-SAp is very efficient in terms of approximating the PDF of the sum of

Nakagami-m variables. However, as shown in Figure 2.4, we can clearly observe that the approx-

imated PDFs obtained via theoretical approximation are notaligned with the corresponding PDFs

obtained by simulations. Moreover, the deviation becomes larger as the value ofl gets bigger or as

them value becomes smaller. With the aid of the modified Nakagami-TAp, as expressed in (2.49)

in association with Table 2.2, the approximate PDFs shown inFigure 2.5 agree with the simulated

PDFs very well.

Having obtained the PDFs offh∑ l
(y) and fh∑ q

(z) for the case of using the Nakagami-SAp or
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Figure 2.3: The PDFfh∑ l
obtained by Nakagami-SAp, where all thel Nakagami-m vari-

ables have the same parameters.
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Figure 2.4: The PDFfh∑ l
obtained by Nakagami-TAp, where all thel Nakagami-m vari-

ables have the same parameters.

Nakagami-TAp, let us below derive the PDF offhl,q
(x) by using (2.47). When substitutefh∑ l

(y)

and fh∑ q
(z) in the form of (2.1) associated with the parametersml, mq, Ωl andΩq, into (2.47), we
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Figure 2.5: The PDFfh∑ l
obtained by modified Nakagami-TAp, where all thel Nakagami-

m variables have the same parameters.

obtain

fhl,q
(x) =

∫ ∞

u
fh∑ l

(y) fh∑ q
(y− x) dy

=
4mml

l m
mq
q

Ω
ml

l Ω
mq
q Γ(ml)Γ(mq)

∫ ∞

u
y2ml−1(y− x)2mq−1exp
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(y− x)2

]
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=
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Ω
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l Ω
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q Γ(ml)Γ(mq)

ϕ(x) (2.50)

where

ϕ(x) =
∫ ∞

u
y2ml−1(y− x)2mq−1exp

[
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ds (2.51)

after defining

ς =

√

ml

Ωl
+

mq

Ωq
, s = ςy− mqx

Ωqς
. (2.52)

In the general cases, (2.51) is hard to be further simplified to the best of our knowledge. How-

ever, when2ml − 1 and2mq− 1 are integers,ϕ(x) can be expressed in a sequence of limited terms
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as

ϕ(x) = exp
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whereΓ(a, x) represents the incomplete gamma function defined as [182]

Γ(a, x) =
∫ ∞

x
ta−1e−t dt. (2.54)

Finally, when substituting (2.53) into (2.50), the PDF offhl,q
(x) can be written as

fhl,q
(x) =

2m
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l m
mq
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Ω
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When given the PDFfhl,q
(x), the average BER of the R-D transmission employing TEGC-DRP

can be derived from (2.46) by invoking (2.53) or (2.55). Specifically, when2ml − 1 and2mq − 1

are integers, it can be shown that

Pb
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when0 < l < L.

In (2.56)ml , Ωl andmq, Ωq are the parameters of the PDFsfh∑ l
(y) and fh∑ q

(z), respectively,

which are the Nakagami-m distributed PDFs. Note that, when the parametersml, mq derived by

the Nakagami-SAp or Nakagami-TAp are relatively large, such asml, mq > 1.5, we may further

approximate them to their nearest values, so that2ml − 1 and2mq − 1 are integers, in order to

apply (2.56). This is because, when the value ofm is relatively large, the Nakagami-m distribution

is not sensitive tom.

Furthermore, when the Nakagami-TAp is employed, we have that mL = Lm2, ΩL = L2 and

ml = lm2, mq = qm2, Ωl = l2 andΩq = q2. In this case, ifm2 is an integer, then (2.56) can be

simplified to
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whereς =
√

m2
l + m2

q andu = max{0, x}.

Additionally, when theL S-R channels as well as theL R-D channels experience Rayleigh

fading, makingm1 = m2 = 1. Then, we have

P
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(2.58)

where, correspondingly,ς =
√

1
l +

1
q andu = max{0, x}.

When l = L, meaning that all theL relays correctly detect the symbols transmitted by the

source, then, using the Nakagami-SAp or Nakagami-TAp, we can express the PDFfh∑ L
(y) as (2.1)

associated with the parametersmL, ΩL. Consequently, when substituting the PDF into (2.46), the

average BER of the R-D transmission is

P
(TEGC)
b (l) = Pb(m = mL, γc = α2ΩLγ̄s/L) (2.59)

whenl = L, andPb is given in (2.39). Furthermore, whenl = 0, we have

P
(TEGC)
b (l) = 1− Pb(m = mL, γc = α2ΩLγ̄s/L). (2.60)
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Finally, the average BER of the THCL employing the TEGC-DRP can be obtained by substi-

tuting (2.56) or (2.57) or (2.58), and (2.59), (2.60) into (2.43) or (2.45).

2.4.2 Bit Error Rate Analysis of Two-Hop Communication Links with Ideal Coop-

erative Relay Processing

In this section, we analyze the error probability of the THCLsystems with ideal cooperative RP. As

in Section 2.4.1, we assume that the first and second hops experience the flat Nakagami-m fading.

As mentioned before, when the ideal cooperative RP is assumed, information exchange among

the L relays do not consume power. Therefore, we have the power allocationα1 + α2 = 1. As

discussed in Section 2.3.2, we classify the ideal cooperative RP into four sub-types: (a) ICMRC-

TMRC-RP, (b) ICMRC-TEGC-RP, (c) ICMVC-TMRC-RP, (d) ICMVC-TEGC-RP. In this section,

we drive the closed-form average BER expressions for the THCL systems employing these four RP

schemes.

When the ideal cooperative RP scheme is considered, as shownin Section 2.3.2, the bits trans-

mitted by theL relays to the destination are the same bit detected by the IECU. The average BER

of the THCL systems using the ideal cooperative RP scheme canbe written as

P
(THCL-ICRP)
b = P

(IECU)
b

(

1− P
(R-D)
b

)

+
(

1− P
(IECU)
b

)

P
(R-D)
b . (2.61)

In (2.61), the first (second) term at the right hand side denotes the probability that the detection at

the IECU is incorrect (correct), while the detection at the destination is correct (incorrect).

The received signals by the IECU can be expressed asyyycu = yyyr, whereyyyr is given in (2.2).

When the IECU emoploys the ICMRC, the decision variablezcu was given in (2.12), as the IECU

perfectly knows the signals received by the relays. Therefore, the instantaneous SNR of the IECU

was expressed as (2.13). According to [181], it can be shown that, when communicating over

Nakagami-m fading channels, the average BER of the IECU detection can beexpressed as

P
(IECU)
b =

1

π

∫ π/2
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L

∏
i=1

(

msri
sin2 θ

α1Ωsri
γ̄s + msri

sin2 θ

)msri

dθ (2.62)

if the IECU employs the ICMRC. In (2.62),msri
is the fading parameter of the channel from the

source to theith relay. In (2.62), ifmsri
= m, i = 1, . . . , L, we can have

P
(IECU)
b =

√

α1Ωsri
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. (2.63)

Furthermore, whenmL is a positive integer, (2.63) can be reduced to

P
(IECU)
b =

[
1− µ

2

]mL mL−1

∑
v=0

(
mL− 1 + v

v

) [
1 + µ

2

]v

(2.64)



2.4.2. BER Analysis of THCL with Ideal Cooperative Relay Processing 46

whereµ =
√

α1Ωsri
γ̄s/(α1Ωsri

γ̄s + m).

By contrast, in the context of the ICMVC employed by the IECU,the relays first decode the

signals received from the source. The IECU is assumed to haveperfect knowledge about the de-

tected symbols by the relays and uses the MVC to make a decision of the symbol transmitted by the

source. The average BER of the detection at theith relay isP
(S-Ri)
b , i = 1, 2, . . . , L, when commu-

nicating over Nakagami-m fading channels, which is given in (2.44). Therefore, the average BER

measured at the IECU after the CMVC can be expressed as

P
(IECU)
b =
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



(k)

(2.65)

when⌈ L
2 ⌉ 6= L

2 , where⌈A⌉ means that roundingA to a nearest integer greater than or equal toA.

However, if⌈ L
2 ⌉ = L

2 , we have
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
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. (2.66)

Let the symbol detected by the IECU be expressed asx̂. Then all the relays knoŵx, as the

transmission from IECU to relays is assumed ideal. Then,x̂ is transmitted from the relays to the

destination with the aid of either the TMRC or TEGC, which is described in (2.4) or (2.8). In (2.61),

P
(R-D)
b is the average BER of the R-D transmission. Specifically, when the TMRC is employed, the

average BER of the R-D transmission can be expressed as

P
(R-D)
b =

1

π

∫ π/2

0

L
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i=1

(

mrid sin2 θ

α2Ωridγ̄s + mrid sin2 θ

)mrid

dθ (2.67)

wheremrid andΩrid = E[|hrid|2], i = 1, . . . , L, are the parameters for the Nakagami-m fading of

the ith R-D channel. Hence, by substituting (2.62) and (2.67) into (2.61), the overall average BER

of the THCL system employing the ICMRC-TMRC-RP can be expressed as

P
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b =
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dθ. (2.68)
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By contrast, when the relays employ TEGC, the instantaneousSNR at the destination isγd =

α2γ̄s

(

∑
L
i=1 |hrid|

)2
, where|hrid| obeys the Nakagami-m distribution. Then, when the Nakagami-

SAp or Nakagami-TAp, as discussed in Section 2.4.1, is employed, the average BER of the R-D

transmission can be expressed as

P
(R-D)
b =

√
γ̄ri

α2ΩsLγ̄s + msL

(1 + α2ΩsLγ̄s/msL)
−msLΓ(msL + 1/2)

2
√
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× 2F1
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1, msL + 1/2; msL + 1;
msL

msL + α2ΩsLγ̄s

)

(2.69)

wheremsL andΩsL can be derived by the Nakagami-SAp or Nakagami-TAp. Consequently, when

applying (2.69) into (2.61), we obtain the average BER of theTHCL system with the ICMRC-

TEGC-RP, which can be expressed as

P
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dθ. (2.70)

Similarly, when the THCL employing the ICMVC-TMRC-RP, the average BER of the system

is obtained by substituting (2.67), (2.65) or (2.66) into (2.61). Furthermore, the average BER of the

system employing the ICMVC-TEGC-RP can be derived by substituting (2.69), (2.65) or (2.66)

into (2.61).

2.4.3 Bit Error Rate Analysis of Two-Hop Communication Link with Cooperative

Relay Processing

In this section, we analyze the average BER of the THCL employing the cooperative RP schemes.

In this context, we assume that the total energy for conveying one bit from the source to the desti-

nation is one unit. Then, we haveα1 + αr + α2 = 1, whereα1, α2 andαr denote respectively the

transmit power for the first hop, the second hop and the information exchange among the relays.

Furthermore, as information exchange includes both the MA and BC transmission, whose transmit

power is assumed to beαma andαbc. Hence, we also haveαma + αbc = αr. Additionally, we assume

that the MA transmission for information exchange among RNsis implemented in the principles of

DS-CDMA, which, for the sake of simplicity, employs orthogonal spreading codes.
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In general, when the THCL employs the cooperative RP, the average BER of the THCL system

can be written as

P
(THCL-CRP)
b = P

(IECU)
b

(

1− P
(IECU-D)
b

)

+
(

1− P
(IECU)
b

)

P
(IECU-D)
b (2.71)

whereP
(IECU)
b is the average BER measured at the IECU, andP

(IECU-D)
b is the average BER of the

transmissions from the IECU to the relays and finally, to the destination.

Let us first consider the BER at the IECU. When the IECU employsthe MRC on its received

signals, the decision variablezcu can be expressed in (2.19), and the instantaneous SNR of the

IECU after carrying out the CMRC can be expressed as

γcu =
E2[zcu]

Var[zcu]

=
α1αma

L

(hhhH
T hhhT)

2

αma
L ∑

L
i=1 |hDi

|2 + ∑
N
j=1 |hTj

|2
γ̄s (2.72)

when we used the definitions thatHHHD = [hD1
, hD2

, . . . , hDL
] = HHHH

T HHHmaGGGr andHHHT = HHHmaGGGrhhhsr,

whereGr = diag{g1, g2, . . . , gL} andgi =
1√

|hsri
|2+1/γ̄s

. Based on (2.72), it is very difficult to

derive the PDF ofγcu. In this case, we are unable to derive the exact average BER ofP
(IECU)
b .

In this chapter, we propose the Gamma-Approximation (Gamma-Ap) to evaluate the PDF ofγcu,

which will be verified by our simulation results and found in general very accurate.

Note that, in performance analysis, the Gaussian-Ap is typically employed. However, for some

scenarios, such as for the PDF of (2.72), where the concernedvariables are always positive, the

Gamma-Ap has the advantages over the Gaussian-Ap. First, the Gamma distribution [180], which

can be obtained by the square of a Nakagami-m distributed variable, is defined in[0, ∞), while

the Gaussian distribution is defined in(−∞, ∞). Second, for applying the Gaussian-Ap, usually a

high number of component variables is required, so that their sum yields a symmetric distribution.

By contrast, the Gamma-Ap does not impose this constraint, and can be applied for the sum of any

number of component variables. Furthermore, as the number of components increases, the resultant

Gamma-distribution appears the Gaussian-like shape, but,in the range[0, ∞). Hence, the Gamma-

Ap (also including the Nakagami-approximation, as they belong to the same family) represents a

versatile approximation approach, which may find applications for a lot of problems in practice,

including a lot of performance analysis problems in wireless communications.

Specifically, for the current case, let us rewrite (2.72) as

γcu =
α1αmaγ̄s

L
ζcu (2.73)

where

ζcu =
(hhhH

T hhhT)
2

αma
L ∑

L
i=1 |hDi

|2 + ∑
N
j=1 |hTj

|2
. (2.74)
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Table 2.3: Parameters for the Gamma PDFfζcu
(ζ) obtained based on simulations.

L γ̄s(dB) msr mma mcu Ωcu

1 1.0 1.0 2.573 18.121

4 2.0 3.0 7.347 27.007

4 9 1.0 4.0 5.332 29.775

14 3.0 1.5 7.730 33.445

20 2.5 1.5 6.401 33.150

3 1.5 1.0 4.872 37.363

7 1.0 1.0 4.506 43.158

6 13 3.0 3.0 13.320 64.612

18 1.0 4.0 5.189 49.028

22 1.5 3.0 6.199 55.084

With the aid of the Gamma-Ap, we can approximateζcu as a Gamma distributed random vari-

able with the PDF [180]

fζcu
(y) =

(
mcu

Ωcu

)mcu ymcu−1

Γ(mcu)
exp

(

−mcuy

Ωcu

)

(2.75)

whereΩcu = E[ζcu], andmcu = Ω2
cu/E[(ζcu −Ωcu)2].

From (2.74), we can see that the parametersmcu andΩcu determining the PDF ofζcu depend

on the average SNR̄γs of the S-R channels through the matrixGGGr in hhhD, the fading of theL S-R

channels, the fading of the MA channels and the spreading factor Nt of the DS-CDMA signalling.

Hence, it is usually extremely hard (if it is not impossible)derive the parametersmcu and Ωcu

by mathematical analysis. However, they can be readily found by simulations based on about104

realizations. For instance, in Table 2.3, a range of cases are considered, where the spreading factor

Nt is 16, theL S-R channels experience the same Nakagami-m fading with the parametersmsr and

Ωsr = 1, and the MA channels also experience the same Nakagami-m fading with the parameters

mma and Ωma = 1. As our results in this section show, the Gamma-Ap in generalyields very

accurate approximation.

Figures 2.6- 2.9 show the approximated PDFs ofζcu when first hop and the MA links experience

various of fading conditions, in comparison with the corresponding accurate PDFs ofζcu, which are

labelled as “simu.”, which were obtained by using106 realizations ofζcu. In Figures 2.6 and 2.7,

we observe that the approximated PDFs have deviations from the accurate ones at the top part of the

curves, when the average SNRγ̄s equals to1 dB and20 dB. However, we see that the deviations

become smaller as the number of relays increases. Furthermore, we find that the approximated

PDFs agree well with the accurate PDFs, whenγ̄s = 10 dB. According to our simulation results,

we can deduce that the approximated PDFs have a very good similarity as the accurate PDFs within

the the average SNR region of8− 12 dB.

In Figures 2.8 and 2.9, we give the PDFfγcu(y) plots when the average SNR is fixed at20 dB.
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Both plots show that a deviation always presents between theapproximated PDF and the accurate

one at top part of the curves. However, from Figure 2.8, it knows that the difference at the top of

the curves increases, when the fading of MA links become lesssevere while the fading of S-R links

stay constant. By contrast, in Figure 2.9, we observe that the similarity between the approximated

PDF and the accurate one increases, as the first hop has a better channel fading condition.
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Figure 2.6: Approximated PDFs of the decision variable of the IECU, when the CMRC

is employed, and when the S-R links and the MA links in the cooperative RP scenario

experience Rayleigh fading.

With the aid of the Gamma-Ap for finding the PDF ofζcu, which is (2.75), we can now easily

obtain the average BER of the detection at the IECU, which canbe expressed as

P
(IECU)
b = Pb (m = mcu, γc = α1αmaΩcuγ̄s/L) . (2.76)

In (2.71),P
(IECU-D)
b is the average BER of the transmission from the IECU to the relays and,

finally, to the destination. Note that, as we mentioned in Section 2.3.1, it is hard to derive the BER

of the R-D transmissions, when the relays use the TMRC. Hence, below we only consider the case

that the relays employ the TEGC. Therefore, when the relays employs the TEGC, the average BER

of the transmission from the IECU to the relays can be expressed as

P
(IECU-D)
b =

L

∑
l=0

(L
l )−1

∑
k=0



 ∏
i∈l{1,...,L}

(1− P
(IECU-Ri)
b ) ∏

j∈̂q{1,...,L}
P
(IECU-Rj)

b





(k)

× P
(TEGC)
b (l) (2.77)

whereP
(IECU-Ri)
b denotes the average BER of the BC link from the IECU to theith relay,P(TEGC)

b (l)

is the average BER of the R-D transmission, whenl relays correctly detect the symbol transmit-

ted by the IECU, while the otherq(= L − l) relays make erroneous detection. As the analysis
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Figure 2.7: Approximated PDFs of the decision variable of the IECU, when the CMRC

is employed, and when the S-R links and the MA links in the cooperative RP scenario

experience Rayleigh fading.
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Figure 2.8: Approximated PDFs of the decision variable formed by the IECU, when the

CMRC associated withL = 4 relays is employed by the cooperative RP.

in Section 2.4.1 shows, when the channels between theL relays and the destination experience

Nakagami-m fading,P
(TEGC)
b (l) can be evaluated by (2.56)-(2.60). When the BC channels experi-

ence flat Nakagami-m fading, we haveP(IECU-Ri)
b = Pb(m = mbci

, γc = αbcβ2Ωbci
γ̄s), where the

parameters have been defined in Section 2.3.3.1. By contrast, when the BC channels are AWGN,
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Figure 2.9: Approximated PDFs of the decision variable formed by the IECU, when the

CMRC associated withL = 4 relays is employed by the cooperative RP.

we haveP
(IECU-Ri)
b = Q

(√
2αbcβ2γ̄s

)
.

Finally, the average BER of the THCL employing the CMRC-TEGC-RP can be evaluated by

(2.71) associated with (2.76) and (2.77).

When the THCL employs the CMVC-TEGC-RP, the average BER of the system can also be

expressed as (2.71), where the average BER measured at the IECU can be written as

P
(IECU)
b = P

(IECU)
b |

P
(S-Ri)

b =P
(S-Ri-IECU)
b

(2.78)

with P
(IECU)
b at the left-side of the equation denoting the BER at the IECU,when the ICMVC is

employed, which is given in (2.65) and (2.66). In (2.78),P
(S-Ri-IECU)
b represents the average BER of

the signals transmitted from the source to theith (i = 1, . . . , L) relay and then to the IECU, which

can be expressed as

P
(S-Ri-IECU)
b = P

(S-Ri)
b (1− P

(Ri-IECU)
b ) + (1− P

(S-Ri)
b )P

(Ri-IECU)
b (2.79)

whereP
(Ri-IECU)
b is the average BER of the link from theith Relay to the IECU, which is

P
(Ri-IECU)
b = Pb(m = mmai

, γc = αmaβ1Ωmai
γ̄s/L) (2.80)

with Pb(m, γc) was defined in (2.39).

Specifically, when the MA links are assumed the AWGN channels, the BER of the Ri-IECU

links is P
(Ri-IECU)
b = Q

(√
2αmaβ1γ̄s/L

)
. In this case, (2.79) can be expressed as

P
(S-Ri-IECU)
b =P

(ri)
b

(

1− Q
(√

2αmaβ1γ̄s/L
))

+
(

1− P
(ri)
b

)

Q
(√

2αmaβ1γ̄s/L
)

. (2.81)
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Finally, the average BER of the THCL employing the CMVC-TEGC-RP can be obtained by

substituting (2.78) and (2.77) into (2.71).

2.5 Bit Error Rate Performance Results

In this section, we demonstrate a range of performance results for characterizing the achievable

performance of the THCL systems with the various RP schemes as considered. Both numerical

results evaluated from the formulas derived in the previoussections and simulation results are

provided. Note that, for obtaining the results, we assume that all channels of the first and second

hops experience independent but identical Nakagami-m fading. The MA/BC channels are either

Gaussian channels or iid Nakagami-m fading channels. When the cooperative RP is employed, we

assume that the parametersβ1 andβ2 take a value of10, which results in that the average SNR of

the MA/BC channels is typically10 dB higher than that of the S-R and R-D channels, when equal

power of1/3 is allocated respectively to the S-R, MA/BC and R-D transmissions. Furthermore,

when the DS-CDMA is used for the MA transmission, the spreading codes are assumed to be the

random sequences with a spreading factorNt = 16.

First, let us compare the BER performance of the THCL systemsemploying various RP schemes.

Both analytical results and simulation results are demonstrated, so as to verify the accuracy of our

analytical BER results.
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Figure 2.10: BER of the TEGC-DRP assisted THCL employing BPSK baseband mod-

ulation and power allocation factorsα1 = α2 = 0.5, when communicating over iid

Nakagami-m fading channels.
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Figure 2.11: BER of the TEGC-DRP assisted THCL employing BPSK baseband mod-

ulation and power allocation factorsα1 = α2 = 0.5, when communicating over iid

Nakagami-m fading channels.

In Figures 2.10 and 2.11, we compare the approximate BER of the TEGC-DRP assisted THCL

with the corresponding BER obtained by simulations. Furthermore, Figures 2.10 and 2.11 illustrate

the impacts of the number of relays and the fading parameterm on the achievable BER perfor-

mance. Note that, the approximate BER was evaluated based on(2.45), when either the Nakagami-

TAp or the Nakagami-SAp was employed. From Figure 2.10, we can observe that there is a slight

deviation between the approximate BER and the simulated BER, when the Nakagami-TAp is ap-

plied. However, the difference becomes smaller as the Nakagami-m fading becomes less severe,

i.e., asm increases. The difference also becomes smaller, as the number of relays increases. Nev-

ertheless, for all the scenarios considered, the analytical BER and simulated BER are close to each

other. When the Nakagami-SAp is employed, as shown in Figure2.11, the analytical BER and the

simulated BER always agree with each other. Therefore, we are confident that both the Nakagami-

TAp and Nakagami-SAp are highly effective, while the Nakagami-SAp is more accurate than the

Nakagami-TAp.

Additionally, as shown in Figures 2.10 and 2.11, the BER performance improves as the fading

becomes less severe. It also improves as the number of relaysincreases, owing to the increased

spatial diversity.

The BER performance of the ICRP-assisted THCL is shown in Figure 2.12, when assuming that

both the S-R and R-D channels experience iid Nakagami-m fading. The BER results demonstrated

in the figure were evaluated based on the Nakagami-TAp in the context of the ICMRC-TEGC-RP
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Figure 2.12: BER of the ICMRC-TEGC-RP and ICMVC-TEGC-RP assisted THCL em-

ploying BPSK baseband modulation and power allocation factors α1 = α2 = 0.5, when

usingL = 6 relays and communicating over iid Nakagami-m fading channels.

or ICMVC-TEGC-RP. Again, from the results of Figure 2.12, wecan observe that the approximate

BER of all the considered cases closely matches the corresponding BER obtained by simulations.

Explicitly, the ICMRC-TEGC-RP always outperforms the ICMVC-TEGC-RP, although the differ-

ence becomes smaller as the channel fading becomes less severe.

Figure 2.13 gives the BER performance of the ICRP-TMRC assisted THCL systems, when

assuming that both the S-R and R-D channels experience iid Nakagami-m fading. We can see

that the analytical BER of all cases are nearly the same as thecorresponding BER obtained by

simulations. As we discussed in Section 2.4.2, the closed-form BER expressions of the ICRP-

TMRC assisted THCL systems are given in (2.68) and (2.65). Bycomparing Figure 2.12 with

Figure 2.13, we can observe that the TMRC aided systems have slight better BER performance

than the TEGC assisted systems.

Furthermore, in comparison with the BER results shown in Figure 2.10 and Figure 2.11, we

can see that in Figure 2.13 remarkable SNR gain is observed, when the ideal cooperative RP is

employed by the systems, instead of using the distributed RP. Note that, this performance gain

achieved by the ideal cooperative RP is mainly due to the cooperative detection of the first hop,

which generates the symbols having much higher reliabilitythan that detected by the relays op-

erated under the distributed RP. However, the ideal cooperative RP scheme assumes no energy

consumption for the relays’ cooperation, which is impractical.

When non-ideal cooperation is assumed, Figures 2.14 and 2.15 show the BER performance of
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Figure 2.13: BER of the ICMRC-TEGC-RP and ICMVC-TEGC-RP assisted THCL em-

ploying BPSK baseband modulation and power allocation factors α1 = α2 = 0.5, when

usingL = 6 relays and communicating over iid Nakagami-m fading channels.
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Figure 2.14: BER of the CMRC-TEGC-RP assisted THCL employing BPSK baseband

modulation and power allocation factorsα1 = α2 = αr = 1/3, when all the S-R and

R-D channels are assumed iid Nakagami-m fading channels with a fading parametermsr,

while the MA/BC channels are assumed iid Nakagami-m fading channels with a fading

parametermma.
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the cooperative RP assisted THCL, when1/3 of the total transmission power is allocated for S-R,

MA/BC and R-D transmissions, respectively. Let us first havea look of Figure 2.14, where the

CMRC-TEGC-RP scheme was employed by the THCL, and the approximate BER was obtained

based on the Gamma-Ap for the detection at the IECU and the Nakagami-TAp for the detection at

the destination. From the figure, we can have the following observations. First, the approximate

BER agrees with the corresponding BER obtained by simulations in the relatively low SNR region,

but there appear some deviations in the high SNR region. Second, the approximate BER becomes

more accurate, as the channel condition becomes less severe. Third, the approximate BER also

becomes more accurate, as the first and/or second hops becomemore reliable. Additionally, when

comparing the BER results shown in Figure 2.14 with that shown in Figure 2.12, we are implied

that, due to the energy consumed for relays’ cooperation, the achievable BER performance of the

THCL using the cooperative RP scheme of practically reasonable is much worse than that of the

THCL employing the ideal cooperative RP. Note that, as shownat the beginning of this section, the

MA/BC channels are assumed more reliable than the S-R and R-Dchannels. This issues will be

further discussed later associated with the other figures.
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Figure 2.15: BER of the CMVC-TEGC-RP assisted THCL employing BPSK baseband

modulation and power allocation factorsα1 = α2 = αr = 1/3, when all the S-R and

R-D channels are assumed iid Nakagami-m fading channels with a fading parametermsr,

while the MA/BC channels are assumed either iid Gaussian channels or iid Nakagami-m

fading channels with a fading parametermma.

In Figure 2.15, we investigate the BER performance of the CMVC-TEGC-RP assisted THCL,

where, again, the analytical BER was obtained based on the Gamma-Ap for the detection at the

IECU and the Nakagami-TAp for the detection at the destination. In addition, in Figure 2.15, we
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considered the cases that the MA/BC channels are either Nakagami-m fading channels or AWGN

channels. From the figure we observe that, for all the cases, the analytical BER agrees well with

the simulated BER. The other observations are similar as that obtained from Figure 2.14.

Having verified the accuracy of our proposed approximation approaches, we investigate the

effect of power-allocation on the BER performance of the THCL systems employing various RP

schemes. When the distributed and the ideal cooperative RP schemes are used, we show the perfor-

mance change, when different portions of power are respectively allocated to the first and second

hops. When the cooperative RP is employed, we demonstrate the cost of energy for the coopera-

tion among relays, as well as evaluate the BER performance ofthe THCL systems under different

power-allocation.
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Figure 2.16: Effect of power-allocation factors on the BER performance of the distributed

RP assisted THCL employing BPSK baseband modulation, when both the first and second

hop channels experience flat iid Nakagami-m fading.

Figure 2.16 investigate the BER performance of the THCL system employing the distributed

RP, when different transmit power is allocated to the first and second hops. For every case consid-

ered in the figure, there is an optimum power-allocation (OPA), which corresponds to the lowest

BER achieved. From the figure, we observe that, in order to achieve the best BER performance,

the first hop always demand higher power than the second hop does. The reason behind is that the

DF relaying scheme used by the relays is highly dependent on the channel condition of the first

hop. When the fading of the S-R channels becomes less severe,more reliable signals are forwarded

to the destination and, hence, the error performance of the system improves. Furthermore, from

the figure we also see that the first hop requires relatively more power to achieve the optimum

power-allocation, when the average SNR or the number of the relays increases.
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Figure 2.17: Effect of power-allocation factors on the BER performance of the ideal co-

operative RP assisted THCL employing BPSK baseband modulation, when both the first

and second hop channels experience flat iid Nakagami-m fading.

In Figure 2.17, we study the effect of power-allocation on the BER performance, when the sys-

tem employs the ideal cooperative RP. As we know, there is no power required for the cooperation

among relays, when the ideal cooperative RP is used. Similarly to the observations in Figure 2.16

for the distributed RP, more power is usually required by thefirst hop in order to obtain the OPA,

when the average SNR increases. However, in contrast to the observations shown in Figure 2.16,

the first hop requires less power for reaching the OPA, when the number of relays increases. This

is because information exchange among the relays becomes more reliable, as the number of relays

increases. Therefore, more power is required by the second hop, so that the error performance of

the THCL system can be enhanced.

In Figures 2.18 and 2.19, we demonstrate the impact of power-allocation on the achievable BER

performance of the THCL employing the CMRC-TEGC-RP, when both the S-R and the R-D links

experience iid flat Rayleigh fading. For the MA/BC transmission, AWGN channels are assumed

for Figure 2.18, while flat Rayleigh fading channels are assumed for Figure 2.19. In the figures,

the OPA indicates the power-allocation and the corresponding lowest BER achievable. As seen in

Figure 2.18 for the AWGN MA/BC scenario, the optimum power-allocation isα1 = 0.44, α2 =

0.28, αr = 0.28. Hence, the main portion of power is allocated to the first hopto improve the

reliability of the first hop to a sufficient level.

By contrast, when the MA/BC channels are also Rayleigh fading channels, as seen in Fig-

ure 2.19, the power-allocation for the THCL system to achieve the best BER performance is
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Figure 2.18: Effect of power-allocation factors on the BER performance of the CMRC-

TEGC-RP assisted THCL employing BPSK baseband modulation,when both the first and

second hop experience flat iid Rayleigh fading, while the MA/BC channels are AWGN

channels.
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Figure 2.19: Effect of power-allocation factors on the BER performance of the CMRC-

TEGC-RP assisted THCL employing BPSK baseband modulation,when all the S-R,

MA/BC and R-D links experience flat iid Rayleigh fading.

α1 = 0.48, α2 = 0.16, αr = 0.36. More portion of the total power is required for informa-

tion exchange among the relays, when compared with the AWGN MA/BC case. From Figures 2.18

and 2.19, we are informed that a big portion of energy is required for implementing cooperation
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among relays. Hence, in wireless networks, using cooperative relays is in fact highly challenging.

Not only is a substantial amount of energy is required for cooperation, the accompanied increase

of complexity may be substantial as well. This is because, first, extra channel estimation is re-

quired. Second, power-allocation will become more difficult, as four hops need to be considered in

a network employing cooperative relays, instead of two hopsin a network using distributed relays.

Additionally, we may compare the best BER achieved in Figure2.18, which we assumed the

AWGN MA/BC channels, with Figure 2.12. In Figure 2.12, the curve corresponding to the param-

eters ofm = 1, L = 6 shows that the BER at11 dB is well below10−5. This BER is much lower

than the best BER of1.47× 10−4 shown in Figure 2.18. From this comparison we are implied that

the BER predicted by applying ideal assumptions is far overoptimistic.

In Figure 2.20, we consider another example of power-allocation for the CMVC-TEGC-RP

assisted THCL system, when the S-R and R-D transmissions experience Nakagami-m fading with

msr = mrd = 3, and the average SNR is15 dB. As we can see, the OPA for the RP is achieved,

whenαr = 0.48. Hence, for the RP process demands a large portion of the total power to achieve

the OPA, when the S-R and R-D channels become better, in comparison with Figure 2.18.
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Figure 2.20: Effect of power-allocation factors on the BER performance of the CMVC-

TEGC-RP assisted THCL employing BPSK baseband modulation,when both the first and

second hop channels experience flat iid Nakagami-m fading, while the MA/BC channels

are AWGN channels.

Having shown the impact of power-allocation on the BER performance, below we further in-

vestigate the BER performance of the THCL systems employingvarious of RP schemes, when

the first and second hops as well as the MA/BC transmission experience independent Nakagami-m

fading. Note that, the results below were obtained by applying our proposed suboptimal power-

allocation (SOPA) scheme. In the context of the SOPA, the OPAis first found for a certain average
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SNR. Then, this OPA is used for a specified region of average SNR, instead of using a specific

OPA for each given average SNR, which demands high complexity. By this way, the SOPA scheme

provides a relatively low complexity of implementation, but does not cause noticeable error perfor-

mance loss.

THCL, AWGN RP, TEGC, msr=1, BPSK
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Figure 2.21: Comparison of BER performance of the THCL systems employing the

TEGC-DRP, CMRC-TEGC-RP and the CMVC-TEGC-RP, when the S-R and R-D chan-

nels are all flat Rayleigh fading channels, while the MA/BC channels are AWGN channel.

Figures 2.21 and 2.22 demonstrate the BER performance of theTHCL systems using the co-

operative RP, when the TEGC is employed (Figure 2.21) or the TMRC is employed (Figure 2.22).

For these figures, we assumed the AWGN channels for information exchange, and the first and

second hop channels experience iid Rayleigh fading. From these two figures, we can obtain the

following observations. First, in both figures, when considering the same number of relays and the

identical transmit preprocessing scheme, the CMRC aided cooperative RP always has the best BER

performance, and the CMVC aided cooperative RP outperformsthe distributed RP scheme, when

the SNR is sufficiently high. However, as shown in both figures, the BER curves of the distributed

RP intersect with the corresponding BER curves for the CMRC and CMVC aided cooperative RP.

Before the intersections, the distributed RP outperforms the CMRC or CMVC aided cooperative

RP. Second, for any of the RP schemes employed, the BER performance of the THCL systems

becomes better, as the number of relays increases. Third, when comparing these two figures, we

can see when the same number of relays is employed, the BER performance of the THCL with

the TEGC-DRP is better than that of the THCL with the TMRC-DRP, and the difference becomes

larger, as the number of relays increases. By contrast, for any given number of relays, the BER per-

formance of the THCL with the CMRC-TMRC-RP is slightly better than that of the THCL with the
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THCL, AWGN RP, TMRC, msr=1, BPSK
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Figure 2.22: Comparison of BER performance of the THCL systems employing the

TMRC-DRP, CMRC-TMRC-RP and the CMVC-TMRC-RP, when the S-R and R-D chan-

nels are all flat Rayleigh fading channels, while the MA/BC channels are AWGN channel.

CMRC-TEGC-RP. Similarly, for a given value ofL, the CMVC-TMRC-RP slightly outperforms

the CMVC-TEGC-RP in terms of BER performance.

From the above observations, we may conclude that the BER performance of the THCL systems

employing the distributed RP is dominated by the transmit preprocessing scheme employed. By

contrast, when the cooperative RP schemes are employed, theprocessing schemes used by the

IECU and by the relays impose impact on the BER performance ofthe THCL systems.

In Figures 2.23 and 2.24, we compare the BER performance of the THCL systems employing

the TEGC-DRP, CMRC-TEGC-RP and the CMVC-TEGC-RP, in order to illustrate the cost for the

cooperation among relays. Specifically, in Figure 2.23, allthe S-R, MA/BC and R-D channels are

assumed flat Rayleigh fading channels, while in Figure 2.24,the S-R and R-D channels are as-

sumed flat Rayleigh fading channels, while the MA/BC channels are assumed Nakagami-m fading

channels with a fading parametermma = 3. From the results of these two figures, we can explicitly

see that, for all the cases considered, the TEGC-DRP outperforms the CMVC-TEGC-RP. Hence,

for all these cases, no CMVC aided cooperation is desirable,as implementing the CMVC requires

extra complexity. By contrast, when comparing the TEGC-DRPwith the CMRC-TEGC-RP, we do

see that, in the cases ofL = 4 and6, the CMRC-TEGC-RP may outperform the TEGC-DRP, when

the average SNR is sufficiently high. However, for the case ofL = 10, the TEGC-DRP always

outperforms the CMRC-TEGC-RP. As the CMRC-TEGC-RP requires extra channel estimation

and centralized detection, its achievable BER performancewill be sensitive to the channel esti-
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THCL, Fading MA/BC, TEGC, mma=1, BPSK
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Figure 2.23: Comparison of BER performance of the THCL systems employing the

TEGC-DRP, CMRC-TEGC-RP and the CMVC-TEGC-RP, when the S-R,MA/BC and

R-D channels are all flat Rayleigh fading channels.

THCL, Fading MA/BC, TEGC, mma=3, BPSK
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Figure 2.24: Comparison of BER performance of the THCL systems employing the

TEGC-DRP, CMRC-TEGC-RP and the CMVC-TEGC-RP, when the S-R and R-D chan-

nels are flat Rayleigh fading channels, while the MA/BC channels are flat Nakagami-m

fading channels associated with a fading parametermma = 3.
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mation’s accuracy, in addition to the added complexity for the channel estimation and centralized

signal detection. When taking into account of all the above,we may conclude that the TEGC-DRP

constitutes a desirable and practical RP scheme. It has the relatively low-complexity for implemen-

tation, achieves diversity from the TEGC and yields less processing delay owing to no information

exchange required among relays.

THCL, CMVC/MUD-TEGC-RP, Fading RP, msr=1, mma=3, BPSK
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Figure 2.25: Comparison of BER performance of the THCL systems employing the

CMVC/MUD-TEGC-RP, when the S-R and R-D channels are flat Rayleigh fading chan-

nels, while the MA/BC channels are flat Nakagami-m fading channels associated with a

fading parametermma = 3.

Figure 2.25 shows the BER performance of the THCL systems with the CMVC/MUD-TEGC

aided cooperative RP forL = 4, 6, 10, when the MA/BC channels experience the flat Nakagami-m

fading withm = 3. From Figure 2.25 we can observe that, for all cases considered, the THCL sys-

tem with the CMVC/MUDs-TEGC-RP outperforms the THCL systemwith the CMVC-TEGC-RP

scheme. The BER performance gain of using the CMVC/MUD at theIECU over that of em-

ploying the CMVC at the IECU becomes larger, as the number of relays increases. Furthermore,

we can observe that the RMD/MS-MMSE MUD always achieves better BER performance than

the MMSE MUD, at the cost of slightly higher complexity. The performance advantage of the

RMD/MS-MMSE MUD over that of the MMSE MUD becomes bigger, as the number of relays

increases. For example, a2 dB of SNR gain can be obtained, whenL = 10. However, forL = 10

the CMVC/MMSE-TEGC-RP results in would have a high error rate than the CMVC-TEGC-RP,

when the average SNR is smaller than12 dB.
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2.6 Conclusions

In this chapter, we have introduced a so-called THCL system,which aims to accomplish a commu-

nication between a source node and a destination node with the aid of a cluster of relays, in order

to demonstrate the cost for relay cooperation and the challenges for performance analysis of this

type of systems. Three RP schemes have been investigated in association with the THCL system,

which are the distributed RP, ideal cooperative RP and the cooperative RP. When the distributed

RP is employed, the relays employ the DF relaying scheme, andthe signals are forwarded to the

destination with the aid of the MRC- or EGC-assisted transmit preprocessing scheme, which are

hence termed as the TMRC and TEGC, respectively. In the context of the ideal cooperative RP, we

assume that information exchange among relays can be accomplished without energy consumption,

which is also a typical assumption used in many existing references [46–49]. For the sake of in-

vestigating the cost of cooperation among relays, we have considered the cooperative RP scheme,

which assumes energy consumption for the information exchange among relays via the MA and

BC transmissions by invoking an IECU.

We have provided detailed analyses for the BER of the THCL systems employing various RP

schemes, when BPSK baseband modulation is assumed. We have derived the closed-form formu-

las for the average BER of the THCL systems with some of the considered ideal cooperative RP

schemes. In this chapter, we have proposed the novel approaches for obtaining the PDF of the sum

of Nakagami-m variables. Two approaches for obtaining the approximate PDF have been proposed.

The first one is called the Nakagami-TAp, and the second one isreferred to as the Nakagami-SAp.

With the aid of these two approaches, we have obtained the approximate average BER expres-

sions of the THCL systems employing the TEGC-DRP or the CMVC-TEGC-RP, when the first

and second hops are assumed to experience flat Nakagami-m fading, while the communications for

information exchange among relays suffers from flat Nakagami-m fading or only AWGN. Further-

more, when the CMRC scheme is used at the IECU, we have proposed the Gamma-AP approach

for finding the approximate PDF of the instantaneous SNR of the detection at the IECU. Further-

more, we have derived the average BER of the THCL systems employing the CMRC-TEGC-RP

scheme.

By comparing the numerical results with our simulation results, we have found that, when the

distributed RP or the cooperative RP is employed, the approximated average BER of the THCL

systems has some small deviations from that obtained by simulations, when the fading of commu-

nication channels is severe, whereas, they agree with each other, as the channel conditions become

better. When the ideal cooperative RP is employed, our results show that the average BER obtained

from analytical formulas agrees well with the BER obtained from simulations. Furthermore, we

have found that the first hop always requires a higher transmission power than the second hop,

in order to achieve the best BER performance, when the distributed RP is employed. When the

cooperative RP is employed, we have observed that, the cooperation among the relays for infor-
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mation exchange requires 30% ∼70% of the total system transmission power, in order to achieve

the best BER performance. Specifically, the cooperative RP aided THCL systems can outperform

the distributed PR aided THCL systems, when AWGN MA/BC channels are assumed. When the

same transmit preprocessing scheme is employed by the relays for the second hop transmission,

the CMRC aided cooperative RP achieves better BER performance than the CMVC aided cooper-

ative RP, but at the cost of higher complexity. However, the cooperative RP scheme may achieve

worse BER performance than the distributed RP, when the MA/BC links for information exchange

experience flat Rayleigh fading. By considering the BER performance and complexity, we may

conclude that the TEGC-DRP constitutes a desirable and practical RP scheme, which demands the

lowest complexity for implementation, but is capable of achieving the required BER performance,

especially, when the number of relays is relatively high.



Chapter 3
Resource Allocation in Single-cell

Downlink OFDMA Systems

3.1 Introduction

Multicarrier communication techniques, including the orthogonal frequency division multiplexing

(OFDM) and its multiuser extension of orthogonal frequencydivision multiple access (OFDMA)

[61], have been widely accepted as the key techniques for high-speed and broadband wireless com-

munications. Multicarrier and OFDM techniques employ a range of merits, including the capa-

bility of combating inter-symbol interference (ISI), low-complexity modulation/demodulation im-

plemented based on fast Fourier transform (FFT), dynamic resource allocation, etc. As wireless

communication systems are usually operated in time-varying fading environments, taking the ad-

vantage of the time-varying characteristics by dynamically allocating the communication resources,

which may include power, subcarrier, etc., is capable of providing promising energy and spectrum-

efficiency [62].

References show that dynamic resource allocation is capable of achieving significant gain over

fixed resource allocation, and various of resource allocation schemes have been proposed for differ-

ent multicarrier systems [62–70]. In more detail, bit-, subcarrier- and power-allocation algorithms

in [62, 63] have been designed in order to minimize the total transmission power, while the users’

transmission qualities are maintained, i.e., under certain error rates. Wonget al. [62] proposed an

iterative subcarrier-allocation algorithm followed by bits and power assignments. Whereas, in [63]

it considered jointly assignment of the bits, subcarriers and power for each user in a novel fast

way with low complexity. Moreover, in [64–68, 75], various sub-optimum joint subcarrier- and

power-allocation algorithms were proposed. Specifically,in [64] they proposed two computation-

ally inexpensive approaches for joint resource allocationwhere subcarrier-allocation was carried

out in two iterations. Considering the uplink OFDMA systems, the authors in [65, 75] have pro-
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posed the joint subcarrier- and power-allocation algorithms, which respectively aim at maximizing

the sum rate and the total utility of resources. A heuristic non-iterative subcarrier- and power-

allocation scheme has been proposed in [68] for the OFDMA by extending the order subcarrier

selection algorithm [76] for single user systems. Furthermore, in [69, 70], dynamic resource al-

location problems have been addressed with respect to the cross-layer optimization of OFDMA

systems. In more recently, some significant researches, such as [71–74] have also been dedicated

to the resource allocation in OFDMA systems. Specifically, in [71], multiple BSs are coordinated

to carry out the iterative subcarrier- and power-allocation to maximize the weighted sum of minimal

user rates. For the sake of reducing the complexity of allocation, the two-part papers [73, 74] have

studied the chunk-based subcarrier-allocation in downlink OFDMA systems. The first part [73]

has proposed the average SNR- and BER-based chunk allocation schemes in order to maximize

the system throughput when considering the average BER constraint over a chunk transmission.

While the part two [74] has proposed a joint chunk-, power- and bit-allocation, in which, a range

of system parameters including power constraint, number ofusers, coherent bandwidth, number of

subcarriers and chunks are introduced and their impacts on the average throughput are studied.

A range of researches in [77–89], have designed and studied subcarrier-allocation algorithms

for the downlink OFDMA systems. Specifically, in relation toour studies in this chapter, the greedy

algorithm without considering the fairness has been applied for subcarrier-allocation in [78], in or-

der to maximize the sum rate of OFDMA systems. Furthermore, in [78], the water-filling power-

allocation has been employed. By contrast, authors in [79] addressed a fair subcarrier-allocation

algorithm, providing equal data rate for all users. The fairgreedy algorithm has been introduced

by [80, 82] for subcarrier-allocation, however, its error performance is usually poor. For this sake,

its extensions have been proposed, which include the worst user first (WUF) greedy algorithm [85]

and the maximal greedy algorithm [86]. In more detail, underthe WUF greedy algorithm, sub-

carriers are allocated in an order from the user with the worst average subchannel quality to the

user with the best subchannel quality. This algorithm may beinefficient when operated in highly

frequency-selective fading channels, as, in this case, theaverage channel qualities of all users may

be similar. When the maximal greedy algorithm is employed, the above-mentioned fair greedy al-

gorithm is repeatedly applied in the context of different user orders. Finally, the allocation giving

the highest reliability, such as SNR, is chosen as the allocation results. While the WUF algorithm is

inefficient in highly frequency-selective fading channels, the maximal greedy algorithm’s complex-

ity is dependent on the number of iterations of applying the greedy algorithm, which might be very

high. In [83], a so-called worst subcarrier avoiding (WSA) algorithm has been proposed, which

allocates the subcarriers based on the greedy algorithm in an order from the subcarrier holding

the lowest subchannel quality. In this way, the(M − 1) worst subcarriers can always be avoided

assigning to users, if a multicarrier system withM subcarriers is considered. The WSA algorithm

can be viewed another extension of the fair greedy algorithm. However, the error performance of

the WSA algorithm usually significantly outperforms that ofthe greedy, WUF greedy and maximal
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greedy algorithms. It has been shown that the performance achieved by the WSA algorithm is close

to that of the Hungarian algorithm [185], which is recognized as the optimum subcarrier-allocation

algorithm, but of high-complexity.

Except the maximal greedy algorithm, the other greedy-based subcarrier-allocation algorithms

employ the merit of low-complexity. However, when fair subcarrier-allocation is considered, the

greedy and WUF algorithms often force the users of choosing their subcarriers at the latest stages

to accept the subcarriers possibly with very poor qualities. Although the WSA algorithm is able to

avoid assigning users a number of worst subchannels, it doesnot care about whether the allocated

subcarriers are the best subchannels. Furthermore, in the WSA algorithm [83], the subcarrier-

allocation order identified at the start of the algorithm is fixed during the whole allocation process,

regardless of whether the situation might be changed after some subcarriers are allocated.

Based on the above observations, in this chapter, we design and compare two novel low-

complexity subcarrier-allocation algorithms, and compare them with some other related subcarrier-

allocation algorithms proposed in literature. In additionto low-complexity, our algorithms motivate

to assign users the sets of subchannels with the best possible qualities, in order to maximize the at-

tainable reliability (throughput) but without making a trade-off with the achievable throughput (re-

liability), which, however, exists in some existing subcarrier-allocation algorithms, such as, the fair

greedy subcarrier-allocation algorithm. In order to achieve our objectives, our subcarrier-allocation

algorithms are operated either by identifying the worst subchannels or by seeking the best subchan-

nels at the start of the algorithms, forming the so-called bidirectional worst subchannel avoiding

(BWSA) and best subchannel seeking (BSS) algorithms. Our BWSA algorithm represents an ex-

tension of the WSA algorithm. In the WSA algorithm [83], according to the fixed allocation order

identified at the start of the algorithm, a subcarrier is assigned to the best user, while avoiding the

worst subchannel. Hence, the WSA algorithm is an one-dimensional worst subchannel avoiding

algorithm. By contrast, in our BWSA algorithm, first, the worst subchannel, which has the low-

est subchannel quality, of the remaining subchannels is found at each of the allocation iterations.

Then, for an identified worst subchannel at an allocation iteration, the best subchannel is assigned

by considering both the subcarrier direction and the user direction, while also with the objective to

avoid the other poorest subchannels for the following allocations. Therefore, our BWSA algorithm

is a two-dimensional worst subchannel avoiding algorithm,which has a higher diversity order than

the WSA algorithm [83], and, hence, has the merit to further improve the WSA algorithm. The

BSS algorithm aims at allocating all users the subchannels with the best qualities. In a little more

detail, the BSS algorithm first finds a subchannel subset containing a number of best subchannels.

Then, subcarrier-allocation is carried out in the greedy principles based on the subchannel subset

obtained.

After the subcarrier-allocation, power-allocation is either based on the principles of channel-

inverse [84] in order to maximize the reliability for a givenbaseband modulation scheme, or based

on the principles of water-filling [78] to maximize system’ssum rate. In this chapter, the error
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and spectrum-efficiency performance of the BWSA and BSS algorithm are investigated and com-

pared, which are also compared with that of a range of greedy-based algorithms as well as that of

the optimal Hungarian algorithm. Our studies and performance results show that, both the BWSA

and BSS algorithms have the merits to provide promising performance. While the BWSA algo-

rithm outperforms the WSA and other greedy-based sub-optimum algorithms, the BSS algorithm

may outperform as well the BWSA algorithm, especially, whenit is operated in the relative large

OFDMA systems of using a large number of subcarriers to support a range of users, which are true

in practical systems. Furthermore, we demonstrate that theboth the BWSA and BSS algorithms

can attain their promising reliability without making trade-off with the achievable throughput.

In this chapter and the following three chapters, we focus onthe resource allocation in the

downlink multicarrier systems, both power- and subcarrier-allocation are addressed. Note that, our

proposed subcarrier-allocation algorithms can be directly employed for the uplink communications

via some information exchange between the BS carrying out the allocation and the mobile terminals

controlled by the BS. By contrast, the power-allocation in the uplink communications need to be

modified according to the transmitting power constraints oneach individual users.

The rest of this chapter is organized as follows. Section 3.2introduces the system model

and gives the main assumptions. Section 3.3 discusses the general principle of the power- and

subcarrier-allocation algorithms. Section 3.4 introduces two famous power-allocation schemes in-

cluding the channel-inverse and the water-filling algorithms. Section 3.5 overviews some existing

subcarrier-allocation algorithms and discusses their strengths and weaknesses. Sections 3.6 and

3.7 introduce the proposed subcarrier-allocation algorithms, and analyze their characteristics. Sec-

tion 3.8 analyzes the complexity with the subcarrier-allocation algorithms considered. Section 3.10

shows and evaluates the BER and spectrum-efficiency simulation results. At last, conclusions are

made in Section 3.11.

3.2 System Model

The considered downlink OFDMA system consists of one base station (BS) supportingK mobile

users. We assume that each of the communication terminals, including the BS andK mobile users,

employs one antenna for receiving and transmission. For thesake of clarity, the main variables and

notations used in this chapter are summarized as follows:

K number of mobile users;

K set of user indexes, defined asK = {0, 1, . . . , K− 1};

M number of subcarriers of OFDMA system;

M set of subcarrier indexes, defined asM = {0, 1, . . . , M− 1};
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Q set of numbers of subcarriers allocated to theK users,Q = {q0, q1, . . . , qK−1}, whereqk is the

number of subcarriers assigned to userk;

Qk set of data stream indexes of userk, defined asQk = {0, 1, . . . , qk − 1};

hk,m fading channel gain of subcarrierm of userk;

Fk set of indexes of theqk subcarriers assigned to userk;

F̃k set of indexes of the candidate subcarriers for userk;

|F| cardinality of the setF , i.e., the number of elements in the set|F|;

Ak,m subchannel quality of subcarrierm of userk, Ak,m = |hk,m|2/Nk, whereNk is the noise

variance for userk;

Pk,m transmission power for subcarrierm of userk, wherei ∈ Fk;

P total transmission power of BS,P = ∑k∈K ∑m∈Fk
Pk,m.

In this chapter, we consider the fair subcarrier-allocation, which assigns all the users the same

number of subcarriers, and assume that each subcarrier can only be assigned to one user. Therefore,

we have the expressions of

∑
k∈K
Fk =M (3.1)

|Fk| = Q, ∀k ∈ K (3.2)

Fk

⋂

Fl = ∅, if k 6= l, ∀k, l ∈ K (3.3)

where∅ means an empty set. The channels between the BS and mobile users are assumed to

experience frequency-selective Rayleigh fading withLp number of resolvable paths in the time-

domain.

In Figure 3.1, it shows the schematic for resource allocation in the downlink OFDMA systems.

In the considered OFDMA systems, we assume that the uplinks and downlinks are operated in

the time-division duplex (TDD) mode. Hence, an uplink channel and its corresponding downlink

channel can be assumed to be reciprocal. In this way, the BS iscapable of obtaining the knowledge

of all theKM downlink subchannels{hk,m}, and all the subchannel qualities{Ak,m} for ∀k ∈ K,

and∀i ∈ M. Therefore, given the transmission power ofPk,m, the instantaneous SNR of subcarrier

m of userk can be expressed as

γk,m =
Pk,m|hk,m|2

Nk
= Pk,m Ak,m, k ∈ K, m ∈ M (3.4)

whereNk is the noise power of AWGN at mobile userk. For simplicity, we assume all the users

have the same noise power, and we haveNk = 1/γ̄s, ∀k ∈ K whereγ̄s denotes the average SNR

per symbol.
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Figure 3.1: Schematic for resource allocation in the downlink OFDMA systems

Note that in this chapter we consider the most difficult scenario in the downlink OFDMA sys-

tems, all theM subcarriers have to allocate to users, as described in (3.1). It is straightforward

that we can relax the constraint to the case that part of subcarriers are assigned to users, i.e.

∑k∈K qk ≤ M, in which case, all the considered allocation algorithms can also be used in the

considered systems, and the system’s performance can be significantly improved. Furthermore, for

the considered power- and subcarrier-allocation algorithms, we also have the conventional fairness

constraint that each user is assigned the same number of subcarriers, as shown in (3.2). Interest-

ingly, these algorithms can be extended to the scenarios that the proportional fairness is assumed,

which is given by

R0 : R1 : . . . : RK−1 = v0 : v1 : vK−1 (3.5)

whereRk is the achievable data rate of userk, andvk is the corresponding rate proportion.

For the sake of simplicity, the subcarrier- and power-allocation are carried out seperately, which

will be respectively detailed in the following sections. Note that, as the studies in [84] show, the

power- and subcarrier-allocation can be carried out independently without performance loss, when

optimum power-allocation is employed. Furthermore, it wasshown in [68, 84] that the channel-

inverse power-allocation is optimum in terms of maximizingthe minimum SNR of users, as a

result, minimizing the average BER of the systems. Therefore, we use the channel-inverse power-

allocation scheme in this chapter. The water-filling power-allocation is also a widely used scheme,

and can be employed to optimize the sum rate of the systems [186,187].
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3.3 General Theory

In an OFDMA system havingM subcarriers, when the power- and subcarrier-allocation aim to

maximize the system reliability, the ultimate objective isto minimize the average BER. Hence, the

optimization problem for power- and subcarrier-allocation can be described as

∪{Fk, Pk}∗ =arg min
∪{Fk,Pk}

{P̄e}

=arg min
∪{Fk,Pk}

{

1

M ∑
k∈K

∑
q∈Qk

P̄
(k,q)
e

}

(3.6)

s.t. (3.1), (3.2), (3.3), and

∑
k∈K

∑
q∈Qk

Pk,q = P (3.7)

where “s.t.“ stands for subject to, and̄Pe denotes the system’s average BER andP̄
(k,q)
e denotes

the average BER of theqth data stream of userk. In (3.8),∪{Fk, Pk} stands for testing all the

possible candidates for all users, while∪{Fk, Pk}∗ contain the final results for subcarrier- and

power-allocation of all the users. In practice, however, itis often very hard to solve the optimization

problem of (3.8). Nevertheless, in OFDMA and other multicarrier communications employing the

same data modulation schemes, the average BERP̄e is usually dominated by the subcarrier with the

lowest SNR [84]. In this thesis, we assume the same baseband modulation scheme when reliability

is concerned. In this case, as shown in [75, 83, 188], the power- and subcarrier-allocation schemes

can be designed to maximize the minimum SNR of subcarriers, which can be expressed as

∪{Fk, Pk}∗ =arg max
∪{Fk,Pk}

{

min
k∈K,q∈Qk

{γk,q}
}

(3.8)

s.t. (3.1), (3.2), (3.3) and (3.7).

In this chapter, we aim to maximize the SNR of all subcarriers, in contrast to maximizing only

the minimum SNR of the subcarriers as done in [75,83,188], sothat the sub-optimum solution can

be found in terms of minimizing the average BER of the system.Correspondingly, our optimization

problem can be described as

∪{Fk, Pk}∗ =arg max
∪{Fk,Pk}

{
γk,q, k ∈ K, q ∈ Qk

}
(3.9)

s.t. (3.1), (3.2), (3.3) and (3.7).

The philosophy behind can be explained as follows.

It has been demonstrated in [83, 84] that power- and subcarrier-allocation can be carried out

separately without loss of much performance but having muchlower complexity. Therefore, we as-

sume that the power- and subcarrier-allocation are executed separately in two steps. Following the

implementation of subcarrier-allocation, the power-allocation is carried out, according to the chan-

nels of the subcarriers allocated to different users. Therefore, our subcarrier-allocation algorithm is
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designed for optimizing

∪{Fk}∗ =arg max
∪{Fk}

{
γk,q, k ∈ K, q ∈ Qk

}
(3.10)

s.t. (3.1), (3.2), and (3.3).

In this chapter, the channel-inverse power-allocation is employed in order to minimize the av-

erage BER of the system, and it has been proved to be optimum interms of maximizing the reli-

ability [84]. Our proposed subcarrier-allocation will be designed in conjunction with the channel-

inverse power-allocation algorithm, which aims at minimizing the average BER of the system.

The water-filling power-allocation algorithm was designedfor maximizing the system through-

put [189, 190]. Hence, we will also compare the throughput (spectrum-efficiency) of the system

employing various subcarrier-allocation algorithms, when the water-filling power-allocation algo-

rithm is used. In the next section, we will briefly discuss thechannel-inverse and the water-filling

power-allocation algorithms.

3.4 Power-Allocation Algorithms

In this section, we will introduce the channel-inverse and the water-filling power-allocation algo-

rithms. Furthermore, along with the considered power-allocation algorithms, we will continue to

discuss the general theory for the resource allocation in the downlink OFDMA systems, and focus

on the issue of designing the subcarrier-allocation.

3.4.1 Channel-Inverse Power-Allocation Algorithm

In the context of the channel-inverse assisted power-allocation, the power allocated to a subcarrier

of a user is inversely proportional to the corresponding subchannel quality. The more power allo-

cates to the one with less reliable subchannel quality, and vice versa. In that case, it guarantees that

all the subchannels have a similar quality of service. Consequently, according to [84], given the

subchannel qualities{Ak,j} of the subcarriers allocated to theK users, the power is allocated as

Pk,q = P

(

∑
l∈K

∑
i∈Ql

A−1
l,i

)−1

A−1
k,q , q ∈ Qk, k ∈ K. (3.11)

Furthermore, as shown in [83], after the above power-allocation, theqth sub-stream of userk ob-

tains the SNR of

γk,q = γc = P

(

∑
l∈K

∑
i∈Ql

A−1
l,i

)−1

, q ∈ Qk, k ∈ K. (3.12)

Note that, (3.12) shows that the SNR is independent of the indexesk andq, implying that all the

sub-streams of all the users attain the same SNR and, hence, they have the same error probability.
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Furthermore, as shown in (3.10), our subcarrier-allocation algorithm aims to maximize the SNR

of all the subcarriers of all the users. Therefore, when the channel-inverse assisted power-allocation

is employed, from (3.12) we can be implied that, in order to maximize the SNRγc, we need to solve

the subcarrier-allocation optimization problem of

∪{Fk}∗ =arg max
∪{Fk}







(

∑
l∈K

∑
i∈Ql

A−1
l,i

)−1





(3.13)

s.t. (3.1), (3.2), and (3.3).

In order to solve the above optimization problem, we may needto execute exhaustive search

or implement the optimum Hungarian algorithm [185]. The principles of the Hungarian algorithm

can be found in many references, such as in [185, 191], and we will also detail its principles in

Section 4.3. However, these algorithms have high complexity, preventing them from practical

implementation, when the number of subcarriers is relatively high, which is usually the case in the

LTE/LTE-A systems.

In this chapter, we aim for designing the relatively low-complexity sub-optimum algorithms,

which are capable of achieving the performance close to thatobtained by solving the optimum

problem of (3.13). Specifically, from (3.12) we can be implied that, in order for the SNR to achieve

the maximum, it is expected that the allocated subcarriers should the ones with the largest possi-

ble values in{Ak,q} of containing theKM candidates. Therefore, our optimization problem for

subcarrier-allocation can be stated as

∪{Fk}∗ = arg max
∪{Fk}

{
Ak,q, k ∈ K, q ∈ Qk

}
,

, arg min
∪{Fk}

{

A−1
k,q , k ∈ K, q ∈ Qk

}

, (3.14)

s.t. (3.1) (3.2) and (3.3).

In order to find a solution approximately solving (3.14), we may either start from the worst subchan-

nel side, motivating to avoid a maximum number of worst subchannels of theKM subchannels, or

start from the best subchannel side to directly allocate thesubcarriers corresponding to the best

possible subchannels. These are the motivations for us to design the proposed subcarrier-allocation

algorithms, as detailed in our forthcoming discourses.

Explicitly, the optimization problem of (3.14) also fulfills the objective to maximize the sum

rate of an OFDMA system, when subcarrier and power are allocated separately. This is because,

for a given total transmission power and water-filling assisted power-allocation, the best subset of

subchannels also yields the highest sum rate. When given thebest set of subcarriers having the

subchannel qualities{A∗k,q}, the sum rate can be expressed as

C = ∑
k∈K

∑
q∈Qk

log2

(

1 + P∗k,q A∗k,q

)

. (3.15)
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3.4.2 Water-Filling Power-Allocation Algorithm

The water-filling assisted power-allocation was found as the optimum solution for maximizing the

sum rate of system [190]. For a given subcarrier-allocation, the optimization problem for maximiz-

ing the system’s throughput can be expressed as

∪{Pk}∗ = argmax
∪{Pk}

∑
k∈K,q∈Qk

log
(
1 + Pk,q Ak,q

)
(3.16)

s.t. (3.7).

The above objective function is jointly concave in powers, and the optimization problem can be

solved by the Lagrangian method, resulting in the the water-filling power-allocation. LetΦ be the

water-filling level, according to the algorithm, the power allocated to data-streamq of userk can be

given by

Pk,q =

[

Φ− 1

Ak,q

]+

(3.17)

where[x]+ = max{0, x}, and the water-filling levelΦ is set to satisfy the requirement of

∑
k∈K

∑
q∈Qk

Pk,q ≤ P. (3.18)

Subcarriers0 1 2 3 4 5 6 7

P2,1

Φ

1/Ak,m

Figure 3.2: An example for water-filling power-allocation in the downlink OFDMA sys-

tem with M = 8 subcarriers

According to (3.17), we know that more power is allocated forthe subchannel with better

quality, and no power is assigned when the subchannel quality is lower than the inverse of water

level, i.e.,Ak,q ≤ 1/Φ. We can readily find that the water-filling algorithm has a counter-operation

of the channel-inverse power-allocation algorithm. Furthermore, Figure 3.2 shows a pictorial view

of the water-filling algorithm employed by an OFDMA systems,where M = 8 subcarriers are
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Table 3.1: An Example for Channel Qualities ofM = 8 Subcarriers of theK = 8 Users.

Users

Scrs
0 1 2 3 4 5 6 7

0 0.45 5.19 1.94 3.24 5.27 1.59 0.16 4.24

1 4.95 14.92 0.50 0.79 2.04 16.91 0.48 0.36

2 1.78 2.78 0.92 6.58 3.14 5.23 0.54 0.99

3 2.91 0.33 5.97 0.41 0.49 2.20 8.87 1.64

4 2.11 1.22 3.12 1.72 4.37 1.82 5.17 0.23

5 9.53 1.34 1.27 3.90 3.36 3.07 0.63 5.15

6 4.83 2.58 4.26 0.56 2.14 8.15 1.16 1.87

7 5.49 0.48 5.38 3.74 1.68 2.01 0.84 0.15

considered. Seen from the figure, the power is allocated to the subcarriers of users with the inverse

of subchannel qualities under the water levelΦ, which is as pouring water to a vessel.

3.5 Existing Subcarrier-Allocation Algorithms

In this section, we review the principles of some representative subcarrier-allocation algorithms,

including the greedy algorithm, the WSA algorithm, and the maximal greedy algorithm. For clarity,

we discuss the three schemes using an example, which employsM = 8 subcarriers to supportK =

8 mobile users. Therefore, each subcarrier can only be allocated to one user and, correspondingly,

we haveqk = 1, ∀k ∈ K. Let us assume that the subchannel qualities of the eight subcarriers of the

eight users are given in Table 3.1, where the first row and firstcolumn denote the subcarrier indexes

and user indexes, respectively. With the aid of this example, we now discuss the advantages and

disadvantages of the existing algorithms considered. In the next section, the proposed subcarrier-

allocation algorithm will be described. Note that, our proposed algorithm aims to minimize the

average BER of the system, and hence, we assume that the channel-inverse power-allocation is

used for the example considered. Let us now consider the greedy algorithm.

3.5.1 Greedy Algorithm

The greedy algorithm has been designed to maximize the sum rate of the system, and aims to solve

the optimization problem that can be expressed as

∪{Fk}∗ =arg max
∪{Fk}

{

∑
l∈K

∑
i∈Ql

Al,i

}

(3.19)

s.t. (3.1) (3.2) and (3.3).

Note that, unless specifically notified, in this chapter, thegreedy algorithm considered isfair greedy

algorithm, which allocates all the users the same number of subcarriers.



3.5.2. WUF Greedy Subcarrier-Allocation Algorithm 79

In the context of the greedy algorithm [80], subcarriers areallocated one-by-one from the first

to the last, and a subcarrier is simply allocated to the user with the best subchannel quality among

the users having not obtained their required number of subcarriers. After a user obtains its required

number of subcarriers, it is then removed from the list of users for further subcarrier-allocation. For

the example of Table 3.1, the subcarrier-allocation is carried out one-by-one from subcarrier0 to 7.

The operation of the Greedy algorithm can be described as theallocation matrix shown below























S0 S1 S2 S3 S4 S5 S6 S7

U0 0.45 5.19 1.94 3.24 5.27 1.59 0.16 4.24

U1 4.95 14.92 0.50 0.79 2.04 16.91 0.48 0.36

U2 1.78 2.78 0.92 6.58 3.14 5.23 0.54 0.99

U3 2.91 0.33 5.97 0.41 0.49 2.20 8.87 1.64

U4 2.11 1.22 3.12 1.72 4.37 1.82 5.17 0.23

U5 9.53 1.34 1.27 3.90 3.36 3.07 0.63 5.15

U6 4.83 2.58 4.26 0.56 2.14 8.15 1.16 1.87

U7 5.49 0.48 5.38 3.74 1.68 2.01 0.84 0.15
























. (3.20)

Explicitly, in (3.20), the underlined subchannel qualities indicate the allocation result. For

subcarrier 0, sinceA5,0 = 9.53 is the best subchannel quality among{A1,0, . . . , A7,0}, subcar-

rier 0 is allocated to user 5. Likewise, subcarrier 1 selectsthe best from the available users,

{0, 1, 2, 3, 4, 6, 7}, and obtains user 1. Similarly, as shown in (3.20), subcarriers 2 to 7 choose

respectively their best users from their available options, according to the subchannel qualities. Fi-

nally, we can obtain the subcarrier-allocation results:F0 = {4},F1 = {1},F2 = {3},F3 = {2},
F4 = {6}, F5 = {0}, F6 = {5}, F7 = {7}. The corresponding subchannel qualities are

{5.27, 14.92, 6.58, 5.97, 5.17, 9.53, 8.15, 0.15}. It can be seen that the minimum subchannel qual-

ity of the subcarriers allocated ismink∈K,j∈Fk
{Ak,j} = 0.15. Let us assume that the total transmit

power P is 1. When the channel-inverse power-allocation is employed, it can be shown that the

achieved SNR given by (3.12) isγc = 0.13.

The main drawback of the greedy algorithm is that the subcarriers assigned later are left with

fewer options. In this case, they might have to choose the users of poor subchannel qualities. In

the above example, subcarrier 7 is forced to allocate to user7 having the poor subchannel quality

of 0.15, as there are no other options. As the result, the overall attainable SNR becomes relatively

low, which may significantly degrade the error performance of the system.

3.5.2 Worst User First Greedy Subcarrier-Allocation Algorithm

The worst user first (WUF) greedy algorithm motivates to improve the greedy algorithm’s perfor-

mance, and it arranges the users in ascending order according to their average subchannel quali-

ties [85]. In that case, the users with worst average subchannel qualities choose their subcarriers

first in the principle of the greedy algorithm.
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For the example considered, the WUF greedy algorithm first orders the eight users according to

their average subchannel qualities. Then, we have the user order{4, 7, 2, 0, 3, 6, 5, 1}, since user4

has the worst average subchannel quality while user7 has the best one. The allocation process can

be seen as the matrix below























S0 S1 S2 S3 S4 S5 S6 S7

U4 2.11 1.22 3.12 1.72 4.37 1.82 5.17 0.23

U7 5.49 0.48 5.38 3.74 1.68 2.01 0.84 0.15

U2 1.78 2.78 0.92 6.58 3.14 5.23 0.54 0.99

U0 0.45 5.19 1.94 3.24 5.27 1.59 0.16 4.24

U3 2.91 0.33 5.97 0.41 0.49 2.20 8.87 1.64

U6 4.83 2.58 4.26 0.56 2.14 8.15 1.16 1.87

U5 9.53 1.34 1.27 3.90 3.36 3.07 0.63 5.15

U1 4.95 14.92 0.50 0.79 2.04 16.91 0.48 0.36
























. (3.21)

After the user ordering, the subcarrier-allocation for each user is the same as that for the greedy

algorithm. Explicitly, for user4, as shown in (3.21), subcarrier6 has the best subchannel quality

among all subcarriers, therefore, user4 is assigned with subcarrier6. Similarly, the remaining

users select their subcarriers. Finally, we can obtain the subcarrier-allocation results:F0 = {1},
F1 = {4}, F2 = {3}, F3 = {2}, F4 = {6}, F5 = {7}, F6 = {5}, F7 = {0}. It can be seen

that the minimum subchannel quality of the subcarriers allocated ismink∈K,j∈Fk
{Ak,j} = 2.04.

Then, it can be shown that the achieved SNR isγc = 0.59 according to (3.12), when assuming the

total transmit powerP is 1.

From the allocation results, we can clearly observe that theWUF greedy algorithm can outper-

form the greedy algorithm. By ordering the users, it avoids assigning subcarrier7 to user7, which

happened under the greedy algorithm and this significantly degrades the BER performance of the

system. However, the average subchannel qualities of the users cannot reflect the worst subchannel

qualities of the users. In some cases, the WUF greedy algorithm still cannot avoid assigning the

worst subchannel qualities to the users. Therefore, the WUFgreedy algorithm is not an efficient

way of subcarrier-allocation in terms of maximizing the system reliability.

3.5.3 Maximal Greedy Subcarrier-Allocation Algorithm

The maximal greedy algorithm [86] aims to maximize the sum ofsubchannel qualities, i.e., to

maximize∑k∈K ∑j∈Fk
Ak,j in this chapter. Under this algorithm, the conventional greedy algorithm

[80] is iteratively operated by ordering the subcarriers involved in different ways to obtain the

various sets of allocation results. At the end, the set of allocation results achieving the maximum

of the total subchannel quality is chosen as the final allocation result. Considering the example of

Table 3.1, the principles of the maximal greedy algorithm can be explained as follows.

Let us assume that, during the first iteration, the greedy algorithm is operated with the subcarrier
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order of{0, 1, 2, 3, 4, 5, 6, 7}. Then, the allocation results are the same results as that described in

Section 3.5.1. Correspondingly, the sum of subchannel qualities of the allocated subcarriers is

∑k∈K ∑j∈Fk
Ak,j = 55.74. During the second iteration, let us assume that the subcarrier order is

{0, 1, 2, 3, 7, 6, 5, 4}. Then, using the greedy algorithm again, we obtain the subcarrier-allocation

results:F0 = {7}, F1 = {1}, F2 = {3}, F3 = {2}, F4 = {6}, F5 = {0}, F6 = {5}, F7 =

{4}. It can be shown that the sum of subchannel qualities becomes∑k∈K ∑j∈Fk
Ak,j = 56.24,

which is larger than that obtained from the first iteration. Therefore, the allocation results obtained

from the second iteration are taken as the final subcarrier-allocation results, if only two iterations

are used. Straightforwardly, more than two iterations may be used. Furthermore, subcarriers can

be ordered either randomly or in a pre-specified way.

Although the maximal greedy algorithm is capable of improving the error performance of the

multicarrier system, it is however a search algorithm, the achievable performance of which de-

pends on the size of the searching space, i.e., the number of iterations. In order to reach a target

of the total subchannel quality, sometimes, many iterations might be required, which demands a

high complexity. Additionally, the maximal greedy algorithm does not motivate to maximize the

achievable SNR, as given in (3.12), of the system. Hence, theattained SNR is not necessary close

to the maximum SNR possible. Specifically, for the above considered example, when the channel-

inverse power-allocation is employed, the SNR obtained after two iterations isγc = 0.61, which is

significantly higher than that obtained by the greedy algorithm.

3.5.4 Worst Subcarrier Avoiding Subcarrier-Allocation Al gorithm

The WSA algorithm is designed to avoid assigning users the subcarriers having the worst subchan-

nel qualities [83]. The principles of the WSA algorithm can also be illustrated with the aid of the

example shown in Table 3.1. The allocation process can be described as follows in association with

the matrix























S7 S6 S1 S3 S0 S4 S2 S5

U0 4.24 0.160.160.16 5.19 3.24 0.450.450.45 5.27 1.94 1.591.591.59

U1 0.36 0.48 14.92 0.79 4.95 2.04 0.500.500.50 16.91

U2 0.99 0.54 2.78 6.58 1.78 3.14 0.92 5.23

U3 1.64 8.87 0.330.330.33 0.410.410.41 2.91 0.490.490.49 5.97 2.20

U4 0.23 5.17 1.22 1.72 2.11 4.37 3.12 1.82

U5 5.15 0.63 1.34 3.90 9.53 3.36 1.27 3.07

U6 1.87 1.16 2.58 0.56 4.83 2.14 4.26 8.15

U7 0.150.150.15 0.84 0.48 3.74 5.49 1.68 5.38 2.01
























(3.22)

where the boldfaced values represent the worst subchannel qualities of the subcarriers, while the

underlined values corresponds to the subcarriers assignedto users.

In detail, under the WSA algorithm, for each of the subcarriers, the worst subchannel quality of
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the users is first identified, which are represented by boldface values in (3.22). Then, the subcarri-

ers are arranged in ascent order according to the worst channel qualities as{7, 6, 1, 3, 0, 4, 2, 5}, as

shown in (3.22), where the elements are the subcarrier indexes. Then, subcarriers are allocated to

users one-by-one in the above-derived order, by following the principles of the greedy algorithm,

as described in Section 3.5.1. As shown in (3.22), the algorithm starts the allocation of subcarrier

7, which is assigned to user5, as user5 has the best subchannel quality. Similarly, the remaining

subcarriers are assigned to the remaining users in the derived order. Finally, it can be shown that

the subcarrier-allocation results areF1 = {1}, F2 = {3}, F3 = {6}, F4 = {2}, F5 = {7},
F6 = {5}, F7 = {0}. The corresponding subchannel qualities of the subcarriers allocated are

{5.27, 14.92, 6.58, 8.87, 3.12, 5.15, 8.15, 5.49}. Hence, the minimum subchannel quality of the al-

located subcarriers ismink∈K,j∈Fk
{Ak,j} = 3.12, which is significantly higher than that obtained

by the greedy algorithm of Section 3.5.1. Furthermore, according to (3.12) and assumingP = 1,

the achieved SNR isγc = 0.75, which is also much larger than that obtained by the greedy algo-

rithm.

The WSA algorithm can avoid assigning users the subcarriershaving the worst subchannel

qualities. Hence, in comparison with the greedy algorithm,the minimum subchannel quality of the

subcarriers allocated by the WSA algorithm may be significantly improved, ensuring a better error

performance of the system, as demonstrated in [83]. However, while avoiding the worst subcarri-

ers, the WSA algorithm does not motivate to maximize the subchannel quality of every subcarrier

allocated, which leaves some space for further improving the achievable error performance of the

system.

3.6 Bidirectional Worst Subchannel Avoiding Subcarrier-Allocation

Algorithm

In this section, we first describe the principles of the proposed bidirectional worst subchannel avoid-

ing (BWSA) algorithm and then discuss its characteristics.

3.6.1 Principles of Bidirectional Worst Subchannel Avoiding Subcarrier-Allocation

Algorithm

The BWSA algorithm aims at maximizing the SNR of subcarriers, as shown in (3.10), by avoiding

the worst subchannels as many as possible. As discussed in Section 3.5.4, the WSA algorithm

has been designed to avoid the worst subchannels. However, it has the potential to be improved

by our proposed BWSA algorithm, as detailed below. First, let us use an example to illustrate the

principles of the BWSA algorithm. In the example, we assumeM = 8 andK = 8, the one shot of

64 subchannel qualities are given in Table 3.1.
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As our discussion in Section 3.5.4 shows, when the WSA algorithm is operated, subcarriers

1 and 3 are allocated at iteration3 and iteration4, since A3,1 and A3,3, both belong to user3,

are the third and fourth minimum worst subchannel qualities. However, user3 cannot be the op-

tion for either subcarrier1 or subcarrier3, as user3 has already been assigned subcarrier6 dur-

ing the second iteration. In this case, further consideringuser3 after the second iteration makes

the subcarrier-allocation less profitable. Instead, it is more profitable to carry out the remaining

subcarrier-allocation without invoking user3. Consequently, at iteration3, allocation of subcarrier

0 should be considered, as the worst subchannel quality of0.45 held by subcarrier0 is the minimum

of the remaining6 subcarriers for the remaining users. Furthermore, the WSA algorithm can be

viewed as a subcarrier-oriented algorithm, where subcarrier-by-subcarrier is allocated by finding

the best user among the available ones for a subcarrier. Explicitly, subcarriers can also be allo-

cated in a user-oriented way, where user-by-user is allocated a subcarrier with the best subchannel

quality among the remaining subcarriers. Furthermore, theabove-mentioned subcarrier-oriented

and user-oriented ways may be jointly operated to maximize the diversity by avoiding the worst

subchannels as many as possible. Our BWSA algorithm is designed based on the above-mentioned

observations, which is described with the aid of the exampleshown in Table 3.1 associated with the

operations shown in Figure 3.3. In Figure 3.3, the circled numbers indicate the allocation iterations,

the triangles represent the worst subchannel qualities that are avoided at the corresponding itera-

tions identified by the associated numbers, while the squares represent the second worst subchannel

qualities that are avoided at the corresponding iterationsexplained by the attached numbers. Finally,

the locations with the mark ‘
√

’ give the allocation results.

As Table 3.1 shows,A7,7 = 0.15 is the lowest subchannel quality in the table. Hence, the

BWSA algorithm will first avoid this worst subchannel quality during iteration1. Furthermore,

while avoiding this worst subchannel quality, the BWSA algorithm also aims to avoid the second

worst one related to this worst subchannel quality. Specifically, considering the worst subchannel

quality A7,7 = 0.15, if the subcarrier is allocated in the subcarrier-orientedway based on the

greedy principles, subcarrier7 will be assigned to user5. Since in this case subcarrier7 and user5

will not be further considered during the following iterations, the second worst subchannel quality

of A4,7 = 0.231 can be avoided for further iterations. By contrast, if the user-oriented subcarrier-

allocation is applied, subcarrier0 will be assigned to user7, asA7,0 = 5.49 is the largest in row7. If

this is supposed to be the allocation, as subcarrier0 and user7 will not be further considered during

the following iterations, the second worst subchannel quality avoided isA0,0 = 0.45. Comparing

the above two cases, we findA4,7(= 0.23) < A0,0(= 0.45). Hence, the BWSA algorithm finally

chooses the subcarrier-oriented allocation result and allocates subcarrier7 to user5, in order to

avoid A4,7 = 0.23 for the following iterations.

After iteration1, A0,6 = 0.16 is the smallest one among the remaining elements. During the

second iteration, the BWSA algorithm works in the same way asiteration1, and the subcarrier-

1A4,7 = 0.23 is the smallest among the elements in row5 and column7, after excludingA7,7 = 0.15.
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Figure 3.3: Schematic showing the operations of the BWSA algorithm having the sub-

channel qualities as shown in Table 3.1.

oriented mode is chosen to allocate subcarrier6 to user3, so as to removeA3,1 = 0.33 from the

following possible allocations, in addition to avoidingA0,6 = 0.16. Similarly, during iteration3,

subcarrier0 is assigned to user7, which can exclude bothA0,0 = 0.45 and A7,1 = 0.48 from

the following possible allocations. Note that, if the WSA algorithm is employed, iteration3 will

consider subcarrier1, as A3,1 = 0.33 is the third largest in Table 3.1. After the above three

iterations, nowA1,2 = 0.5 becomes the smallest in the remaining subchannel qualities. Again, the

subcarrier-oriented mode is chosen to assign subcarrier2 to user6, which removes bothA1,2 = 0.5

andA6,3 = 0.56. During iterations5-8, the situations can be similarly considered. It can be found

that the user-oriented mode is chosen during all these iterations and the allocation results are shown

in Figure 3.3.

Finally, as shown in Figure 3.3, the BWSA algorithm yields the allocation results:F0 = {7},
F1 = {0}, F2 = {6}, F3 = {2}, F4 = {4}, F5 = {1}, F6 = {3}, F7 = {5}. The minimum

subchannel quality of the subcarriers allocated ismink∈K,j∈Fk
{Ak,j} = 4.26, which is higher than

that obtained by the WSA algorithm as well as by the other algorithms discussed in Section 3.5.4.

Furthermore, when the channel-inverse power-allocation is employed and assumingP = 1, from

(3.12) we obtain the SNRγc = 0.74, which is also larger thanγc = 0.65 obtained by the WSA

algorithm.

For the general cases where one user may require several subcarriers, the BWSA algorithm can
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be operated as follows.

Algorithm 2. (Bidirectional Worst Subchannel Avoiding)

Initialization: SetFk = ∅, ∀k ∈ K; K̃ = K,M̃ =M.

Execute:

Step 1 Find the worst subchannel quality among the available ones:Ak∗ ,j∗ = argmink∈K̃,j∈M̃{Ak,j}.

Step 2 Select the allocation mode based on two conditions:

Condition (a): avoiding the worst subchannel quality ofAk∗,j∗ .

Condition (b): avoiding the second smallest subchannel quality, while (a).

Step 3 Allocate a subcarrier having the best available subchannelquality to a user in the selected

mode.

Subcarrier-oriented mode- allocate subcarrierj∗ to the user with the best subchannel quality:

Fk′ ← Fk′ ∪ {j∗}, wherek′ = argmink∈K̃{Ak,j∗}.
User-oriented mode- allocate userk∗ the subcarrier with the best subchannel quality:

Fk∗ ← Fk∗ ∪ {j′}, wherej′ = argminj∈M̃{Ak∗ ,j}.

Step 4 Update:

Subcarrier-oriented mode- (a) Remove subcarrierj∗ from the setM̃: M̃ ← M̃−{j∗}; (b)

Remove userk′ from the setK̃: K̃ ← K̃ − {k′}, if it has been assigned the required number

of subcarriers.

User-oriented mode- (a) Remove subcarrierj′ from the setM̃: M̃ ← M̃ − {j′}; (b)

Remove userk∗ from the setK̃: K̃ ← K̃ − {k∗}, if it has been assigned the required number

of subcarriers.

Step 5 Repeat Steps1 - 4 until M̃ = ∅.

3.6.2 Characteristics of Bidirectional Worst Subchannel Avoiding Subcarrier-Allocation

Algorithm

In comparison with the other subcarrier-allocation algorithms, especially, the WSA algorithm, con-

sidered in Section 3.5.4, our proposed BWSA algorithm has the following advantages. First, in

comparison with the WSA algorithm, the BWSA algorithm is capable of avoiding more worst sub-

channels that might be assigned to users. When operated under the WSA algorithm, for each of

the subcarriers, the worst subchannel (user) can be avoided. By contrast, when the BWSA algo-

rithm is employed, for each of the worst subchannels identified, both the worst and the second

worst subchannels are avoided from the possible future assignments. Second, in the context of the

WSA algorithm, the worst subchannels are identified at the start of the algorithm, which are then
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Figure 3.4:Stage I of BSS:based on the example of Table 3.1, searching for the candidate

subcarriers.

fixed during the process of subcarrier-allocation. By contrast, for the BWSA algorithm, the worst

subchannel is dynamically identified during the subcarrier-allocation process, only those subchan-

nels affecting future allocations are considered. Third, the BWSA algorithm can achieve a higher

diversity gain than the other subcarrier-allocation algorithms. As shown in Section 3.5, in any of

these other subcarrier-allocation algorithms, the subchannel for allocation is chosen from just one

dimension. By contrast, in our BWSA algorithm, as shown in Section 3.6.1, it attempts to choose

the best subchannel for allocation from two dimensions. Hence, it has a higher probability to obtain

a better subchannel for allocation. Additionally, we should note that the complexity of the BWSA

algorithm is only slightly higher than that of the WSA algorithm, as will be shown in Section 3.8.

3.7 Best Subchannel Seeking (BSS) Subcarrier-Allocation Algorithm

In this section, we propose a so-called best subchannel seeking (BSS) subcarrier-allocation scheme,

which aims to find a sub-optimum solution for maximizing the achievable SNR in (3.12). Specif-

ically, the BSS algorithm is designed for solving the optimization problem described in (3.14),

which maximizes the channel qualities of all the data streams of all the users. In this section, the

principle of the BSS algorithm is first introduced and, then,its characteristics are discussed.

3.7.1 Principles of Best Subchannel Seeking Subcarrier-Allocation Algorithm

Let us first illustrate the principles of the BSS algorithm with the aid of the example with the channel

qualities shown in Table 3.1. During the first stage of the algorithm, the candidate subcarriers are

identified iteratively as shown in Figure 3.4.
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The BSS algorithm tries to find the sub-optimum subcarrier-allocation solutions for maximizing

the achievable SNR that is close to the optimum. It is designed for solving the optimization problem

described in (3.14), which aims to maximize the subchannel qualities of all data streams of all users.

The BSS algorithm consists of two stages: Stage I for searching candidate subcarriers, and Stage II

for allocating users the candidate subcarriers.

Let us first illustrate the principles of the BSS algorithm using the example with the subchan-

nel qualities shown in Table 3.1. During Stage I of the algorithm, the candidate subcarriers are

identified iteratively as shown in Figure 3.4. For each of thesubcarriers, the user with the best

subchannel quality is identified, and the subcarrier is taken as the candidate subcarrier of this user.

According to Table 3.1, we can show that, after the first iteration, the sets of candidate subcarri-

ers for the eight users are shown in Figure 3.4, which areF̃0 = {4}, F̃1 = {1, 5}, F̃2 = {3},
F̃3 = {2, 6}, F̃4 = ∅, F̃5 = {0, 7}, F̃6 = ∅, F̃7 = ∅. Consequently, for users1, 3, 5, each

one has two candidate subcarriers, while users4, 6 and7 do not have any candidate subcarriers at

all. In this case, the BSS algorithm continues to the second iteration to search for more candidate

subcarriers. During the second iteration, for each subcarrier, the user having the best subchannel

quality but not a candidate yet is selected. Therefore, the candidate user selected has the second

best subchannel quality on the considered subcarrier. Consequently, after the second iteration, the

candidate subcarrier sets of the eight users are updated toF̃0 = {1, 4, 7}, F̃1 = {1, 5}, F̃2 = {3},
F̃3 = {2, 6}, F̃4 = {4, 6}, F̃5 = {0, 3, 7}, F̃6 = {5}, F̃7 = {0, 2}, as shown in Figure 3.4.

Furthermore, we can see that the number of candidate subcarriers for each of the users is at least the

number of subcarriers required by the user. Hence, the BSS algorithm may stop the search process

and forward to Stage II to try to allocate the candidate subcarriers.

In the general cases when every user has multiple data streams to transmit and, hence, requires

multiple subcarriers, the operations of Stage I of the BSS algorithm can be stated as follows.

Algorithm 3. (Stage I of BSS : Candidate Subcarrier Search)

Initialization: SetF̃k = ∅, ∀k ∈ K; K̃j = K, ∀j ∈ M.

Search:

Step 1 For all subcarriers (∀j ∈ M), the user with the best subchannel quality is identified, which

is expressed ask∗j = argmaxk∈K̃ j
{Ak,j}.

Step 2 Subcarrierj is taken as a candidate subcarrier of userk∗j , yielding F̃k∗j
← F̃k∗j

∪ {j}.

Step 3 Remove userk∗j from the setK̃j: K̃j ← K̃j − {k∗j }.

Step 4 The above search process is repeated until theCondition: |F̃k| ≥ qk, ∀k ∈ K (the number

of candidate subcarriers for each of the users is at least thenumber of subcarriers required by

the user) is met.
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Figure 3.5:Stage II of BSS:based on the candidate subcarriers obtained from Stage I of

the BSS, allocating the subcarriers to the users.

Step 5 The BSS algorithm forwards to Stage II.

The operations during Stage II of the BSS algorithm can be explained with the aid of the

example shown in Figure 3.5. During this stage, one subcarrier is allocated at a time. Therefore,

the subcarrier-allocation process requires eight allocation iterations to assign the eight subcarriers.

At each iteration, the BSS algorithm allocates a subcarrierto the user having the least number of

candidate subcarriers. For the considered example, first, both users2 and6 have the least number of

candidate subcarriers of one. However, in order to avoid allocating users the worst subchannels, the

BSS algorithm first allocates user2 subcarrier3, as the candidate subcarrier of user2 is worse than

that of user6. Consequently, we haveF2 = {3}. Since a subcarrier can only be assigned once,

subcarrier3 is then removed from the candidate subcarrier set of user5, yielding F̃5 = {0, 7}.
In a similar way, as demonstrated by the top-left plot of Figure 3.5, user6 is allocated subcarrier

5 during the second iteration, followed by allocating user1 subcarrier1 during the third iteration.

After the above three iterations, the rest users0, 3, 4, 5 and7 all have two candidate subcarriers.

Again, in order to avoid assigning the worst subchannels to users, the BSS algorithm first allocates

a subcarrier to the user having the worst candidate subchannel among these users. As seen in

Table 3.1, among these five users, user0 has the worst candidate subchannel with the subchannel

quality A0,7 = 4.24. Therefore, during the fourth iteration, user0 is assigned the best subcarrier
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4 in its candidate subcarrier set, as shown in the top-right plot of Figure 3.5. Similarly, the other

subcarriers are allocated to the rest users during the following four iterations, as illustrated in the

bottom plot of Figure 3.5. Finally, the allocation results are F0 = {4}, F1 = {1}, F2 = {3},
F3 = {2}, F4 = {6}, F5 = {7}, F6 = {5} andF7 = {0}. The corresponding subchannel

qualities of the allocated subcarriers are{5.27, 14.92, 6.58, 5.97, 5.17, 5.15, 8.15, 5.49}. From this

set, we can see that the worst subchannel quality of the allocated subcarriers is5.15, which is

much larger than that obtained by the subcarrier-allocation algorithms discussed in Section 3.5.

Furthermore, when the channel-inverse power-allocation is employed and assumingP = 1, the

obtained SNR isγc = 0.78, which is also significantly higher than that attained by theother

algorithms considered in Section 3.5.

Note that, if Stage II is unable to be fulfilled, as there are not enough candidate subcarriers, the

BSS algorithm returns to Stage I to add more candidates. The above process repeats until all users

are allocated their required number of subcarriers.

In summary, for the general cases when each user requires multiple data streams, the operations

during Stage II of the BSS algorithm can be stated as follows.

Algorithm 4. (Stage II of BSS : Subcarrier −Allocation)

Initialization: SetK̂ = K; K′ = ∅; Fk = ∅, Q̂k = Qk, ∀k ∈ K.

Allocation:

Step 1 Identify the users having the least number of candidate subcarriers, yielding a set expressed

asK′ = argmink∈K̂
{|F̃k|

}
.

Step 2 In K′, find the user having the worst candidate subcarrier, which is expressed ask∗ =

argmink∈K′,j∈F̃k

{
Ak,j

}
.

Step 3 Allocate userk∗ the best subcarrier chosen from its candidate subcarrier set, i.e.,Fk∗ =

Fk∗ ∪ {j∗}, wherej∗ = argmaxj∈F̃k∗
{Ak∗ ,j}.

Step 4 Remove subcarrierj∗ from the candidate subcarrier sets of all the users, which isexpressed

as∀k ∈ K̂, F̃k ← F̃k − {j∗}, if j∗ ∈ F̃k.

Step 5 Remove userk∗ from the setK̂, if |Fk∗ | = qk∗ , i.e.,K̂ ← K̂ − {k∗}.

Step 6 Repeat the above5 steps until the allocation process fulfills, or the allocation process is

unable to carry on before completion. In the later case, the BSS algorithm returns to the

search process of Stage I to add more candidate subcarriers.

3.7.2 Characteristics of Best Subcarrier Seeking Subcarrier-Allocation Algorithm

In comparison with the four low-complexity subcarrier-allocation algorithms considered in Sec-

tion 3.5, the proposed BSS algorithm employs the following characteristics. First, it is in general
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Table 3.2: Average number of iterations,S, for search of candidate subcarriers and the

average number of allocation-search iterations,S′, for completion of subcarrier-allocation.

The values are expressed as (S, S′).

Lp
K

Q
1 2 4 8

4 3.14, 1.002 2.84, 1.04 2.43, 1.16 3.05, 1.77

8 5.51, 1.006 4.11, 1.12 3.41, 1.94 5.19, 2.97

M/4 16 7.87, 1.03 5.65, 1.35 6.27, 2.54 9.79, 4.87

32 9.37, 1.09 7.51, 1.92 9.52, 4.24 13.75, 6.54

64 12.69, 1.12 9.23, 1.98 12.96, 5.12 18.22, 7.53

4 2.7, 1.01 2.41, 1.08 2.27, 1.34 3.08, 1.96

8 3.87, 1.06 3.38, 1.41 4.04, 2.47 5.69, 3.63

M/2 16 5.13, 1.17 4.34, 1.76 6.65, 2.84 10.1, 5.24

32 6.4, 1.31 6.16, 2.36 10.64, 5.15 15.35, 7.76

64 7.64, 1.42 7.16, 2.55 13.79, 6.01 20.14, 9.02

capable of achieving higher SNR than the three subcarrier-allocation algorithms. As shown in Sec-

tion 3.5, with the greedy algorithm, the users allocated subcarriers later may have to accept very

poor subchannels. The WSA algorithm can avoid allocating the worst subchannels, but it does

not care whether the allocated subchannels belong to the best ones. By contrast, the proposed

BSS algorithm aims to allocate users the best possible subchannels, motivating to maximize the

attainable SNR and, hence, the reliability. Second, owing to the maximization of SNR, the BSS

algorithm does not make a trade-off between reliability andthroughput, as shown by the results in

Section 3.10. Third, the BSS algorithm is highly efficient for the large OFDMA systems that use

a big number of subcarriers to support many users. However, it might not be very efficient for the

small OFDMA systems with a small number of subcarriers for supporting a low number of users,

as explained in detail associated with Figure 3.13 in Section 3.10.

Fourth, the number of iterations required by the BSS algorithm for searching candidate subcar-

riers and for allocating subcarriers is usually much smaller than the number of subcarriers. As an

example, Table 3.2 shows the average number of iterationsS required for searching candidate sub-

carriers, and the average number of iterationsS′, where one iteration includes a searching process

and an allocation process, required for finally completing subcarrier allocation. For this table, we

assume a frequency-selective Rayleigh fading channel withLp number of time-domain resolvable

paths, and the same noise variance for all subcarriers of allusers. The total number of subcarriers

is M = KQ, whereQ is the number of subcarriers per user. In the table, each of the results was

obtained by the average of105 realizations. From Table 3.2, we can find that, in relativelylarge

OFDMA systems, the average number of iterationsS is much smaller than the number of subcar-
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riers. WhenM is small but there are relatively more users sharing the subcarriers, allocation can

typically be completed in1− 2 iterations ofS′. When the system is large, the number of iterations

S′ is still very small, in comparison with the number of subcarriers M.

Finally, we should note that, subcarrier-allocation can beunderstood in theory as a type of se-

lection diversity. The performance of an algorithm dependson the portion of subchannels selected

from the totalKM subchannels. The BSS algorithm motivates to choose the set of subcarriers

having the best subchannel qualities of theKM subchannels. Hence, it employs the capability to

achieve the highest possible diversity gain, especially, when it is operated in a large OFDMA or

other large multicarrier systems.

3.8 Complexity Analysis of Subcarrier-Allocation Algorithms

In this section, we analyze the complexity of the BWSA and BSSalgorithms, and compare them

with the other sub-optimum algorithms considered in this chapter. Specifically, we only consider

the complexity of the subcarrier-allocation algorithms, as the same power-allocation scheme can

be used for all the algorithms considered. Furthermore, thecomplexity is counted as the number

of comparisons carried out. Specifically, in our analysis, we assume that an OFDMA system has

M = KQ number of subcarriers and that each of theK users is allocatedQ number of subcarriers.

Let us first consider the complexity of the greedy algorithm.We note first that the number of

comparisons required to find the maximum ofU real numbers is(U− 1) [192]. It can be shown that

the complexity of the greedy algorithm has an upper-bound, which happens when each of the first

(M− K) subcarriers searches for the best subchannel quality amongtheK available users. Hence,

in the greedy algorithm, during the first(M − K) allocation iterations,(M − K)(K− 1) number

of comparisons are required. During the lastK allocation iterations,∑K−1
i=1 (K − i) = K(K− 1)/2

number of comparisons are required. Therefore, in total, the greedy algorithm requires at most

(M− K)(K− 1)− K(K− 1)/2 number of comparisons, which can be expressed as

C(greedy) ≤ (M− K)(K− 1)− K(K− 1)

2
(3.23)

yielding a complexity ofO(MK), asM > K.

As the analysis in Section 3.5.3 shows, the maximal greedy algorithm executesα (α ≥ M)

times of the greedy algorithm. Therefore, it has the complexity of O(αMK).

The WSA algorithm needs to find both the maximum and the minimum of the K subchan-

nel qualities for each of theM subcarriers, which requires2M(K − 1) number of comparisons.

Moreover, theM minimum subchannel qualities are sorted from the best to theworst, which costs

2MlnM number of comparisons. Therefore, the total number of comparisons for the WSA algo-

rithm can be expressed as

C(WSA) = 2M(K− 1) + 2MlnM (3.24)
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which gives the complexity ofO(MK).

We should note that the number of comparisons required by theBWSA algorithm is a variable,

which depends on the specific subchannel quality matrix being processed. However, the BWSA al-

gorithm requires the maximum number of comparisons, when the subchannel quality matrix results

in that each user is assigned(Q− 1) subcarriers after(M− K) iterations. In this case, to identify

the worst subchannel qualities, we needM(K − 1) comparisons during these(M− K) iterations,

and(K − 1)(K − 2)/2 comparisons during the lastK iterations. Moreover, at each iteration, the

BWSA algorithm first searches for the worst subchannel quality among the left subchannels, which

requires at mostM(M − 1)/2 comparisons. Once the worst subchannel quality is identified, the

allocation processes requires(M − K)(K − 1) + K(K − 1) comparisons. Hence, in general, the

total number of comparisons required by the BWSA algorithm satisfies

C(BWSA) < (K− 1)(2M +
K− 2

2
) +

1

2
M(M− 1) (3.25)

which makes the complexity of the BWSA algorithmO(M2).

As shown in Section 3.7, the BSS algorithm consists of two stages. At Stage I, the best candi-

date users are selected for each of the subcarriers. Although several iterations might be run between

search and allocation, it can be shown that identifying the best candidates in different iterations can

be achieved by one ordering process, which, for each of the subcarriers, orders the users from

the best to the worst. According to [192], sortingK real numbers using the quick-sort algorithm

requires2K ln K comparisons. Hence, the total number of comparisons required for searching can-

didates is2MK ln K.

During Stage II, the BSS algorithm allocates the candidate subcarriers to users. Assume that

an allocation can be fulfilled, the number of comparisons required can be analyzed as follows. The

BSS algorithm first needs to identify the users having the least number of candidate subcarriers,

which requires at most(M − K)(K − 1) + K(K − 1)/2 comparisons. Occasionally, it needs to

find the specific user by comparing the minimum subchannel qualities when more than one user

happens to have the same least number of candidate subcarriers. This process requires less than

M(Q− 1) comparisons. Then, the best candidate subcarrier is assigned to the identified user. In

most cases, the best candidate is chosen from at mostQ number of options, giving that this process

requires aboutM(Q− 1) comparisons.

Finally, when considering both the two stages, as well as theiterations between candidate sub-

carrier searching and subcarrier-allocation, the total number of comparisons required by the BSS

algorithm satisfies

C(BSS) < 2MK ln K + S̄′(M− K)(K− 1) +
S̄′K(K− 1)

2
+ 2S̄′M(Q− 1) (3.26)

where S̄′ denotes the average number of iterations between candidatesubcarrier searching and

subcarrier-allocation that the BSS algorithm actually uses. Note that,S̄′ is not necessary the same
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Table 3.3: The complexity of different subcarrier-allocation algorithms

Algorithm Complexity

Direct Search O(M!)

Hungarian [185] O(M3)

Greedy [80] O(M2)

Maximal Greedy [86] O(αM2)

WUF Greedy [85] O(M2)

WSA [83] O(KM)

BWSA O(M2)

BSS O(min{KM ln K, S̄′KM})

value asS′, for example, as shown in Table 3.2. In fact, with the information shown in Table 3.2,

Stage II of the BSS algorithm may not be activated until the number of iterations is closing the

value ofS′. As an example, whenK = 32 andQ = 8, we can see in Table 3.2 thatS′ = 7.76.

In this case, the BSS algorithm can keep its Stage II inactiveduring the first six iteration, and only

starts activating it afterwards. Consequently, we have in averageS̄′ = 1.76 instead ofS′ = 7.76

and, hence, the complexity of the BSS algorithm can be reduced. From (3.26), we can know that

the BSS algorithm has a complexity ofO(min{MK ln K, S̄′MK}).

Q=4, K=M/Q, Lp=M/4
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Figure 3.6: Comparisons of the number of comparisons required by the various subcarrier-

allocation algorithms forQ = 4, when communicating over the frequency-selective

Rayleigh fading channels withLp = M/4 time-domain resolvable paths.

The complexity of the proposed BWSA and BSS algorithms and that of some other subcarrier-

allocation algorithms considered are summarized in Table 3.3. It can be observed that the greedy
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algorithm has the lowest complexity, while the direct exhaustive search algorithm demands the

highest complexity. The Hungarian method [83, 86, 191], which is optimum as the direct search

algorithm, has the complexityO(M3). The proposed BWSA algorithm has the same complexity as

the Greedy algorithm, and its complexity is lower than that of the proposed BSS algorithm. While,

the complexity of the BSS algorithm relies on̄S′ of the average number of iterations between

candidate subcarrier searching and subcarrier-allocation, which we can usually choose to be in the

range1-3, as shown by the analysis below (3.26).

In Figure 3.6, we compare the number of comparisons requiredby the various algorithms, when

the system experiences frequency-selective fading, and each user is assignedQ = 4 subcarriers.

Furthermore, for the BSS algorithm, we usedS̄′ = 3, while for the maximal greedy algorithm,

we usedα = M. Explicitly, both the proposed BWSA and the BSS algorithms require much

lower comparisons than the maximal greedy algorithm and theHungarian algorithm. However,

the two algorithms proposed require more comparisons than the greedy, WUF greedy or the WSA

algorithm. Due to its iterative characteristic, the BSS algorithm needs more comparisons than the

BWSA algorithm.

3.9 Upper- and Lower-Bound Bit Error Rate of Subcarrier-All ocation

Algorithms

Due to the non-linear operations used by the various subcarrier-allocation algorithms, it is usu-

ally very difficult to derive the closed-form expressions for the BER of the considered subcarrier-

allocation algorithms. Instead, in this section, we analyze the upper- and lower-bound BER for

all possible subcarrier-allocation algorithms operated in downlink OFDMA systems, by consider-

ing two specific subcarrier-allocation schemes: (a) fixed allocation, (b)unfair greedy algorithm.

Note that, when the unfair greedy algorithm is employed, a subcarrier is always allocated to the

user with the best subchannel quality, regardless of how many subcarriers it has. Explicitly, the

fixed allocation provides the BER upper-bound, while the unfair greedy algorithm yields the BER

lower-bound of all possible fair or unfair subcarrier-allocation schemes. In this section, the BER

upper- and lower-bound are analyzed by assuming square quadrature amplitude modulation (QAM)

baseband modulation. Let us first consider the BER upper-bound.

3.9.1 Upper-bound Bit Error Rate of Subcarrier-Allocation Algorithms

In the context of the fixed subcarrier-allocation algorithm, each subcarrier is always assigned to

a same user regardless of its subchannel quality, when fairness is assumed. Therefore, the fixed

subcarrier-allocation gives the upper-bound of error rateof the subcarrier-allocation algorithms.

When fixed subcarrier-allocation is assumed, the average BER of OFDMA systems can be
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written as

Pe =
1

M ∑
k∈K

∑
q∈Qk

P
(k,q)
e = P

(k,q)
e (3.27)

wherek ∈ K, q ∈ Qk, P
(k,q)
e = E[P

(k,q)
e (γk,q)] denotes the average BER of data streamq of userk,

hereE[·] denotes the expectation operation, whileP
(k,q)
e (γk,q) is the error probability conditioned

on a given SNRγk,q. Specifically, whenR-ary QAM (R-QAM) baseband modulation is employed,

the average BER of OFDMA systems with fixed subcarrier-allocation can be expressed as [193–

195]

Pe =
2√

R log2

√
R

log2

√
R

∑
n=1

1−2−n
√

R−1

∑
i=0

(−1)
⌊ 2n−1i√

M
⌋
(

2k−1 − ⌊2n−1i√
R

+
1

2
⌋
)

Pe,i (3.28)

in associated with

Pe,i = E

[

Q

(

(2i + 1)

√

2γc

R− 1

)]

(3.29)

where⌊·⌋ denotes the floored integer. In (3.29), the Q-function is defined asQ(x) = 1√
2π

∫ ∞

x e−t2/2dt.

Furthermore,γc is the SNR per symbol.

As shown in Section 3.4.1, when the channel-inverse power-allocation algorithm is applied, all

sub-streams of all users have the same SNR, which is given by (3.12) and is rewritten as

γc =
P

N0

(

∑
k∈K

∑
q∈Qk

1

|hk,q|2

)−1

=
P

N0

(
1

|h∑|2
)−1

(3.30)

Therefore, when substituting (3.30) into (3.29), it can be shown that

Pe,i =
∫ ∞

0
Q

(
ζ√
x

)

f1/|h∑ |2(x)dx

=
1

2
− ζ√

8π

∫ ∞

0
x−3/2 exp

(

− ζ2

2x

)

F1/|h∑ |2(x)dx (3.31)

where by definition

ζ = (2i + 1)

√

2P

(R− 1)N0
. (3.32)

In (3.31), f1/|h∑ |2(x) is the PDF of1/|h∑ |2 andF1/|h∑ |2(x) represents the corresponding cumula-

tive distribution function (CDF) of1/|h∑ |2. With the aid of the results in [196], we can express

(3.31) as

Pe,i =
1

2
− 1

π

∫ ∞

0

ℜ(M1/|h∑ |2(jα))

α
exp(−ζ

√
α) sin(ζ

√
α)dα

=
1

2
− 4

π

∫ 1

−1

ℜ
(

M1/|h∑|2
(

j
(

1+u
1−u

)2
))

1− u2
exp

(

−ζ
1 + u

1− u

)

sin

(

ζ
1 + u

1− u

)

du (3.33)
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whereℜ(z) is the real part ofz, and M1/|h∑ |2(w) is the moment generation function (MGF) of

1/|h∑ |2.

From (3.30), we have1/|h∑ |2 = ∑k∈K ∑q∈Qk

1
|hk,q|2 . When communicating over Rayleigh or

Nakagami-m fading channels, the square of channel gain|hk,q|2, (∀k ∈ K, ∀q ∈ Qk), obeys the

Gamma distribution with the PDF given byf|hk,q |2(x; mk,q, Ωk,q) [180], where the parametersmk,q

andΩk,q determine the fading severity and power. Then, according to[37,196], we can express the

MGF of 1/|h∑ |2 as

M1/|h∑ |2(w) = ∏
k∈K

∏
q∈Qk

2

Γ(mk,q)

(−w

Ωk,q

)2

Kmk,q

(

2

√

−w

Ωk,q

)

(3.34)

where the modified Bessel functionKm(z) is defined in [197].

Finally, by substituting (3.33) and (3.34) into (3.28), we can obtain the average BER of the

downlink OFDMA systems employing the fixed subcarrier-allocation and channel-inverse power-

allocation algorithms.

3.9.2 Lower-bound Bit Error Rate of Subcarrier-Allocation Algorithms

One lower-bound BER for OFDMA systems employing subcarrier-allocation can be obtained,

when considering the unfair greedy subcarrier-allocationalgorithm. In this case, each of the sub-

carriers is allocated without concerning about fairness tothe user with the best subchannel quality.

Therefore, for each subcarrier, selection diversity with the order equaling to the number of users can

be attained. Consequently, when the channel-inverse power-allocation is employed, all subcarriers

attain the same SNR, which is expressed as

γc =
P

N0

(

∑
j∈M

1

|hj|2max

)−1

=
P

N0
|h′∑ |2 (3.35)

where|hj|2max is the best squared channel gain of subcarrierj. Assume i.i.d fading for theK users

of the jth subcarrier, the CDF of|hj|2max can be derived as

F|hj|2max
(x) = Pr

{

max
k∈K
{Yk} < x

}

=
K

∏
k=1

Pr{Yk < y}

=
K

∏
k=1

F|hj,k |2(y) (3.36)

whereF|hj,k|2(y) is the CDF of|hj,k|2. Correspondingly, the PDF can be found asf|hj|2max
(x) =

dF|hj|2max
(x)

dx . However, at this stage, it is extremely difficult to derive the closed-form MGF, CDF

or PDF of |h′
∑
|2 seen in (3.35). In order to circumvent this problem, we introduce theGamma-

Approximation (Gamma-Ap) to approximate|h′
∑
|2 in (3.35) as a Gamma distributed random vari-

able with the PDF expressed asf|h′
∑
|2(x; m′, Ω′), whereΩ′ = E[|h′

∑
|2] andm′ = (Ω′)2/E[(|h′

∑
|2−
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OFDMA, Upper-bound of BER, M=16
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Figure 3.7: The BER upper-bound of subcarrier-allocation in the downlink OFDMA sys-

tems, where independent Rayleigh fading are assumed for allsubcarriers of all users, and

the 4QAM and 16QAM modulations are employed.

Ω′)2], which can be readily found by simulations based on about104 realizations, as shown

in [198].

With the aid of the Gamma-AP, it can be shown that, when theR-QAM baseband modulation

is employed, the average lower-bound BER of OFDMA systems employing subcarrier-allocation

can also be expressed as (3.28) and (3.29). Furthermore, (3.29) can be derived as [1,180]

Pe,i(m, γt) =
∫ ∞

0
Q

(

(2i + 1)

√

2P

(R− 1)N0
x

)

f|h′
∑
|2(x; m′, Ω′)dx

=

√
γt

γt + m′
(1 + γt/m′)−m′Γ(m′ + 1/2)

2
√

πΓ(m′ + 1)
× 2F1

(

1, m′ + 1/2; m′ + 1;
m′

m′ + γt

)

(3.37)

whereγt = P(2i + 1)2Ω′/[N0(R− 1)]. In (3.37),2F1(a, b; c; z) is the hypergeometric function

that is defined as [181,182].

In order to show the accuracy of the analytical results and the approximation, in Figures 3.7 and

3.8, we depict the BER of the OFDMA systems using the fixed subcarrier-allocation and the unfair

greedy algorithm assisted subcarrier-allocation, where the theoretical and simulation results are

compared. Explicity, in both figures, the BER results evaluated from the formulas perfectly match

with that obtained from simulations. The accuracy of the Gamma-AP has also been illustrated

in [198].
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OFDMA, Lower-bound of BER, M=KQ
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Figure 3.8: The BER lower-bound of subcarrier-allocation in the downlink OFDMA sys-

tems, where the 4QAM and 16QAM modulations are employed, when communicating

over frequency-selective Rayleigh fading withLp time-domain resolvable paths.

3.10 Performance Results

we demonstrate the achievable BER performance and spectrum-efficiency of the proposed BWSA

and the BSS algorithms, and compare them with that of some other existing algorithms, when

assuming either the channel-inverse or water-filling power-allocation algorithms. Specifically for

BER performance, we assume that the OFDMA systems employ thequadrature phase-shift key-

ing (QPSK) baseband modulation. For both the BER performance and spectrum-efficiency, we

assume that the total transmission power per OFDM symbol isP = M = KQ, the downlink chan-

nels experience frequency-selective Rayleigh fading withLp number of time-domain resolvable

paths, and that, for the maximal greedy algorithm, a searching space containingα = M randomly-

specified user orders is used. Note that, the spectrum-efficiency to be demonstrated in this section

is evaluated by the formula

C =
1

M

K

∑
k=1

∑
j∗∈Fk

log2

(
1 + γk,j∗

)
(3.38)

whereγk,j∗ represents the SNR of thej∗th subcarrier assigned to userk.

3.10.1 BER Performance

Figure 3.9 compares the BER performance of the BWSA, BSS and some other subcarrier-allocation

algorithms from references. As marked in the figure, we assumed an OFDMA system havingM =
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OFDMA, QPSK, M=64, K=16, Q=4, Lp=16
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Figure 3.9: BER of downlink OFDMA systems employing varioussubcarrier-allocation

algorithms and usingM = 64 subcarriers to supportK = 16 users, when communicating

over frequency-selective Rayleigh fading withLp = 16 time-domain resolvable paths.

64 subcarriers to supportK = 16 users. Clearly, we see that the BER curves of all the considered

subcarrier-allocation schemes fall between the upper-bound BER of the fixed subcarrier-allocation

and the lower-bound BER of the unfair greedy algorithm, which were derived in Section 3.9. All the

dynamic subcarrier-allocation algorithms significantly outperform the fixed subcarrier-allocation

corresponding to the upper bound. From Figure 3.9 we observethat the proposed BWSA and BSS

algorithms achieve better BER performance than the other sub-optimum algorithms considered,

but there is a small gap from the performance of the optimum Hungary algorithm. Both of them

significantly outperform the greedy, WUF greedy and the maximal greedy algorithms. The BSS

algorithm achieves a better BER performance than the BWSA algorithm, at the cost of higher

complexity. In comparison with the WSA algorithm, the BWSA and the BSS algorithms have the

gains of about0.2 dB and0.5 dB, respectively, at the BER of10−5.

In Figure 3.10, we consider to assignM = 128 subcarriers toK = 32 users, when communi-

cating over the frequency-selective Rayleigh fading channels withLp = 32 time-domain resolvable

paths. In addition to the observations in Figure 3.9, we can see that all the allocation algorithms

now perform better than what they did in Figure 3.9. This is because assigning a larger number

of subcarriers to more users results in a higher gain for any of the dynamic subcarrier-allocation

schemes considered. Additionally, when comparing Figure 3.9 with Figure 3.10, we can see that the

BER performance of both the BWSA and BSS algorithms becomes closer to that of the Hungarian

algorithm, whenM is increased fromM = 64 to M = 128.
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OFDMA, QPSK, M=128, K=32, Q=4, Lp=32
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Figure 3.10: BER of downlink OFDMA systems employing various subcarrier-allocation

algorithms and usingM = 128 subcarriers to supportK = 32 users, when communicating

over frequency-selective Rayleigh fading withLp = 32 time-domain resolvable paths.

OFDMA, QPSK, M=32, K=8, Q=4
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Figure 3.11: BER of the downlink OFDMA system employing various of subcarrier-

allocation algorithms, experiencing frequency-selective Rayleigh fading, whenK = 8

users andM = 32 subcarriers are considered.

In Figure 3.11, we compare of the BSS algorithm with the Hungarian algorithm when commu-

nicating over the frequency-selective fading channels with different numbers of multipaths. The
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results clearly show performance improvement for all the three algorithms considered, asLp in-

creases. As shown in the figure, for the BSS and Hungarian algorithms, the slope slightly increases,

as the value ofLp increases, which implies that the diversity gain slightly increases. However, for

the greedy algorithm, the three BER curves are nearly in parallel, implying that there is no diversity

gain, asLp increases. Additionally, it can be noted that the error performance of the BSS algorithm

gets closer to that of the Hungarian algorithm, asLp increases.

OFDMA, QPSK, Q=1, Lp=M/2
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Figure 3.12: BER performance comparison of downlink OFDMA systems employing

various subcarrier-allocation algorithms and usingM subcarriers to supportK = M users,

when communicating over frequency-selective Rayleigh fading channels havingLp =

M/2 time-domain resolvable paths.

Figure 3.12 compares the BER performance of the two proposedsubcarrier-allocation algo-

rithms, WSA and the Hungarian algorithms, when assuming that each user is assigned one sub-

carrier, i.e., whenM = K, with respect to different number of subcarriers. As the results of

Figure 3.12 show, for all the four algorithms considered, the BER performance improves, as the

number of subcarriers/users involved increases, owing to the increased multiuser diversity gain.

Both the BWSA and the BSS algorithms outperform the WSA algorithm, which becomes more

declared, as the number of subcarriers/users increases. The BER performance achieved by the BSS

algorithm becomes closer to that of the Hungarian algorithm, as the number of subcarriers/users

becomes larger. This is because the probability of the BSS algorithm obtaining poor candidate

subcarriers becomes smaller, when the number of subcarriers increases. WhenM = K = 8, we

observe that the BWSA algorithm outperforms the BSS algorithm when the average SNR is higher

than6 dB. However, whenM = K = 16 or 32, the BSS algorithm always achieves better BER

performance than the BWSA algorithm. Furthermore, the performance gain of the BSS algorithm
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Table 3.4: An example for Channel Qualities ofM = 4 Subcarriers ofK = 4 Users.

Users

Scrs
0 1 2 3

0 2.37 2.83 1.35 0.97

1 1.01 0.91 4.85 2.96

2 0.12 0.45 1.16 0.34

3 1.47 2.30 1.49 0.06

over the BWSA algorithm is enhanced whenM = K becomes larger. The above observations may

imply that the BSS algorithm is near optimum, if it is operated in the large systems using many

subcarriers to support many users, which are generally the cases in long-term evolution (LTE) and

long-term evolution advanced (LTE-A) systems.

OFDMA, QPSK, K=4, Lp=M/4

10
-5

10
-4

10
-3

10
-2

10
-1

1

B
it

E
rr

or
R

at
e

0 2 4 6 8 10 12 14 16

Average SNR per bit (dB)

WSA
BWSA
BSS
Q=2
Q=4
Q=8

Figure 3.13: BER comparison of the BSS, BWSA and WSA algorithms for downlink

OFDMA system supportingK = 4 users and, experiencing frequency-selective Rayleigh

fading withLp = M/4 time-domain resolvable paths.

While the BSS algorithm is highly efficient, when it is operated in large OFDMA systems, it

may not be as efficient as the WSA algorithm, when they are operated in small-sized OFDMA

systems supporting a small number of users. Figure 3.13 addresses this issue, where the BSS and

WSA algorithms are compared in the context of an OFDMA systemsupportingK = 4 users. Ex-

plicitly, in this case, the BSS algorithm is always outperformed by the WSA algorithm. Therefore,

the efficiency of the BSS algorithm is dependent on the numberof users involved. It may become

inefficient for operation in OFDMA systems supporting a small number of users. By contrast, the
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proposed BWSA algorithm always outperforms the WSA algorithm, regardless of the size of the

OFDMA systems considered, as shown in Figure 3.13. This is because the BWSA algorithm is an

improved algorithm of the WSA algorithm, and it is capable ofmaking use of more diversity than

the WSA algorithm. However, we note that, when the system is small, as shown in Figure 3.13, the

performance improvement of the BWSA algorithm over the WSA algorithm is small.

Let us explain the above observation using an example with the parametersM = 4, K = 4

and qk = 1, ∀k ∈ K. The subchannel quality matrix for the four subcarriers of the four users

are detailed in Table 3.4. According to Section 3.5.4, it canbe shown that the allocation results

obtained by the WSA algorithm areF0 = {0}, F1 = {3}, F2 = {2}, F3 = {1}. Correspond-

ingly, the SNR attained isγc = 0.49, when assuming the total transmission power ofP = 1. By

contrast, when the BSS algorithm is applied, three iterations are required by the first stage to find

the candidate subcarrier sets for the four users, which areF̃0 = {0, 1, 2, 3}, F̃1 = {0, 1, 2, 3},
F̃2 = {3} andF̃3 = {0, 1, 2}. Then, according to Section 3.7.1, after the subcarrier-allocation,

we obtainF0 = {0}, F1 = {2}, F2 = {3} andF3 = {1}. From the allocation results, we can

see that there are the third best, which are in fact the secondworst, subcarriers allocated to users,

giving the worst subchannel qualityA2,3 = 0.34 and the achieved SNRγc = 0.26. This SNR is

smaller thanγc = 0.49 obtained by the WSA algorithm.

3.10.2 Spectrum-Efficiency Performance

In this section, we investigate the spectrum-efficiency of the systems employing various subcarrier-

and power-allocation algorithms. The considered spectrum-efficiency in this section refers to the

average throughput of the downlink OFDMA systems. For the sake of comparison, we consider

both the channel-inverse and the water-filling assisted power-allocation schemes. Furthermore, for

all the simulations in this section, we assume that the downlink transmissions experience frequency-

selective Rayleigh fading withLp = M/4 time-domain resolvable paths.

Above we have shown that the BWSA and BSS algorithms are capable of achieving the error

performance that is close to the optimum Hungarian algorithm among the sub-optimum subcarrier-

allocation algorithms considered, especially, when largeOFDMA systems are considered. In Fig-

ure 3.14, we show that the BER performance of the BWSA and BSS algorithms are achieved

without making a trade-off with the spectrum-efficiency, which determines the practically attain-

able throughput, of the OFDMA system. As seen in Figure 3.14,the BSS algorithm achieves the

highest spectrum-efficiency among the considered sub-optimum subcarrier-allocation algorithms,

which is also the one closest to the optimum Hungarian algorithm. The spectrum-efficiency at-

tained by the BWSA algorithm is close to that of the BSS algorithm, and is higher than that of the

other sub-optimum algorithms.

Furthermore, the probability density functions (PDFs) shown in Figure 3.15 explain that the

BWSA and BSS algorithms also result in better fairness of data rates for the invoked users than
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OFDMA, Channel-inverse Power-allocation, M=64, K=16, Q=4, Lp=16
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Figure 3.14: Spectrum-efficiency of downlink OFDMA systemsemploying the channel-

inverse power-allocation algorithm and various subcarrier-allocation algorithms as well as

usingM = 64 subcarriers to supportK = 16 users, when communicating over frequency-

selective Rayleigh fading withLp = 16 time-domain resolvable paths.

the the Greedy and WSA algorithms considered. As shown in thefigure, the obtained spectrum-

efficiency by the Greedy algorithm distributes over a big range, meaning that there are often some

users obtaining high throughput, while some others obtaining very low throughput. The BWSA

algorithm is capable of improving the WSA algorithm by avoiding more worst subchannels than

the WSA algorithm. Certainly, it achieves a higher minimum spectrum-efficiency and also better

fairness. By contrast, the BSS algorithm cannot only provide users the highest possible throughput,

but also protect their throughput to be stable and fair. These are reflected by the BSS’s distribu-

tions, which have relatively high average spectrum-efficiency and relatively high peak values, in

comparison to the other two schemes, as seen in Figure 3.15.

Finally, in Figure 3.16, we show the spectrum-efficiency of the OFDMA systems employing

various subcarrier-allocation algorithms, when employing the water-filling power-allocation algo-

rithm. Although in this case all the algorithms achieve a similar spectrum-efficiency, we can see that

the proposed two algorithms are still slightly better than the other sub-optimum algorithms. The

reason behind the above observations is that the water-filling algorithm maximizes the spectrum-

efficiency of a system by allocating more power to the better subchannels. As a result, the system’s

spectrum-efficiency is dominated by the good subchannels, making the spectrum-efficiency of dif-

ferent subcarrier-allocation schemes similar. However, as the greedy algorithm as well as its some

extensions may allocate users poor subchannels, the water-filling algorithm may make the fairness

of these algorithms worse in terms of the data rate attained per user. By contrast, when the BWSA
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Figure 3.15: PDF of Spectrum-efficiency of downlink OFDMA systems employing the

channel-inverse power-allocation algorithm and various subcarrier-allocation algorithms

as well as usingM = 64 subcarriers to supportK = 16 users, when communicating over

frequency-selective Rayleigh fading withLp = 16 time-domain resolvable paths.

or BSS algorithm is employed, users are rarely assigned withpoor subchannels. Consequently,

even when the water-filling power-allocation is used, relatively fair data rates across the users can

be guaranteed.

3.11 Conclusions

Motivating to avoid assigning as many users as possible the worst subchannels, or to assign users

the best possible subchannels, in this chapter, we have designed two low-complexity subcarrier-

allocation algorithms for downlink OFDMA systems, namely,the BWSA and BSS algorithms. The

BWSA algorithm represents a two-dimensional extension of the existing one-dimensional WSA

algorithm. It outperforms the WSA algorithm, while the WSA algorithm outperforms many other

existing sub-optimum subcarrier-allocation algorithms,such as, the greedy algorithm, as shown

in [83]. In contrast to the BWSA algorithm considering the subcarrier-allocation starting from the

worst subchannels, the BSS algorithm starts its operationsfrom the best subchannels. Specifically,

the BSS algorithm is operated in two stages: 1) a search stageto find the best possible candidate

subchannels, and 2) an allocation stage to assign users the subchannels chosen from the candidate

subchannels. Our studies illustrate that the search stage can usually be completed within a relatively

small number of iterations, especially, when large OFDMA systems supporting a big number of

users are considered. This property guarantees the BSS to have low complexity. When operated
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Figure 3.16: Spectrum-efficiency of downlink OFDMA systemsemploying the water-

filling power-allocation algorithm and various subcarrier-allocation algorithms as well as

usingM = 64 subcarriers to supportK = 16 users, when communicating over frequency-

selective Rayleigh fading withLp = 16 time-domain resolvable paths.

in relatively large OFDMA systems, such asK ≥ 8, the proposed BSS algorithm outperforms

the other sub-optimum subcarrier-allocation algorithms considered in this chapter, as well as the

BWSA algorithm. As the communication channel becomes more frequency-selective, the BSS

algorithm’s performance becomes close to that of the optimum Hungarian algorithm. The BSS

algorithm’s performance is dependent on the number of usersK involved. As the number of users

involved increases, the achievable BER and spectrum-efficiency performance move closer to that

achieved by the Hungarian algorithm. However, the BSS algorithm may be outperformed by the

BWSA or WSA algorithm, when the OFDMA systems are very small,such as, of usingM = 4

subcarriers to supportK = 4 users. By contrast, the BWSA algorithm is efficient, regardless of the

size of the OFDMA systems. Certainly, in practice, the OFDMAsystems are usually large. For

example, the LTE/LTE-A OFDMA systems typically employ64 - 2048 subcarriers. Additionally,

our proposed BWSA and BSS algorithms are capable of providing users fairer data rates than the

other sub-optimum algorithms, in addition to the relatively higher throughput.



Chapter 4
Resource Allocation in Single-cell

Downlink MC DS-CDMA Systems

4.1 Introduction

In Chapter 3, we have proposed two novel subcarrier-allocation algorithms for the downlink OFDMA

systems. In this chapter, we consider the resource allocation for the more generalized multicarrier

DS-CDMA systems, where each subcarrier transmits DS spreading signals.

In wireless communications, multicarrier signalling haveattracted wide attention as one of the

promising candidates for high speed broadband wireless communications. In multicarrier systems,

multicarrier modulation/demodulation can be implementedwith the aid of low-complexity fast

Fourier transform (FFT) techniques. When appropriately configured, some multicarrier schemes,

such as OFDMA and orthogonal multicarrier DS-CDMA, employ the capability to suppress inter-

symbol interference (ISI) [1, 61]. Furthermore, the multicarrier DS-CDMA (MC DS-CDMA), in

which each subcarrier uses direct-sequence (DS) spreading, employs a high number of degrees-of-

freedom for high-flexibility design and reconfiguration [61].

It is now well-known that exploiting the time-varying characteristics of wireless channels is

capable of significantly enhancing the quality-of-service(QoS) of wireless communication sys-

tems. Specifically, with the aid of dynamic subcarrier-allocation to users, promising energy- and

spectrum-efficiency can be attained by making use of the embedded multiuser diversity [77]. Owing

to its above-mentioned metrics, subcarrier-allocation inbroadband multicarrier systems, such as in

LTE/LTE-A OFDMA, now becomes highly important. In literature, such as in [77, 78, 80, 82–86],

various subcarrier-allocation algorithms have been proposed and studied for downlink OFDMA

systems and other multicarrier systems. Specifically, the (unfair) greedy algorithm has been in-

vestigated in [78] without considering the fairness, whichaims at maximizing the total sum rate

of downlinks. By contrast, in [80, 82], the (fair) greedy algorithm has been studied, when fairness
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is taken into account, making each user select the best subcarrier(s) from the available subcarri-

ers. However, in terms of reliability, the users allocated the subcarriers at the late stages of the

fair greedy algorithm often have poor performance. In orderto circumvent the shortcomings of

the fair greedy algorithm, in [83], a worst subcarrier avoiding (WSA) algorithm has been proposed

for subcarrier-allocation in the downlink OFDMA and frequency division multiple access (FDMA)

systems. The studies in [83] demonstrate that the WSA algorithm can effectively avoid assigning

users the subchannels of the poorest qualities, and can hence attain higher reliability than the fair

greedy algorithm. In subcarrier-allocation, the Hungarian algorithm [185] is recognized the op-

timum algorithm in the sense of maximum reliability, which has been investigated, for example,

in [83, 86]. However, the Hungarian algorithm is of high complexity for implementation in the

OFDMA systems with a high number of subcarriers supporting ahigh number of users.

In LTE/LTE-A downlink OFDMA systems, the number of subcarriers is usually very high,

which is up to2048, and the number of users supported may also be very high. These characteristics

generate some problems, such as, the PAPR problem, and may prevent schedulers from employ-

ing the optimum or even some promising sub-optimum subcarrier-allocation schemes, due to their

complexity constraint. As the complexity of the optimum or sub-optimum subcarrier-allocation

algorithms is mainly dependent on the number of subcarriers, reducing the number of subcarriers

may effectively decrease the operation complexity of thesealgorithms. It is well-known that, owing

to the employment of DS spreading, the MC DS-CDMA can use a significantly lower number of

subcarriers than the multicarrier schemes, such as the OFDMA, which do not employ DS spread-

ing. For example, Figure 1.7 shows the transmitter schematic of a MC DS-CDMA system, where

each data stream is DS spread before assigning a subcarrier.Furthermore, MC DS-CDMA employs

the flexibility to configure its number of subcarriers according to the frequency-selectivity of wire-

less channels, so that each subcarrier experiences independent fading. In this case, the number of

subcarriers of MC DS-CDMA will be at the order of the number oftime domain resolvable paths of

wireless channels and, hence, will usually be low [1]. Therefore, in MC DS-CDMA, the relatively

high-complexity optimum or near-optimum subcarrier-allocation algorithms may be employed in

order to achieve the best possible performance.

A range of researches [97–100, 105, 107, 125] have been dedicated to the field of resource

allocation in the MC-CDMA and MC DS-CDMA systems. The allocations of transmission rate,

subcarrier and power have been considered in MC-CDMA systemin [97] for minimizing the total

transmission power when given certain bit error rate (BER) requirements. The authors of [99,100]

have compared the capacity performance of the MIMO-OFDMA and MIMO-MC-CDMA systems,

when adaptive power allocation is employed. In [125], adaptive allocations of subchannel, power

and alphabet size have been addressed in a distributed MC DS-CDMA system, in order to minimize

the transmit power under the constraint of packet rate.

Against this background, in this chapter we study the subcarrier-allocation issue in MC DS-

CDMA systems. Specifically, some representative algorithms including the greedy and greedy-
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class algorithms, WSA algorithm, etc., are introduced to and studied associated with the MC DS-

CDMA systems. In this chapter, we propose a range of subcarrier-allocation algorithms with the aid

of channel-inverse power-allocation scheme, aiming at maximizing the reliability of the downlink

MC DS-CDMA system. The proposed algorithms includes the parallel Hungarian algorithm, worst

case avoiding (WCA) and the worst case first (WCF) algorithms. Furthermore, we propose a so-

called iterative worst excluding (IWE) algorithm, which allows the proposed subcarrier-allocation

algorithms to achieve even better performance. In this chapter, the BER performance of the MC

DS-CDMA systems employing various subcarrier-allocationalgorithms is investigated, when as-

suming that subcarrier channels experience independent fading. Our simulation results reveal that

the proposed algorithms may significantly outperform the existing sub-optimum algorithms. Fur-

thermore, the IWE algorithm is effective for further improving the BER performance of some

subcarrier-allocation algorithms.

Note that, the BWSA and BSS algorithms studied in Chapter 3 can also be straightforwardly

extended to the MC DS-CDMA systems considered in this chapter. However, in this chapter, we

focus on the other novel subcarrier-allocation algorithms.

The rest of this chapter is organized as follows. Section 4.2gives the system model and makes

the main assumptions. Section 4.3 briefly reviews three existing subcarrier-allocation algorithms

for acting as benchmarks and Section 4.4 introduces the proposed algorithms. Section 4.5 presents

a novel scheme which facilitates various subcarrier-allocation algorithms. Section 4.6 analyzes

and compares the complexity of the considered subcarrier-allocation algorithms. Section 4.7 in-

vestigates and evaluates the error rate and the spectrum-efficiency performance of the downlink

MC DS-CDMA systems employing various power- and subcarrier-allocation algorithms. At last,

conclusions are summarized in Section 4.8.

4.2 System Model

We consider a single-cell downlink MC DS-CDMA system, whichconsists of one base station

(BS) communicating withK mobile users. We assume that each of the communicating terminals,

including BS andK mobile users, employs one antenna for signal receiving and transmission.

Signals transmitted from BS to mobile users are MC DS-CDMA signals using time (T)-domain DS

spreading [1] and the spreading factor is expressed asN. For clarity, the variables and notations

used in this chapter are summarized as follows:

K Number of mobile users;

K Set of user indexes, defined asK = {0, 1, . . . , K− 1};

N Spreading factor of DS spreading;

M Number of subcarriers of MC DS-CDMA systems;
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M Set of subcarrier indexes, defined asM = {0, 1, . . . , M− 1};

hk,j Channel gain of subcarrierj of userk;

CCC (N × K)-dimensional spreading matrix with columns consisting of the spreading sequences

taken from a(N × N) orthogonal matrix. Note that, some columns ofCCC may be the same in

the case ofK > N. In this case, the corresponding users are operated on different subcarriers;

Fj Set of indexes for up toN users assigned to subcarrierj;

|F| Cardinality of the setF , representing the number of elements in setF ;

Pk Transmission power for userk;

P Total transmission power of BS,P = ∑k∈K Pk;

Ak,j Channel quality of subcarrier (subchannel)j of userk, Ak,j = |hk,j|2/(2σ2), whereσ2 =

1/(2γ̄s) denotes the single-dimensional noise power at a mobile userand γ̄s denotes the

average signal-to-noise ratio (SNR) per symbol.

In this chapter, we assume that each user is allocated one spreading code of one subcarrier.

Consequently, we have

⋃

m∈M
Fm = K, (4.1)

|Fm| = N, ∀m ∈ M (4.2)

Fm

⋂

Fj = ∅, if m 6= j, ∀m, j ∈ M (4.3)

where∅ means an empty set. Constraint (4.1) implies that all subcarriers must be allocated to

users, (4.2) means that there areN users sharing one subcarrier, and, moreover, (4.3) indicates that

each user has only one data stream supported by a DS code on onesubcarrier.

Let us assume that the data symbols to be transmitted by the BSto the K mobile users are

expressed asxxx = [x0, x1, . . . , xK−1]
T, wherexk is the data symbol to userk, which is assumed to

satisfyE[xk] = 0 andE[|xk|2] = 1. Furthermore, let us assume that thej′th subcarrier is assigned

to userk. Then, considering that theM subcarriers are orthogonal, the signal received by userk

from thej′th subcarrier can be written as

yyyk = hk,j′CCCkPPPWWWxxx + nnnk (4.4)

where, in addition to the notations mentioned previously,yyyk is a length-N observation vector,

nnnk = [nk,0, . . . , nk,N−1]
T is a length-N noise vector at userk, while CCCk is a (N × K) matrix

formed fromCCC by setting those columns corresponding to the subcarriers different from thekth

user’s subcarrier to zero vectors, as the result of using orthogonal subcarriers. In this chapter, we

assume that uplinks and downlinks are operated in the TDD mode. Hence, an uplink channel and
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its corresponding downlink channel can be assumed to be reciprocal. In this way, the BS is capable

of obtaining the knowledge of all theKM downlink subchannels and, hence, it can preprocess the

signals to be transmitted by settingWWW = diag{w0, w1, . . . , wK−1}, wherewk = h∗k,j′/
√

|hk,j′ |2
and(·)∗ denotes the conjugate operation.

In this chapter, we assume that the BS employs one of the two power-allocation schemes,

namely the channel-inverse and the water-filling assisted power-allocation schemes, which have

been detailed in Sections 3.4.1 and 3.4.2. In (4.4), the power assigned to each user can be expressed

in matrix form asPPP = diag{P0, P1, . . . , PK−1}. Consequently, after the despreading for userk using

its spreading codeccck, thekth column ofCCC, it can be shown that the decision variable generated by

userk is

zk = Pk

√

|hk,j′ |2xk + nk (4.5)

which yields the SNR

γk = Pk|hk,j′ |2γ̄s = Pk Ak,j′ . (4.6)

Explicitly, when allocating userk a subcarrier with higher subchannel qualityAk,j′ , it attains a

higher SNR, hence, yielding a higher spectrum-efficiency and a lower error rate for a given modu-

lation scheme.

Note that the above considered MC DS-CDMA scheme can be straightforwardly extended to

the scenarios where each of the users demands multiple data streams depending on the data rate

required by the user. In this case, letqk represent the number of data streams of userk (k ∈ K).

Then, we have the constraint of∑k∈K qk ≤ MN on the resource allocation, meaning that the total

number of data streams does not exceedMN in order to avoid interference. In this extended MC

DS-CDMA system, ifqk ≤ N, userk can be assigned one subcarrier and itsqk data streams can be

supported by assigning the userqk different spreading codes. By contrast, ifqk > N, then, userk

may be assigned multiple spreading codes and multiple subcarriers, in order to support theqk data

streams.

Note furthermore that our MC DS-CDMA scheme represents a generalized multicarrier scheme

for studying resource allocation. First, whenN = 1, i.e., when there is no DS spreading, the MC

DS-CDMA scheme is reduced to the conventional OFDMA. Correspondingly, we only require

subcarrier-allocation, but no code-allocation, as that studied in Chapter 3. Second, when given

the total bandwidth of a MC DS-CDMA system, there exists a trade-off between the number of

subcarriersM and the spreading factorN, which determines the bandwidth of the subchannels.

Hence, in a MC DS-CDMA system, the number of subcarriers can be reconfigured according to

the communication environments, so that each of the subchannels experiences flat fading, while

different subchannels experience relatively independentfading. Specifically, when operated in an

environment where fading is highly frequency-selective, the system may be configured with a rel-

atively high number of subcarriers but a relatively low spreading factor, in order to guarantee that
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all subcarriers experience flat fading. By contrast, when the communication environment becomes

less frequency-selective, the system may be reconfigured touse a smaller number of subcarriers

but a bigger spreading factor. Owing to the reduced number ofsubcarriers and the increased band-

width per subchannel, different subchannels will experience less correlated fading, the complexity

of subcarrier-allocation can be reduced and, furthermore,the PAPR problem can be mitigated.

The objective of our subcarrier-allocation in this chapteris the same as that in Chapter 3, as

shown in Section 3.3. We motivate to assign theK users the best set of subcarriers, i.e., the bestK

subchannels chosen from theKM possible subchannels. By allocating subcarriers in such a way,

as shown in Chapter 3, there is no trade-off between reliability and spectrum-efficiency. Let us first

consider the application of some existing subcarrier-allocation algorithms for the MC DS-CDMA

systems.

4.3 Existing Subcarrier-Allocation Algorithms

In this section, we briefly introduce how some existing representative subcarrier-allocation algo-

rithms can be extended for application in the single-cell downlink MC DS-CDMA systems. Three

algorithms, including the greedy algorithm, the WSA algorithm, and the optimum Hungarian al-

gorithm, are considered. We have detailed the greedy and WSAalgorithms in Section 3.5. There-

fore, we only highlight their advantages and drawbacks in this section, against which a range of

subcarrier-allocation algorithms are proposed and investigated in the following sections. Further-

more, we also describe the optimum Hungarian algorithm, which is the subcarrier-allocation algo-

rithm minimizing the error rate of a considered system.

Along with our analysis, an example is introduced, which employs M = 4 subcarriers to sup-

port K = 8 mobile users. Therefore, each subcarrier can be assigned totwo users, which are

distinguished by their DS spreading codes of lengthN = 2. In this example, the subchannel qual-

ities corresponding to the four subcarriers of the eight users are illustrated in Table 4.1, where the

first row and first column denote the user and subcarrier indices, respectively. Furthermore, in our

discussion, we assume that the channel-inverse assisted power-allocation algorithm is employed,

and the total transmission power isP = 1. From the above discussion and Chapter 3, we can

realize that the main difference between the subcarrier-allocation in OFDMA systems and that in

MC DS-CDMA systems is that one subcarrier is only assigned toone user in the OFDMA systems,

while one subcarrier may be assigned to multiple users in theMC DS-CDMA systems. Let us first

discuss the greedy algorithm.

In the context of the greedy algorithm [80], a subcarrier is always allocated to the two users

(in contrast to one in OFDMA) having the best subchannel qualities among the users still requiring

subcarriers. For the example considered, the subcarrier-allocation is carried out one by one from the

first subcarrier to the last. Specifically, subcarrier0 is allocated to users2 and5, as they correspond
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Table 4.1: Subchannel Quality Matrix forK = 8 Users ofM = 4 Subcarriers.

U0 U1 U2 U3 U4 U5 U6 U7

S0 3.73 4.95 5.06 0.34 2.37 5.04 1.59 3.42

S1 1.39 2.01 0.52 4.71 5.02 8.32 10.60 2.12

S2 0.41 1.63 4.52 0.87 0.91 3.50 2.49 0.65

S3 2.13 5.07 4.57 2.55 3.22 0.49 1.20 0.02

to the two highest subchannel qualities on subcarrier0 among the eight users. Hence, the allocation

set for subcarrier0 is updated toF0 = {2, 5}. Similarly, subcarrier1 is allocated to users4 and6,

as they have the best subchannel qualities among the remaining users for this subcarrier, yielding

F1 = {4, 6}. Similarly, we can obtainF2 = {1, 3} andF3 = {0, 7}. According to the allocation

results, when the channel-inverse power-allocation is employed, it can be shown that the attainable

SNR is given byγc =
(

∑k∈F j
A−1

k

)−1
= 0.019, while the worst (minimum) subchannel quality

of the allocated subcarriers ismink∈{F j}{Ak,j} = 0.02, which dominates the attainable SNR and

hence the achievable error performance.

Explicitly, the greedy algorithm has the advantage of low-complexity. However, at the later

stages of allocation, the algorithm may have to assign usersthe subcarriers with very poor subchan-

nel qualities, as there are no other options. As the above example shows, at the last stage, subcarrier

3 has to be allocated to user7, which results in the poorest subchannel quality ofA7,3 = 0.02.

The WSA algorithm is designed to avoid assigning users the subcarriers having the worst sub-

channel qualities [83]. With the aid of the example of Table 4.1, for each of the subcarriers, the

worst subchannel quality is identified, denoted by bold value in (4.7). It can be readily known that

the worst subchannel qualities corresponding to the four subcarriers areA(min)
0 = 0.34 for sub-

carrier0, A
(min)
1 = 0.52 for subcarrier1, A

(min)
2 = 0.41 for subcarrier2 and A

(min)
3 = 0.02 for

subcarrier3. Secondly, the subcarriers are arranged in the ascending order as{3, 0, 2, 1} according

to their worst subchannel qualities, forming a matrix shownas












U0 U1 U2 U3 U4 U5 U6 U7

S3 2.13 5.07 4.57 2.55 3.22 0.49 1.20 0.020.020.02

S0 3.73 4.95 5.06 0.340.340.34 2.37 5.04 1.59 3.42

S2 0.410.410.41 1.63 4.52 0.87 0.91 3.50 2.49 0.65

S1 1.39 2.01 0.520.520.52 4.71 5.02 8.32 10.60 2.12













(4.7)

where, the worst subchannel qualities are represented by boldface values. Finally, based on the

above-derived matrix, the subcarriers are allocated to theeight users in the principles of the greedy

algorithm, from the first row to the last row, yielding the allocation resultsF0 = {0, 5}, F1 =

{3, 7}, F2 = {4, 6}, andF3 = {1, 2}, corresponding to the underlined numbers in (4.7). With the

aid of (3.12), the attainable SNR is evaluated to beγc =
(

∑k∈F j
Ak

)−1
= 0.29, when assuming

that the total transmission power isP = 1. Furthermore, from (4.7) we can know that the worst
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subchannel quality of the allocated subcarriers ismink∈{F j}{Ak,j} = 0.91.

Explicitly, the WSA algorithm significantly improves both the worst subchannel quality and

the attainable SNR per subcarrier, after the power-allocation, in comparison with that obtained by

the greedy algorithm. Owing to the above, the WSA algorithm is expected to achieve better error

performance than the greedy algorithm [83].

The Hungarian algorithm has originally been proposed to solve the assignment problem in

graph theory [185, 191], and been designed to find the minimumcost for a complete one-to-one

matching, when given a square cost matrix. The Hungarian algorithm has also been introduced

to deal with the subcarrier-allocation problem in multicarrier communication systems, such as,

OFDMA [83,86], which provides the optimum solutions in the sense of maximizing the reliability,

such as, SNR, etc. The detailed operations for the Hungarianalgorithm can be found in many

references, such as in [185], here we briefly summarize its operation as follows.

Algorithm 5. (Hungarian Algorithm)

Step 1 Subtract the minimum cost of each row from each row in the costmatrix, until all rows and

columns of the cost matrix appear zeros.

Step 2 Draw the minimum number of lines to cover the zeros in the reduced cost matrix. The final

assignment is obtained when the number of lines equalsNcost, whereNcost is the size of the

cost matrix. Otherwise, update the cost matrix, go to step 3.

Step 3 Identify the minimum cost of the uncovered part of the cost matrix, and then add the min-

imum cost to the covered columns as well as subtract it from the uncovered rows. Repeat

steps 2 and 3 until the assignment is derived.

As the Hungarian algorithm has to be operated based on a square cost matrix, for our example

of Table 4.1, we first need to modify it to a(8× 8) square matrix, and change{Ak,m} in Table 4.1

to {1/Ak,j}, as the Hungarian algorithm aims to find out the minimum sum ofcosts. The modified

subchannel quality matrix can be expressed as
























U0 U1 U2 U3 U4 U5 U6 U7

S0 0.27 0.20 0.197 2.94 0.42 0.198 0.63 0.29

S1 0.72 0.50 1.92 0.21 0.199 0.12 0.09 0.47

S2 2.44 0.61 0.221 1.15 1.09 0.29 0.40 1.54

S3 0.47 0.197 0.219 0.39 0.31 2.04 0.83 50

S0 0.27 0.20 0.197 2.94 0.42 0.198 0.63 0.29

S1 0.72 0.50 1.92 0.21 0.199 0.12 0.09 0.47

S2 2.44 0.61 0.221 1.15 1.09 0.29 0.40 1.54

S3 0.47 0.197 0.219 0.39 0.31 2.04 0.83 50
























. (4.8)
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Then, the Hungarian algorithm as above-stated is executed on (4.8), which yields the allocation

resultsF0 = {0, 7}, F1 = {3, 6}, F2 = {2, 5}, F3 = {1, 4}. It can be shown that the obtained

SNR is γc = 0.53, when the channel-inverse assisted power-allocation is employed, while the

worst subchannel quality of the allocated subcarriers isminj∈M,k∈F j
{Ak,j} = 3.42.

The Hungarian algorithm is the optimum algorithm, which gives the best subcarrier-allocation

in terms of minimization of the error rate. However, the Hungarian algorithm demands a high

complexity ofO(K3), which becomes a bottleneck for the practical implementation, when the

number of users involved is high.

4.4 Proposed Subcarrier-Allocation Algorithms

In this section, we propose a range of subcarrier-allocation algorithms, for operation in the MC DS-

CDMA systems. These algorithms aim to minimize the average BER of the system, but without

making a trade-off with the throughput. First, we propose a so-called parallel Hungarian algorithm,

in order to mitigate the high complexity issue suffered by the Hungarian algorithm. Then, we

propose two low-complexity algorithms, namely the WCA and the WCF algorithms. These two

algorithms are designed to improve the allocation results obtained by the WSA algorithm. For the

sake of showing the principle, we describe the proposed algorithms in this section with the aid of

the example of Table 4.1. Let’s first discuss the parallel Hungarian algorithm.

4.4.1 Parallel Hungarian Subcarrier-Allocation Algorith m

In order to reduce the computational complexity, in this section, we propose a so-called parallel

Hungarian algorithm for subcarrier-allocation schemes inthe downlink MC DS-CDMA systems.

As the name suggests, the proposed algorithm is based on the Hungarian algorithm [185], while is

operated in parallel form.

From Section 4.3 and [185], we can know that the complexity ofthe Hungarian algorithm

highly depends on the size of the cost matrix and isO(K3) for the subcarrier-allocation in the con-

sidered MC DS-CDMA system. Hence, reducing the size of the cost matrix can significantly reduce

the number of operations required, and hence the operational complexity. In our MC DS-CDMA

systems, the number of subcarriers isM and the number of users supported is up toK = MN. As

each of the subcarriers supportsN users, we may divide the subcarrier-allocation process into N

parallel sub-processes, each sub-process deals withM users and allocates one user to each of the

M subcarriers with the aid of the Hungarian algorithm. In thiscase, the overall complexity of sub-

carrier allocation becomesO(NM3), instead ofO(N3M3) of the Hungarian algorithm operated

on the original(K × K) cost matrix, whereK = MN.

For the considered example of Table 4.1, the parallel Hungarian algorithm is operated based
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on two (4× 4) cost matrices, which may be obtained by randomly grouping the 8 users into two

groups. For example, we may let users0, 3, 4 and6 be group1, and users1, 2, 5 and7 be group2.

Correspondingly, the two(4× 4) subchannel quality matrices are given by












U0 U3 U4 U6

S0 0.27 2.94 0.42 0.63

S1 0.72 0.21 0.199 0.09

S2 2.44 1.15 1.09 0.40

S3 0.47 0.39 0.31 0.83

























U1 U2 U5 U7

S0 0.20 0.197 0.198 0.29

S1 0.50 1.92 0.12 0.47

S2 0.61 0.221 0.29 1.54

S3 0.197 0.219 2.04 50













. (4.9)

Group 1 Group 2

Then, the Hungarian algorithm can be operated respectivelybased on the cost matrices derived

from the above subchannel quality matrices, yielding the allocation resultsF0 = {0, 7}, F1 =

{3, 5}, F2 = {2, 6}, F3 = {1, 4}, as the underlined subchannel qualities in (4.9) indicate.When

the channel-inverse assisted power-allocation is used, itcan be shown that the obtained SNR is

γc = 0.49, while the worst subchannel quality of the allocated subcarriers isminj∈M,k∈F j
{Ak,j} =

2.49, which is worse than that obtained by the Hungarian algorithm in Section 4.3. However, for

this specific example considered, the SNR obtained by the proposed parallel Hungarian algorithm

is higher than that obtained by the other sub-optimum algorithms, such as, the greedy and the WSA

algorithms discussed in Section 4.3.

In summary, the parallel Hungarian algorithm can be summarized as follows.

Algorithm 6. (Parallel Hungarian Algorithm)

Step 1 User grouping: Randomly divide theK users intoN groups, each group hasM users.

Step 2 Cost matrix forming: Corresponding to theN user groups,N number of(M × M) cost

matrices are formed from the original(M× K) subchannel quality matrix.

Step 3 Subcarrier Allocation: The Hungarian algorithm is executed in the context of theN cost

matrices to derive the subcarrier-allocation results.

From the example and the algorithm, explicitly, the proposed parallel Hungarian algorithm is a

modified version of the Hungarian algorithm. The complexitydepends on the size of the sub-cost

matrices. There is a trade-off between the performance of the parallel Hungarian and the size of

the sub-cost matrices, or the number of sub-cost matrices. When fewer sub-cost matrices are used,

making the size of the sub-cost matrices larger, the achieved performance will be closer to that of

the optimum Hungarian algorithm. However, the complexity also becomes higher.

4.4.2 Worst Case Avoiding Subcarrier-Allocation Algorithm

From the analysis in Section 4.4, we may classify the WSA algorithm as a subcarrier-oriented

WSA algorithm, which is capable of avoiding assigning the(M − 1) worst subchannels when
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there are in totalM subcarriers [83]. Specifically, for the considered example, the WSA algorithm

can guarantee not to assign the three worst subchannels and,in most cases, four worsts can be

avoided. In the MC DS-CDMA systems where the number of users is more than the number of

subcarriers, in order to achieve better error performance,the subcarrier-allocation may be operated

in the user-oriented mode, which may avoid assigning more ofthe worst subchannels. Inspired by

the observation, in this section, we generalize the WSA algorithm to a so-called worst case avoiding

(WCA) algorithm, the principles of which is first illustrated below.

When the WCA algorithm is employed, it always tries to avoid as many as possible the worst

subchannels. The WCA algorithm is operated either in the subcarrier-oriented mode, i.e., WSA,

or in the user-oriented mode. Specifically, for the example considered, as the number of users is

higher than the number of subcarriers, the user-oriented mode will avoid a higher number of worst

subchannels than the subcarrier-oriented WSA algorithm. In this case, the WCA algorithm first

arranges the users in an ascending order of{7, 3, 0, 5, 2, 4, 6, 1} according to their worst subchannel

qualities of four subcarriers, yielding












U7 U3 U0 U5 U2 U4 U6 U1

S0 3.42 0.340.340.34 3.73 5.04 5.06 2.37 1.59 4.95

S1 2.12 4.71 1.39 8.32 0.520.520.52 5.02 10.60 2.01

S2 0.65 0.87 0.410.410.41 3.50 4.52 0.910.910.91 2.49 1.631.631.63

S3 0.020.020.02 2.55 2.13 0.490.490.49 4.57 3.22 1.201.201.20 5.07













. (4.10)

In (4.10) the subchannel qualities in boldface are the worstsubchannel qualities of the users. Then,

based on the ordered matrix (4.10), the subcarrier-allocation is carried out based on the greedy

algorithm, one user at a stage, from the first to the last column. Consequently, the allocation results

areF0 = {0, 7}, F1 = {3, 5}, F2 = {1, 6}, andF3 = {2, 4}. It can be shown that the SNR

achieved by the WCA algorithm isγc = 0.41, and the worst subchannel quality of the allocated

subcarriers ismink∈{F j}{Ak,j} = 1.63.

Straightforwardly, the proposed WCA algorithm is capable of achieving better allocation results

than the WSA algorithm, as the WSA is a special case of the WCA.For the considered example,

both the worst subchannel quality and the achievable SNR areimproved in comparison with that

obtained by the WSA algorithm. Furthermore, it can be shown that the WCA algorithm is capable

of preventing allocating at leastmax{K− N, M− 1} worst subchannels, instead of at least(M−
1) of the WSA algorithm.

In summary, the WCA algorithm can be stated as follows.

Algorithm 7. (Worst Case Avoiding Algorithm)

Initialization : Subcarrier-oriented mode is chosen whenM ≥ K, otherwise, user-oriented mode

is selected whenM < K. SetM̃ =M, K̃ = K.

Step 1 Worst subchannel quality identification:
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User-oriented mode- Find each user’s worst subchannel quality:A
(min)
k = minj∈M{Ak,j}.

Subcarrier-oriented mode- Find each subcarrier’s worst subchannel quality:

A
(min)
j = mink∈K{Ak,j}.

Step 2 User (or Subcarrier) ordering:

User-oriented mode- Arrange users in ascending order according to the worst subchannel

qualities as{i0, i1, . . . , iK−1}, if A
(min)
i0

≤ A
(min)
i1
≤ . . . ≤ A

(min)
iK−1

.

Subcarrier-oriented mode- Arrange subcarriers in ascending order according to the worst

subchannel qualities as{q0, q1, . . . , qM−1}, if A
(min)
q0
≤ A

(min)
q1

≤ . . . ≤ A
(min)
qM−1

.

Step 3 Allocation:

Based on the above-derived order, subcarrier-allocation is carried out one-by-one:

User-oriented mode- First, at theikth stage, subcarrierj∗ is allocated to userik: j∗ =

argmaxj∈M̃{Aik,j}, ik ∈ K. Then, if subcarrierj∗ has been assigned toN = K/M users, it

is removed fromM̃: M̃ ← M̃− {j∗}.

Subcarrier-oriented mode- First, at theqmth stage, userk∗ is allocated to subcarrierqm:

k∗ = argmaxk∈K̃{Ak,qm
}, qm ∈ M. Then, if userk∗ has been assigned the required number

of subcarriers, it is deleted from̃K: K̃ ← K̃ − {k∗}.

4.4.3 Worst Case First Subcarrier-Allocation Algorithm

According to the WCA algorithm described in Section 4.4.2, as the example shows, user2 is

allocated the subcarrier at the fifth stage, as its worst subchannel quality isA2,1 = 0.52, which

is the fifth worst of the users. However, from (4.10) we observe that subcarriers0 and1 cannot

be the options for user2, as each of these two subcarriers has been assigned to two users. In this

case, the worst subchannel quality of user2’s available subcarriers becomesA2,2 = 4.52, which

is much larger than that of users4, 6, and1’s available subcarriers (which are0.91, 1.2 and1.63,

respectively). Therefore, in order to maximize the system’s reliability, it would be beneficial to

allocate the subcarriers to users4, 6 and1 before assigning the subcarrier to user2.

Based on the above observation, we propose the WCF algorithm, which re-order the users (or

subcarriers) according to the worst subchannel qualities of the available subcarriers (users). Specif-

ically, for the MC DS-CDMA withK > M, during each stage, the algorithm first finds the worst

subchannel quality of the unassigned users among only the subcarriers available for allocation,

rather than finding the worst subchannel quality of the unsigned users among all the subcarriers, as

done by the WCA algorithm. In detail, for the example considered, the WCF algorithm completes
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the allocation user by user in8 stages, which can be demonstrated as












U7 U3 U0 U5 U4 U6 U1 U2

S0 3.42 0.340.340.34 3.73 5.04 2.37 1.59 4.95 5.06

S1 2.12 4.71 1.39 8.32 5.02 10.60 2.01 0.52

S2 0.65 0.87 0.410.410.41 3.50 0.910.910.91 2.49 1.631.631.63 4.524.524.52

S3 0.020.020.02 2.55 2.13 0.490.490.49 3.22 1.201.201.20 5.07 4.57













(4.11)

where the eight columns stand for the eight stages of allocation, the subchannel qualities in boldface

are the minimum of the users’ subchannel qualities of the available subcarriers at the eight stages.

As shown in (4.11), at the first stage, the eight users’ worst subchannel qualities of the subcar-

riers are the same as those in boldface in (4.11). In this case, user7 (A7,3 = 0.02) is the worst and

it is first assigned subcarrier0 with the best subchannel quality of3.42 among the four subcarriers.

Similarly, as seen in (4.11), users3, 0 and5 are assigned subcarriers1, 0 and1, respectively, during

the second, third and fourth stages. At this moment, we can see from (4.11) that the worst subchan-

nel qualities of the available subcarriers for the four remaining users areA1,2 = 1.63 for user1,

A2,2 = 4.52 for user2, A4,2 = 0.91 for user4 andA6,3 = 1.20 for user6, respectively. As we can

see, the worst subchannel quality of the subcarriers available to user2 becomesA2,2 = 4.52 instead

of A2,1 = 0.52, as subcarrier1 (also subcarrier0) has already been assigned to two users in the

previous four stages and cannot be assigned to other users. Therefore, at the fifth stage, a subcarrier

is assigned to user4, which is subcarrier3. Similarly, subcarriers can be assigned to users6, 1

and2. From (4.11) we can know that the final allocation results areF0 = {0, 7}, F1 = {3, 5},
F2 = {2, 6} andF3 = {1, 4}. The achievable SNR of the system isγc = 0.49 and the worst

subchannel quality of the assigned subcarriers ismink∈{F j}{Ak,j} = 2.49.

In comparison with the WCA algorithm, as shown in Section 4.4.2, user1 is forced to select

subcarrier2 at the last stage, which results in the poorest subchannel quality of A1,2 = 1.63.

By contrast, under the WCF algorithm, user1 has two options to choose either subcarrier2 or

subcarrier3 at the seventh stage, and is then assigned the better subcarrier 3, which results in a

subchannel quality ofA1,3 = 5.07, which is significantly higher thanA1,2 = 1.63 obtained by the

WCA algorithm.

When comparing the WCF with the WCA, it is not hard to know thatthe WCF algorithm is

capable of yielding the highest achievable SNR as well as thehighest worst subchannel quality, as

demonstrated by the above example. As the above example shows, the WCF algorithm successfully

avoids assigning the worst subchannel quality by preventing the unreasonable allocation for user2

at the fifth stage by the WCA algorithm. Therefore, the proposed WCF algorithm provides a more

reliable and efficient way of subcarrier-allocation, whilesimultaneously captures all the advantages

of the WCA algorithm. In summary, the WCF algorithm is statedas follows.
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Algorithm 8. (Worst Case First Algorithm)

Initialization : User-oriented mode is chosen whenM < K, subcarrier-oriented mode is used when

M ≥ K. SetK̃ = K, M̃ =M. SetFj = ∅ for all j ∈ M.

Repeat:

Step 1 User-oriented mode- Identify the worst subchannel quality of each user:

A
(min)
k = minj∈M̃{Ak,j}, for all k ∈ K̃.

Subcarrier-oriented mode- Identify the worst subchannel quality of each subcarrier:

A
(min)
j = mink∈K̃{Ak,j}, for all j ∈ M̃.

Step 2 User-oriented mode- Find the user with the minimum of the worst subchannel qualities:

k∗ = arg mink∈K̃{A
(min)
k }.

Subcarrier-oriented mode- Find the subcarrier with the minimum of the worst subchannel

qualities: j∗ = arg minj∈M̃{A
(min)
j }.

Step 3 User-oriented mode- Assign userk∗ the subcarrier with the best subchannel quality:q′ =

arg maxq∈M̃{Ak∗ ,q}, thenFq′ ← Fq′
⋃{k∗}.

Subcarrier-oriented mode- Allocate subcarrierj∗ to the user with the best subchannel qual-

ity: i′ = arg maxi∈K̃{Ai,j∗}, thenFj∗ ← Fj∗
⋃{i′}.

Step 4 User-oriented mode- Remove userk∗ from K̃: K̃ ← K̃ − {k∗}. Remove subcarrierq′

from M̃ if |Fq′ | = N: M̃ ← M̃− {q′}.

Subcarrier-oriented mode- Remove subcarrierj∗ from M̃: M̃ ← M̃−{j∗}. Remove user

i′ from K̃ if it has been assigned the required number of subcarriers:K̃ ← K̃ − {i′}.

Stop if K̃ = ∅, or M̃ = ∅.

Note again that the BWSA and BSS algorithms proposed in Chapter 3 can also be applied

straightforwardly for subcarrier-allocation in the MC DS-CDMA systems. Since the principles and

performance have been detailed in Chapter 3, they are not repeated in this chapter.

4.5 Iterative Worst Excluded (IWE) Algorithms

In this section, we propose a general algorithm called as theiterative worst excluding (IWE), which

can be employed in associated with various of subcarrier-allocation algorithms, including the WSA,

WCA and the WCF. With the aid of the IWE algorithm, the error rate performance of subcarrier-

allocation algorithms may achieve further improvement. Let us first illustrate the principles of the

IWE algorithm.
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4.5.1 Principles of Iterative Worst Excluding Algorithms

As the name suggests, the proposed IWE algorithm aims to achieve an improved BER performance

by iteratively updating the associated subchannel qualitymatrix. During each iteration, the IWE

algorithm removes the worst subchannel qualities of the candidate subcarriers or the candidate

users, before carrying out the subcarrier-allocation. After the subcarrier-allocation at an iteration,

the allocation results obtained are compared with those obtained from the last iteration, in order

to observe whether any performance improvement is gained. If there is performance gain, the

algorithm continues to the next iteration. Finally, the algorithm stops, when there is no further per-

formance improvement or when the maximum number of iterations is reached. In the following, we

demonstrate the principles of the IWE algorithm in conjunction with the WCF subcarrier-allocation

algorithm, which can be referred to as the IWE assisted WCF (IWE-WCF) algorithm. Furthermore,

we compare the IWE-WCF algorithm with the other algorithms proposed in Section 4.4.

In the context of the IWE-WCF algorithm, the WCF algorithm isfirst carried out based on the

subchannel quality matrix given in Table 4.1 during the first(initial) iteration. Correspondingly,

the allocation results are given in Section 4.4.3 and the attainable SNR isγ(1)
c = 0.49, where

the superscript of (1) indicates the first iteration. At the second iteration, the worst subchannel

qualities of the eight users are eliminated before operating again the WCF algorithm, in order to

avoid assigning them to users. More specifically, the process of the second iteration can be shown

with the aid of (4.12)












U7 U3 U0 U6 U4 U5 U2 U1

S0 3.42 × 3.73 1.591.591.59 2.37 5.04 5.06 4.95

S1 2.12 4.71 1.391.391.39 10.60 5.02 8.32 × 2.01

S2 0.650.650.65 0.870.870.87 × 2.49 × 3.503.503.50 4.524.524.52 ×
S3 × 2.55 2.13 × 3.223.223.22 × 4.57 5.075.075.07













(4.12)

2nd iteration

where ‘×’ stands for the worst subchannel quality of an user which is removed before the subcarrier-

allocation, referred to as worst excluding (WE). After the WE, we can see in (4.12) that subcarrier

0 can be allocated to any of the remaining7 users. We define these7 users as the candidate users

of subcarrier0, expressed as̃F0 = {0, 1, 2, 4, 5, 6, 7}. Simultaneously, we can see that subcarrier

1 also has7 candidate users. However, both subcarrier2 and3 have only five candidate users.

Following the WE process, the algorithm carries out the condition checking, in order to know

whether the subcarrier-allocation can be completed based on the updated subchannel quality matrix.

In order to fulfill the allocation, two conditions have to be met. Otherwise, the following subcarrier-

allocation will not be carried out and the algorithm stops. In detail, the two conditions are as

follows.

Condition(a): The number of candidate users of each subcarrier exceeds, K/M, of the number of
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users to be assigned to one subcarrier. This condition can beexpressed as

|F̃j| ≥ K/M, ∀j ∈ M. (4.13)

Condition(b): Each subcarrier can only be assigned toK/M different users and each user is only

assigned one subcarrier, which can be expressed as

|F̃j ∪ F̃q| ≥ 2K/M, j 6= q, ∀j, q ∈ M. (4.14)

Specifically, for the example considered, we can observe from the updated matrix in (4.12) that

the above two conditions can be met. Thus, it guarantees thateach subcarrier can be allocated to two

different users and each user attains one subcarrier. Therefore, we can proceed the WCF algorithm

based on the updated matrix of (4.12). This process can also be shown with the aid of (4.12),

where the boldface value under each user is the worst subchannel quality among the remaining

users. Upon following the principles of the WCF algorithm, the new allocation results can be

obtained, which are shown by the underlined values in (4.12). The results areF (2)
0 = {0, 7},

F (2)
1 = {3, 6}, F (2)

2 = {2, 5} andF (2)
3 = {1, 4}. It can be shown that the achievable SNR

of the system isγ(2)
c = 0.53, while the worst subchannel quality of the allocated subcarriers is

min
k∈{F (2)

j }
{Ak,j} = 3.42.

From the results of the second iteration, we can see that boththe SNR and the worst subchannel

quality are improved in comparison with those obtained fromthe first iteration. Therefore, the

IWE-WCF algorithm continues to the third iteration, and theWE process is again first carried out,

yielding












U0 U1 U2 U3 U4 U5 U6 U7

S0 3.73 4.95 5.06 × × 5.04 × 3.42

S1 × × × 4.71 5.02 8.32 10.60 2.12

S2 × × × × × × 2.49 ×
S3 2.13 5.07 4.57 2.55 3.22 × × ×













. (4.15)

3rd iteration

Then, the two required conditions are checked. Explicitly,the candidate user set of subcarrier

2 contains only one user and becomesF̃2 = {6}. However, for the example considered, each

subcarrier is required to be allocated toN = 2 users. Hence, condition (a) described in (4.13) is

not satisfied, and the algorithm hence stops. Consequently,the results obtained from the second

iteration are taken as the final allocation results.

For convenience, the main steps of the IWE assisted subcarrier-allocation algorithms can be de-

scribed by the flow chart in Figure 4.1. In detail, during the initialization of the IWE algorithm, with

the specific subcarrier-allocation algorithm is chosen, and the initial (first) iteration of subcarrier-

allocation is carried out. After the initialization, the IWE scheme proceeds to the second iteration,
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Figure 4.1: Flow chart showing the steps of the IWE algorithm.

and setss = 2. During each iteration withs ≥ 2, the WE process is first carried out, as shown

in the figure. Note that, the WE can be operated either in user direction or in subcarrier direction,

which is dependent on the subcarrier-allocation algorithmemployed, the number of subcarriers as

well as the number of users involved. For example, when the IWE-WCF algorithm is employed,

the WE is carried out in user direction. By contrast, when theIWE-WSA algorithm is used, the

WE process is operated in subcarrier direction, i.e., the worst subchannel quality of each of the

subcarriers is removed. As shown in Figure 4.1, following the WE block, the algorithm checks

the conditions for assignment. When the two conditions as mentioned in this section are satisfied,

it proceeds to the subcarrier-allocation. Otherwise, the IWE algorithm stops and takes the results

obtained in the(s− 1)th (previous) iteration as the final subcarrier-allocation. If the sth iteration of

subcarrier-allocation is carried out, the allocation results of thesth (current) iteration are compared

with those of the previous iteration against the performance metric. If performance is improved,

the algorithm continues to the next iteration. Otherwise, the IWE algorithm stops and the allocation

results from the previous iteration are taken as the final allocation results.

4.5.2 Characteristics of Iterative Worst Excluding Algorithms

The IWE algorithm employs a range of advantages in the sense of improving the error performance

in comparison with the various subcarrier-allocation algorithms found in references. First, the

IWE algorithm can be easily implemented in conjunction withan existing subcarrier-allocation

algorithm, in order to enhance its performance, as discussed in Section 4.5.1. The core of the IWE

algorithm is the WE process, which meliorates the subchannel quality matrix prior to operating

subcarrier-allocation. Based on the improved subchannel quality matrix, the subcarrier-allocation

followed can hence improve the error performance. Second, the subcarrier-allocation algorithm

assisted by the IWE algorithm can always guarantee error performance improvement in comparison

with that without using the IWE. In Section 4.5.1, we only described the operation procedure of the

IWE-WCF algorithm. Similarly, we can also form the IWE aidedWSA (IWE-WSA) algorithm,



4.5.2. Characteristics of IWE Algorithms 124

Table 4.2: Average number of iterations for the IWE aided subcarrier-allocation algo-

rithms.

Algorithm IWE-WCF IWE-WCA IWE-WSA

N

M
4 8 16 32 4 8 16 32 4 8 16 32

1 1.76 2.14 2.44 2.58 2.20 2.75 2.74 2.73 2.20 2.75 2.74 2.73

2 1.70 2.12 2.40 2.55 1.96 2.45 2.65 2.72 2.42 2.64 2.67 2.71

4 1.60 2.03 2.34 2.52 1.78 2.30 2.61 2.71 2.43 2.55 2.65 2.70

8 1.49 1.89 2.25 2.46 1.63 2.18 2.56 2.70 2.42 2.51 2.64 2.69

the IWE aided WCA (IWE-WCA) algorithm, etc., the performance of which will be evaluated

in Section 4.7. It should be noted that, the greedy algorithmwas designed not to maximize the

minimum of subchannel qualities. Hence, the IWE algorithm may not assist the greedy algorithm

and its extensions in improving the error performance. Finally, from our studies, we find that

the IWE algorithm converges fast and is usually operated with a low number of iterations, which

guarantees the IWE aided algorithms low complexity.

As the number of iterations required by the IWE algorithm is an important factor, which affects

the performance and complexity of the associated subcarrier-allocation algorithms, in Table 4.2,

we summarize the average number of iterations required by the various IWE aided subcarrier-

allocation algorithms for some cases. For this table, we assumed for the considered downlink MC

DS-CDMA system that all subcarriers of all users experienceindependent Rayleigh fading and the

Gaussian noise of the same variance. Furthermore, we assumed that the number of users supported

by the system isK = MN. Each of the results in the table was obtained by averaging over the

outcomes of105 simulations. From the results, we can observe that the threeIWE aided subcarrier-

allocation algorithms always require a low average number of iterations, which isS̄ < 3 for all the

considered cases. Moreover, from the table, a few other observations can be identified. First, given

a constantN value, it can be shown that the average number of iterations normalized by the number

of subcarriersM, i.e., S̄/M, decreases explicitly asM increases, even though, for most cases, the

average number of iterations̄S slightly increases asM becomes larger. Second, for most cases,

S̄ in general becomes smaller as the spreading factor increases for a constantM. Furthermore,

the IWE-WSA algorithm requires in average a slightly biggernumber of iterations than the other

two algorithms considered. This is mainly because the IWE-WSA algorithm carries out the WE

operations in subcarrier direction, while the other two algorithms run the WE operations in user

direction.

Furthermore, in Figure 4.2, we illustrate the probability mass function (PMF) of the number

of iterations required by the three IWE aided subcarrier-allocation algorithms, where the results

are obtained from105 realizations. Associated with the studies, we assumedM = 16, K = 64
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and N = 4. It can be observed that the number of iterations is a variable and, for most cases,

the allocation requires2 iterations. However, the allocation process sometimes requires up to 6

iterations. Furthermore, the probability of requiring8 iterations is nearly zero, which is still much

smaller than the number of usersK = 64. From Table 4.2 and Figure 4.2, we therefore can

conclude that the IWE aided algorithms usually demand a low number of iterations, which ensures

a low complexity for implementation. Note that, in practice, we may set the maximum number

of iterations to three or four, which guarantees the most of the available gain, while limits the

complexity.

M=16, N=4, K=M N=64
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IWE-WSA
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IWE-WCF

Figure 4.2: Distribution of the number of iterations required by the IWE aided subcarrier-

allocation algorithms.

4.6 Complexity Analysis of Subcarrier-allocation Algorithms

In this section, we analyze the complexity of the proposed subcarrier-allocation algorithms and

that of the other considered existing algorithms. In our analysis, we assume that the same power-

allocation scheme is used for all the subcarrier-allocation algorithms. Furthermore, the complexity

reflects the number of comparisons required by the subcarrier-allocation algorithms.

First, the complexity of the greedy algorithm and that of theWSA algorithm can be found, for

example, in [83], which are bothO(K2) for the MC DS-CDMA systems withK ≥ M. Specifically,

the number of comparisons required by the WSA algorithm can be expressed as

C(WSA) = M(K− 1) + 2M ln M +
1

2
K(K− 1). (4.16)
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The complexity of the WCA algorithm depends on the specific operations. First, theK users

are ordered from the worst to the best according to their worst subchannel qualities. This process

requiresK(M− 1) + 2K ln K comparisons. Then, for the subcarrier-allocation, the upper-bound

happens when each subcarrier is assigned to(N− 1) users during the first(K−M) stages. In this

case,(K −M)(M− 1) + M(M− 1)/2 comparisons are required. When considering the above

analysis, the number of comparisons required by the WCA algorithm satisfies

C(WCA) ≤K(M− 1) + 2K ln K + (K−M)(M− 1)

+
1

2
M(M− 1)

≤(2K − M

2
)(M− 1) + 2K ln K. (4.17)

From (4.17), we can be implied that the WCA algorithm has a complexity ofO(KM).

Similarly, the complexity of the WCF algorithm has an upper-bound, which happens when

each of theM subcarriers is assigned to(N − 1) users during the first(K−M) allocation stages.

In this case,K(M − 1) comparisons are needed for theK users to find their worst subchannel

qualities during the first(K − M + 1) stages. Then,∑M−1
m=2 (M − m) = (M − 1)(M − 2)/2

comparisons are required for re-identifying the worst subchannel quality during the last(M − 1)

stages. Moreover, during each stage, the WCF algorithm findsthe minimum of the subchannel

qualities of thek (k = K, K− 1, . . . , 1) available users, which requiresK(K − 1)/2 comparisons.

Except user ordering, the allocation process of the WCF algorithm is the same as that of the WCA

algorithm, which requires(K − M)(M − 1) + M(M − 1)/2 comparisons. Consequently, the

upper-bound for the number of comparisons required by the WCF algorithm can be expressed as

C(WCF) ≤K(M− 1) +
1

2
(M− 1)(M− 2) +

1

2
K(K− 1)

+ (K−M)(M− 1) +
1

2
M(M− 1)

≤(2K − 1)(M− 1) +
1

2
K(K− 1). (4.18)

According to (4.18), we can readily know that the WCF algorithm has a complexity ofO(K2),

whenK > M is assumed.

From Section 4.4.1, we know that our proposed parallel Hungarian algorithm has a lower com-

plexity than the original Hungarian algorithm. The parallel Hungarian algorithm carries out the

allocation based onN separate cost matrices with the size of (M×M), each of which is operated

with the Hungarian algorithm. With the aid of [185], where the complexity of the Hungarian algo-

rithm has been analyzed, we readily know that the number of comparisons required by the parallel

Hungarian algorithm is

C(Par. Hungarian) = N × 11M3 + 12M2 + 31M

6
(4.19)

giving a complexity ofO(NM3).
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Let us now consider the complexity of the IWE-WSA algorithm.First, during thesth iteration,

the WE process searches for the worst subchannel qualities of the M subcarriers, which has already

been identified by the WSA operations during the (s− 1)th iteration. Therefore, there is no com-

plexity contribution by the WE process during thesth iteration. Second, we can easily find that the

condition checking requiresC(checking) = M + M(M − 1)/2 operations during thesth (s ≥ 2)

iteration. Note that, at thesth iteration, the number of comparisons required by the WSA-assisted

subcarrier-allocation isC(allocation)(s) = C(WSA) − C(reduce)(s), whereC(reduce)(s) = 2M(s− 1)

denotes the number of comparisons reduced as a result that some of the worst subchannels are re-

moved by the WE process. When considering all the above, the number of comparisons required

by the IWE-WSA algorithm can be expressed as

C(IWE-WSA) = (S− 1)C(checking) +
S

∑
s=1

C(allocation)(s)

=

(
1

2
SK + SM

)

(K− 1) + (
1

2
M2 +

1

2
M− SM)(S− 1) + 2SM ln M (4.20)

when assuming thatS iterations are used. (4.20) shows a complexity ofO(SK2) for the IWE-WSA

algorithm.

In the context of the IWE-WCA and IWE-WCF algorithms, their complexity can be analyzed

in the similar way as that for the IWE-WSA algorithm, in conjunction with WCA and WCF al-

gorithms, respectively. It can be shown that the number of comparisons required by these two

algorithms can be expressed as

C(IWE-WCA) ≤
(

2SK− 1

2
SM

)

(M− 1) +

(
1

2
M2 +

1

2
M− SK

)

(S− 1) + 2SK ln K, (4.21)

C(IWE-WCF) ≤ 1

2
SK(K− 1) + (2SK− S)(M− 1) +

(
1

2
M2 +

1

2
M− SK

)

(S− 1), (4.22)

respectively. Therefore, the complexity of both the IWE-WCA and the IWE-WCF algorithms are

O(SK2).

In Table 4.3, we summarize the complexity of the various subcarrier-allocation algorithms.

Note that, the maximal greedy algorithm [86] requires a complexity ofO(αK2), whereα (≥ M) is

the size of the search space. In Section 4.7, we assume that the maximal greedy algorithm uses a

random search space having the sizeα = M. Furthermore, in Figures 4.3 and 4.4, we compare the

number of operations required by the various subcarrier-allocation algorithms with respect to the

number of subcarriers employed by the MC DS-CDMA systems.

Note that, in both figures, the number of operations are either the exact values or the upper-

bound of the algorithms considered. The number of comparisons of the IWE algorithms were

obtained from (4.20) - (4.22). From both figures, we can see that the greedy and WCA algorithms

always require the least number of comparisons, while the Hungarian algorithm [185, 191] needs

the highest number of comparisons. WhenN = 4 in Figure 4.3, the greedy algorithm demands
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Figure 4.3: Number of comparisons required by various subcarrier-allocation algorithms

whenN = 4.
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Figure 4.4: Number of comparisons required by various subcarrier-allocation algorithms

whenN = 8.

the lowest number of comparisons whenM ≤ 32. However, whenN = 8 in Figure 4.4, the

WCA algorithm always has the lowest operations. Observing from the two figures, we can know

that the complexity of the proposed WCA and WCF algorithms are at the same level as that of the

WSA and greedy algorithm. Moreover, for the considered examples, we find that the number of
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Table 4.3: Complexity of various subcarrier-allocation algorithms in single-cell downlink

MC DS-CDMA systems.

Algorithm Complexity

Hungarian O(K3) [185]

Greedy O(K2)

WUF Greedy O(K2)

Maximal Greedy O(αK2)

WSA O(K2)

Par. Hungarian O(NM3)

WCA O(KM)

WCF O(K2)

IWE-WSA O(SK2)

IWE-WCA O(SK2)

IWE-WCF O(SK2)

comparison required by the IWE-aided subcarrier-allocation algorithms is slightly less than twice of

the number of comparisons required by the original corresponding algorithms without invoking the

IWE algorithm. Furthermore, from the two figures, we observethat the proposed parallel Hungarian

algorithm has a significant lower complexity than the Hungarian algorithm, when various number

of subcarriers and users are considered. Their complexity gap becomes larger as the length of the

spreading code increases.

4.7 Performance Results

In this section, we provide a range of simulation results, inorder to demonstrate and compare

the achievable error rate and spectrum-efficiency performance of the downlink MC DS-CDMA

systems employing various resource allocation schemes, which include two power-allocation al-

gorithms and different subcarrier-allocation algorithmsconsidered. For the error rate, we assume

the quadrature phase-shift keying (QPSK) baseband modulation and that all the subcarriers expe-

rience independent flat Rayleigh fading or frequency selective Rayleigh fading. The number of

users supported by the MC DS-CDMA isK = MN, with M being the number of subcarriers and

N the length of the orthogonal DS spreading codes. In this chapter, both the channel-inverse and

water-filling assisted power-allocation algorithms are considered, under the constraint that the total

transmission power isP = K.
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4.7.1 Bit Error Rate Performance

MC DS-CDMA, QPSK, K=64, M=16, N=4
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Figure 4.5: BER comparison of the single-cell downlink MC DS-CDMA systems employ-

ing the channel-inverse power-allocation and various subcarrier-allocation algorithms,

when subcarriers experience independent Rayleigh fading.

Figure 4.5 demonstrates the BER performance of the MC DS-CDMA system employing vari-

ous of subcarrier-allocation algorithms, whenK = 64 users are supported byM = 16 subcarriers.

Hence, each subcarrier supports4 users. From the figure, we can obtain the following observations.

First, the Hungarian algorithm gives the best BER performance, while the greedy algorithm yields

the worst BER performance. Both the WUF greedy algorithm [85] and the maximal greedy algo-

rithm [86], which assumes a random search space of sizeα = M, slightly outperform the greedy

algorithm. As the greedy-class algorithms aim to maximize the sum of the subchannel qualities,

rather than maximizing the reliability, the greedy-class algorithms in general achieve poorer BER

performance than the other reliability motivated algorithm. Second, from Figure 4.5, we observe

that the proposed parallel Hungarian algorithm achieves the second best BER performance among

the algorithms considered. Note that, the parallel Hungarian algorithm slightly outperforms the

IWE-WCF algorithm under the considered scenarios. Howeverit requires higher complexity than

the IWE-WCF algorithm. Third, as seen in Figure 4.5, the proposed WCA, WCF, especially the

IWE-WCF algorithms are capable of significantly outperforming the greedy-class algorithms as

well as the WSA algorithm. Fourth, for the specific system parameters considered, the WCF algo-

rithm has better BER performance than the WCA algorithm. This is because the WCF algorithm

can avoid assignment of more number of worst subchannels than the WCA algorithm. Finally, by

invoking the IWE scheme, further error performance improvement can be attained with a penalty

of double complexity. The achievable BER of the IWE-WCF algorithm is close to that achieved by
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MC DS-CDMA, QPSK, K=32
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Figure 4.6: BER comparison of the single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and the Hungarian, the parallel Hungarian

subcarrier-allocation algorithms, when subcarriers experience independent Rayleigh fad-

ing.

the Hungarian algorithm, with the difference of about0.7 dB.

In Figure 4.6, we compares the BER performance of the proposed parallel Hungarian algorithm

with that of the Hungarian algorithm, when consideringK = 32 users in the downlink MC DS-

CDMA system. From this figure, we observe that the BER performance becomes better as the

number of subcarriersM increases, which results in a higher diversity for subcarrier-allocation.

As shown in Figure 4.6, when givenK = MN a constant, the error performance of the parallel

Hungarian algorithm is closer to that of the Hungarian algorithm, as the number of subcarriers

increases. Specifically, there is about0.5 dB performance gap between these two algorithms, when

M = 16. This observation implies that BER performance of the parallel Hungarian algorithm

converges to the BER performance of the Hungarian algorithm, as the ratio ofM/N becomes

bigger. Nevertheless, as shown in Section 4.6, the parallelHungarian algorithm requires a higher

complexity, when the ratio ofM/N becomes bigger.

Figure 4.7 compares the BER performance of the MC DS-CDMA systems employing the WSA,

WCA and the WCF algorithms forK = 32 users. In general, the proposed WCA and WCF algo-

rithms always yield better BER performance than the WSA algorithm. As discussed in Section

4.3, the WSA algorithm implements the assignment by avoiding the worst subchannel qualities in

a subcarrier-oriented mode. Hence, its performance depends on the frequency-selective diversity

relating to the number of subcarriers. By contrast, for the MC DS-CDMA systems employing
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MC DS-CDMA, QPSK, K=32
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Figure 4.7: BER comparison of the single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation as well as the WSA, WCA and the WCF

subcarrier-allocation algorithms, when subcarriers experience independent Rayleigh fad-

ing.

DS spreading, the number of users supported is usually higher than the number of subcarriers, as

considered in Figure 4.7. In this case, the WCA and WCF algorithms avoid the worst subchannel

qualities in a user-oriented mode and achieve much higher diversity than the WSA scheme. Fur-

thermore, from Figure 4.7 we observe that, when givenK = MN a constant, the BER performance

of the three algorithms improves asM becomes larger. The reason behind the observation is that we

assumed that all subcarriers experience independent fading regardless of the number of subcarriers.

This assumption implies that more subcarriers results in higher diversity. In this case, the advantage

of the WCA algorithm over the WSA algorithm becomes smaller as the ratio ofK/M becomes big-

ger. Furthermore, whenM = K = 32 andN = 1, both the WCA and WSA achieve the same BER,

as, in this case, the MC DS-CDMA is reduced to an OFDMA system without T-domain spread-

ing. Consequently, the user-oriented diversity is the sameas the subcarrier-oriented diversity. By

contrast, as shown in Figure 4.7, the advantage of the WCF algorithm over the WCA algorithm

is enhanced asM increases, when givenK = MN a constant. Specifically, whenM = 32 and

N = 1, the WCF algorithm has0.6 dB SNR gain over the WCA algorithm at the BER of10−5.

From the above, we can know that, when all subcarriers experience independent fading, the number

of subcarriers has a significant impact on the performance ofthe considered subcarrier-allocation

algorithms.

Figures 4.8, 4.9 and 4.10 show the BER gain of employing the IWE algorithm for the WCF,

WCA and WSA algorithms, respectively. Under the various cases, the BER improvement can be
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MC DS-CDMA, QPSK, Compare of WCF with IWE-WCF, K=16
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Figure 4.8: BER comparison of the single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and the WCF,the IWE-WCF subcarrier-

allocation algorithms, when subcarriers experience independent Rayleigh fading.

MC DS-CDMA, QPSK, Compare of WCA with IWE-WCA, K=16
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Figure 4.9: BER comparison of the single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and the WCA,the IWE-WCA subcarrier-

allocation algorithms, when subcarriers experience independent Rayleigh fading.

obtained by introducing the IWE algorithm. Thus, this observation confirms the benefit of using

the IWE algorithm in association with subcarrier-allocation algorithms. By comparing the three
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MC DS-CDMA, QPSK, Compare of WSA with IWE-WSA, K=16
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Figure 4.10: BER comparison of the single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and the WSA,the IWE-WSA subcarrier-

allocation algorithms, when subcarriers experience independent Rayleigh fading.

figures, we observe that the IWE-WCF algorithm always has thebest BER performance, while the

IWE-WSA has the worst performance among the three IWE aided algorithms. This observation

maintains the same for the three algorithms without using the IWE algorithm in Figure 4.7. From

Figures 4.8 and 4.9, we observe that the improvement of usingthe IWE scheme for the WCF and

the WCA algorithms gets larger as the number of subcarriersM becomes bigger. By contrast, in

Figure 4.10, the BER advantage of using the IWE remains the same, which is about1 dB, as the

number of subcarriersM becomes bigger. As discussed in Section 4.5, the WE process of the IWE-

WCA and IWE-WCF algorithms excludes the worst subcarrier for each user during an iteration, but

the worst user of each subcarrier is eliminated during everyiteration for the IWE-WSA algorithm.

Therefore, the BER performance of the IWE-WCF and IWE-WCA algorithms is highly affected by

the subcarrier diversity, whereas that of the IWE-WSA algorithm is dominated by the user diversity.

In Figure 4.10, the number of users isK = 16 for all cases, thus they obtain a similar BER gain

when employing the IWE algorithm.

So far, we have assumed that all subcarriers of a MC DS-CDMA system experience indepen-

dent fading, regardless of the number of subcarriers. When given the frequency selectivity of a

wireless channel, this assumption may not be true. In this case, the fading experienced by different

subcarriers in fact becomes more correlated, as the number of subcarriers increases. Therefore, in

Figure 4.11, we study the BER performance of the MC DS-CDMA employing the WCF algorithm,

when the number of time-domain resolvable paths is fixed toLp = 2 or 4, i.e., when given the

frequency selectivity of wireless channels. In general, the BER performance of the downlink MC
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MC DS-CDMA, QPSK, K=64, WCF
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Figure 4.11: BER of the single-cell downlink MC DS-CDMA systems employing the

channel-inverse power-allocation and the WCF subcarrier-allocation algorithm, when sub-

carriers experience frequency selective Rayleigh fading with Lp number of time domain

resolvable paths.

DS-CDMA system becomes better when there are more number of time domain resolvable paths

Lp, i.e., when the subcarriers experience the less correlatedRayleigh fading. Furthermore, when

Lp = 2, we find that usingM = 4 subcarriers is sufficient for attaining all the frequency diversity.

By contrast, whenLp = 4, M = 16 subcarriers are required to achieve all the frequency diversity.

Figure 4.12 compares the various subcarrier-allocation algorithms employed by the single-cell

downlink MC DS-CDMA systems, when considering the special case ofN = 1. In this case,

the MC DS-CDMA system is reduced to the OFDMA system. As we discussed in Section 4.4.2,

the proposed WCA algorithm is the same as the WSA algorithm when there is no time domain

spreading, i.e., whenN = 1. Therefore we obtain the same performance result for the WCAand

WSA algorithms in the figure. Further that, it can be known that the proposed parallel Hungarian

algorithm becomes the Hungarian algorithm, whenN = 1. From Figure 4.12, we can observe

that the BER performance of the systems employing any of the subcarrier-allocation algorithms

becomes better, as the number of users increases. Additionally, the proposed WCF and IWE-

WCF algorithms have significant BER performance gain over the WSA algorithm, when frequency

selective Rayleigh fading channel is assumed.

By comparing Figure 4.12 with Figures 4.8 and 4.10, we can explicitly see the BER perfor-

mance improvement, when the MC DS-CDMA systems experience independent Rayleigh fading,

which once again prove that higher frequency diversity results in a better BER performance of the
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MC DS-CDMA, QPSK, K=M, N=1, Lp=M/2
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Figure 4.12: BER of the single-cell downlink MC DS-CDMA systems employing the

channel-inverse power-allocation and various subcarrier-allocation algorithms, when sub-

carriers experience frequency selective Rayleigh fading with Lp = M/2 number of time

domain resolvable paths.

subcarrier-allocation algorithms. Additionally, when wecompare the algorithms proposed in this

chapter with the BSS algorithm proposed in Chapter 3, as shown in Figure 4.12 and Figure 3.12.

we can observe that, under the single-cell downlink OFDMA systems, the BSS algorithm outper-

forms the WCF algorithm, and also slightly outperforms the IWE-WCF algorithm with about0.1

dB performance gain. However, as the complexity analysis inSections 4.6 and 3.8 shows, the BSS

algorithm has a higher complexity than the IWE-WCF algorithm.

4.7.2 Spectrum-Efficiency Performance

In this section, we investigate the spectrum-efficiency of the single-cell downlink MC DS-CDMA

systems employing the various subcarrier- and power-allocation algorithms. As we mentioned in

Chapter 3, the spectrum-efficiency considered here is the average throughput expressed in terms of

bits per second per Hertz of the downlink MC DS-CDMA systems.In this section, the spectrum-

efficiency of using both the channel-inverse and water-filling assisted power-allocation schemes

are considered, to show that our proposed subcarrier-allocation schemes do not make a trade-off

between throughput and reliability. Note that, for all the simulations in this section, we assume that

the downlink MC DS-CDMA experiences independent Rayleigh fading.

Figure 4.13 shows the spectrum-efficiency of the downlink MCDS-CDMA systems employ-

ing various subcarrier-allocation algorithms. From the figure and referring to the results shown in
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Figure 4.13: Spectrum-efficiency of single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and varioussubcarrier-allocation algo-

rithms, when subcarriers experience independent Rayleighfading.

Section 4.7.1, we can know that our proposed subcarrier-allocation algorithms motivating to max-

imize BER performance do not make a trade-off with the spectrum-efficiency, which determines

the practically attainable throughput of the downlink MC DS-CDMA systems. As shown in Figure

4.13, the Hungarian algorithm achieves the highest spectrum-efficiency, followed by those of the

proposed subcarrier-allocation algorithms, in the decreasing order the IWE-WCF, WCF, parallel

Hungarian and the WCA algorithms. Explicitly, the spectrum-efficiency of the the proposed algo-

rithms is higher than that of the greedy and that of the WSA algorithms. As shown in the figure,

there is about2 dB performance gain of the WCA algorithm over the greedy algorithm.

Figure 4.14 evaluates the spectrum-efficiency of the MC DS-CDMA systems employing var-

ious subcarrier-allocation algorithms, when assumingK = 64 users supported by the MC DS-

CDMA systems havingM = 16 subcarriers. By comparing Figure 4.14 with Figure 4.13, which

have the parameters ofK = 32 and M = 8, we can see that the relative relationship among the

subcarrier-allocation algorithms is the same in both figures. Moreover, as the number of users or

subcarriers for Figure 4.14 is more than that for Figure 4.13, we observe that, at a given SNR,

the spectrum-efficiency in Figure 4.14 is slightly higher than the corresponding one shown in Fig-

ure 4.13.

In literature, water-filling power-allocation is used, when the optimization objective is to max-

imize the spectrum-efficiency. Therefore, in Figure 4.15, the spectrum-efficiency performance of

the downlink MC DS-CDMA system employing the water-filling power-allocation is demonstrated,
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OFDMA, K=64, M=16, N=4, Channel-inverse Power-allocation
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Figure 4.14: Spectrum-efficiency of single-cell downlink MC DS-CDMA systems em-

ploying the channel-inverse power-allocation and varioussubcarrier-allocation algo-

rithms, when subcarriers experience independent Rayleighfading.

OFDMA, K=64, M=16, N=4, Water-filling Power-allocation
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Figure 4.15: Spectrum-efficiency of single-cell downlink MC DS-CDMA systems em-

ploying the water-filling power-allocation and various subcarrier-allocation algorithms,

when subcarriers experience independent Rayleigh fading.

when various subcarrier-allocation algorithms are considered. As shown in Figure 4.15, all the al-

gorithms achieve nearly the same spectrum-efficiency, implying that all these subcarrier-allocation
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MC DS-CDMA, K=64, M=16, N=4, 1/2
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Figure 4.16: PDF of spectrum-efficiency of single-cell downlink MC DS-CDMA systems

employing the water-filling power-allocation and various subcarrier-allocation algorithms,

when subcarriers experience independent Rayleigh fading.

algorithms are near optimum from the point of view of spectrum-efficiency maximization. The

reason behind the observation is that employing the water-filling power-allocation minimizes the

difference of the spectrum-efficiency of different subcarrier-allocation algorithms. As discussed

in Section 3.4.2, the water-filling scheme aims to maximize the system throughput by allocat-

ing more power to the subcarriers with better subchannel qualities. Therefore, when the water-

filling algorithm is employed, the subcarriers allocated with the best subchannel qualities dom-

inate the spectrum-efficiency performance of the MC DS-CDMAsystems. However, the BER

performance of these algorithms has big difference, as shown in Section 4.7.1, and our proposed

subcarrier-allocation algorithms in general outperform the other sub-optimum subcarrier-allocation

algorithms. Therefore, although our algorithms are motivated to maximize the reliability, they do

not impose any trade-off on the spectrum-efficiency, and, infact, achieve slightly higher spectrum-

efficiency than the existing sub-optimum algorithms. When comparing Figure 4.15 with Figure

4.14, we can see that the water-filling algorithm achieves a slightly higher spectrum-efficiency than

the channel-inverse algorithm.

In addition to the higher spectrum-efficiency, our proposedalgorithms are also capable of pro-

viding higher fairness data rates. These can be reflected by the PDFs of spectrum-efficiency shown

in Figure 4.16. As shown in the figure, the spectrum-efficiency obtained by the Greedy and WSA

algorithms distributes over a relatively large range, meaning that there are some users often ob-

taining very high throughput, while some other users have obtaining very low throughput, and,

therefore, relatively poor fairness. By contrast, for the proposed algorithms, from the WCA, to
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the WCF and to the IWE-WCF algorithm, the distribution rangebecomes smaller and smaller, and

the distribution range of all the three algorithms are narrower than that of the Greedy and WSA

algorithms. Therefore, we are implied that the proposed three algorithms result in better fairness

than the greedy and WSA algorithms. Furthermore, accordingto Figure 4.16, we can know that

the fairness of the IWE-WCF algorithm is better than that of the WCF algorithm, and both of them

can provide higher fairness services than the WCA algorithm.

4.8 Conclusions

In this chapter, we have investigated the resource allocation in the single-cell downlink MC DS-

CDMA systems. Various subcarrier- and power-allocation algorithms have been considered. Our

resource allocation in downlink MC DS-CDMA system motivates to maximize the systems’ re-

liability, by maximizing the SNR of the systems. According to the references, subcarrier- and

power-allocation can be carried out separately without losing much performance. Therefore, in our

MC DS-CDMA systems, subcarriers are first allocated and, then, power-allocation is implemented.

In this chapter, we have reviewed three existing subcarrier-allocation algorithms, including the

greedy, WSA and the Hungarian algorithms, and illustrated how to apply them to the downlink

MC DS-CDMA systems. Furthermore, we have analyzed the drawbacks of the above-mentioned

algorithms. Specifically, although it is low-complexity, the greedy algorithm has a shortcoming of

assigning poor subcarriers to the users obtaining subcarrier later. The WSA algorithm can signifi-

cantly improve the error performance of the greedy algorithm, but it does not exploit the maximum

possible diversity provided by the systems. Although the Hungarian algorithm is able to achieve

the optimum error rate performance, it requires extremely high complexity, especially, when the

number of users is high, which limits its practical application.

Against the existing subcarrier-allocation algorithms, in this chapter, we have proposed a range

of fair subcarrier-allocation algorithms and investigated their performance in the context of the MC

DS-CDMA systems, where the number of users supported is assumed to be higher than the number

of subcarriers. Specifically, in order to mitigate the high complexity of the conventional Hungar-

ian algorithm, we have proposed the parallel Hungarian algorithm, which, instead of operating on

a (MN × MN) matrix, but processesN number of (M × M) cost matrices. By doing this, the

complexity can be reduced fromO(M3N3) of the Hungarian algorithm toO(NM3) of the par-

allel Hungarian algorithm. By analyzing the characteristics of the WSA algorithm, we find that it

is mainly beneficial to the multicarrier systems with subcarriers more than users. Therefore, we

have generalized the WSA algorithm to the WCA algorithm, which is suitable for operation in any

multicarrier systems. Our studies show that the proposed WCA algorithm is capable of achieving

better BER and spectrum-efficiency performance than the WSAalgorithm. Then, we have pro-

posed the WCF algorithm, which is capable of further improving the BER and spectrum-efficiency

performance of the MC DS-CDMA systems. Our studies show thatthe WCF algorithm can be
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operated in a more efficient and reliable way, while maintains all the advantages of the WCA algo-

rithm. Furthermore, in this chapter, an IWE algorithm has been proposed for further improving the

performance of the WSA, WCA and the WCF algorithms, resulting in the so-called IWE-WSA,

IWE-WCA and the IWE-WCF algorithms, respectively. The IWE assisted algorithms are the it-

erative algorithms, which can usually be accomplished within a very low number of iterations, as

our studies show. Additionally, the complexity of the proposed subcarrier-allocation algorithms has

been analyzed and compared with that of the low-complexity greedy algorithm. We can argue that

all our proposed subcarrier-allocation algorithms have the merit of low-complexity.

We have demonstrated the BER and spectrum-efficiency performance of our proposed algo-

rithms, and compared them with a range of existing subcarrier-allocation algorithms. Our studies

show that the proposed subcarrier-allocation algorithms are capable of attaining better BER perfor-

mance than the greedy-class algorithms and the WSA algorithm. When considering the MC DS-

CDMA systems with a high ratio ofM/N, the proposed parallel Hungarian algorithm can achieve

better BER performance than the other proposed algorithms,and its BER performance is close to

that of the optimum Hungarian algorithm. The WCF algorithm outperforms the proposed WCA al-

gorithm for all the cases considered. Furthermore, an IWE-assisted algorithm always improves the

reliability of the original subcarrier-allocation algorithm. The IWE-WCA algorithm outperforms

the IWE-WSA algorithm, both of which are outperformed by theIWE-WCF algorithm. Addition-

ally, our results demonstrate that the reliability attained by the IWE-WCF algorithm is close to that

achieved by the high-complexity optimum Hungarian algorithm. Besides the error performance,

we have investigated the spectrum-efficiency of the MC DS-CDMA systems employing various

subcarrier-allocation algorithms. We have considered both the channel-inverse power-allocation,

which is beneficial to maximization of reliability, and the water-filling power-allocation algorithm,

which achieves maximum sum rate. Our studies show that our proposed subcarrier-allocation al-

gorithms motivating to maximize reliability do not make a trade-off with the attainable spectrum-

efficiency of the downlink MC DS-CDMA systems. Instead, our proposed subcarrier-allocation

algorithms are capable of achieving higher (or slightly higher) spectrum-efficiency than the existing

sub-optimum subcarrier-allocation algorithms considered in this chapter. Owing to its motivation of

maximizing spectrum-efficiency, the water-filling algorithm can attain higher spectrum-efficiency

than the channel-inverse algorithm. Furthermore, according to the PDFs of spectrum-efficiency, we

have shown that the proposed subcarrier-allocation algorithms can provide better fairness data rates

to users than the other existing sub-optimum algorithms.

Note that, the observations derived from our studies in thischapter are in general suitable for

the MC DS-CDMA systems, where different users may be allocated with different numbers of

subcarriers or/and spreading codes. This is because the relative advantages and disadvantages of

the different subcarrier-allocation algorithms are mainly determined by the diversity gain available

to the systems, i.e., by the values ofK andM, but not by the numbers of data streams of the users.



Chapter 5
Resource Allocation in Multicell

Downlink OFDMA Systems

5.1 Introduction

Orthogonal frequency division multiple access (OFDMA) hasemerged as one of the key techniques

for high-speed broadband wireless communication systems.OFDMA employs a range of advan-

tages, including the facility for high achievable data rate, the capability of efficiently combating

inter-symbol interference, low-complexity FFT based modulation/demodulation implementation,

etc. However, in multicell OFDMA systems, the scarce spectrums (or frequencies) are inevitable

reused, and, furthermore, it is expected to be fully reused in the fourth generation (4G) wireless sys-

tems and beyond. Hence, in multicell OFDMA systems, users experience the intercell interference

(InterCI), which may significantly reduce the system performance, if it is not cleverly managed.

To mitigate the strong InterCI problem, one of the approaches is to exploit dynamic resource allo-

cation, which efficiently allocates subcarrier, power and other resources available according to the

communication environment, so as to minimize the InterCI and to maximize the energy-efficiency

and spectrum-efficiency of the multicell systems [199]. However, in multicell OFDMA systems,

the resource allocation faces a lot of challenges, including the possible of huge signalling overhead,

limited backhaul resources, high-complexity from optimization problem itself and backhaul oper-

ations, the issues caused by the expansive servicing area, diverse services, large number of users,

etc.

In literature, resource allocation approaches in multicell systems can be categorized into two

classes, the centralized and distributed resource allocation, based on where the resource allocation

algorithms are carried out. Specifically, in the centralized resource allocation, a central control unit

is used to collect all the information required, including,such as, the CSI of the wireless channels

of all users in all cells, the information about the radio resources, etc. The central unit is also
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responsible for managing and allocating the resources jointly to all the users in all cells. Appar-

ently, such a centralized resource allocation scheme can exploit an enormous number of degrees

of freedom, which are provided by the number of cells, the number of users, the number of sub-

carriers, the number of scheduling slots, the number of codes, the power levels, etc., that can be

exploited to optimize the network performance [116]. In literature, there are a range of researches,

including [118–121, 123], having proposed and studied the centralized resource allocation in mul-

ticell OFDMA systems. Specifically, in [121], the authors have proposed a concept called load

matrix, based on which the InterCI and intracell interference (IntraCI) experienced by users are

jointly managed in wireless cellular networks. Considering a two-cell OFDMA system, the authors

of [119, 120] have investigated the centralized resource allocation, where the resources include

power and subcarriers. Furthermore, in [120], the NP-hard joint resource allocation problem has

been approximated by a novel weighted sum throughput maximization (WSTM) problem, which

is solved by using a centralized convex power-allocation algorithm and a non-convex subcarrier-

allocation algorithm. A two-stage resource allocation scheme has been proposed in [118], in

which joint subcarrier-allocation and scheduling is carried out in the first stage, followed by the

interference-aware power-allocation in the second stage.

Centralized resource allocation may demand a huge amount offeedback for the channel infor-

mation, which requires possibly huge signalling overhead and energy. For this sake, distributed

resource allocation has attracted intensive attention in recent years. In distributed resource allo-

cation, every BS independently allocates its resources, usually based only on the intracell channel

information and the interference measured locally. In comparison with the centralized approaches,

distributed resource allocation has the main advantages offast response to dynamic resource en-

vironments and fast time-varying fading channels, as well as low complexity for implementation,

which make them highly attractive in practice. Distributedresource allocation in multicell OFDMA

systems has been widely studied, e.g., in [135–140]. The distributed resource allocation scheme

proposed in [135] has involved jointly subcarrier, bit and power-allocation for multicell OFDMA

systems, which has linear complexity via the operations in around-robin manner. In [136], the

authors have studied the distributed subcarrier- and power-allocation for the multicell OFDMA

networks with cognitive radio functionality. By contrast,in [137], a distributed power-allocation

scheme has been proposed for the multicell multiple input single output (MISO) based OFDMA

networks, where the CSI of all users is shared among the BSs. The resource allocation in DF relay-

assisted multicell OFDMA systems has been considered in [138], where a semi-distributed iterative

allocation algorithm is operated under the interference temperature constraints. More recently, in-

terference aware resource allocation has drawn more and more research attentions, as shown, e.g.,

in [139,140].

It can be understood that, in order to combat the InterCI in multicell OFDMA systems, one

can employ a sophisticated InterCI mitigation technique atthe receiver side, by using, such as,

maximum likelihood (ML) detection, successive interference cancellation (SIC), multiple-antenna
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based interference nulling, etc. On the other hand, BS cooperation can be another high-efficiency

InterCI mitigation approach, which shifts the processing overhead to the BSs, rather than causing

too much computational complexity at mobile terminals. Forexample, X.D. Wanget al. [200,201]

have studied the scheduling and power-allocation in the multicell downlink OFDMA systems and

other networks, which treat the InterCI problem via BS coordination. However, in [138,200,201],

the BS cooperation cannot fully exploit the potential of cooperation, since in these schemes only

CSI is shared but there is no data exchange among the BSs. By contrast, the researches in [123,202–

204] have devoted to the resource allocation in multicell OFDMA systems with full BS cooperation

by assuming that both CSI and data are shared among the BSs. Inthis case, certainly, there is a high

demand on the backhual system. Under certain constraints ofbackhaul capacity, a novel heuristic

BS assignment algorithm has been proposed in [203] and a userscheduling algorithm has been

developed in [204], respectively. Furthermore, the trade-off among energy-efficiency, backhaul

capacity, and network capacity has been addressed in [123],and based on finding a good trade-off,

an efficient iterative resource allocation algorithm has been proposed by allowing the BSs to jointly

carry out the zero-forcing beam-forming assisted transmission. Furthermore, in [132, 205], the

authors have addressed the energy-efficiency issue of the BScooperation based resource allocation

in multicell OFDMA systems.

Against the background, in this chapter, we design and compare two novel InterCI mitigation

algorithms for the multicell downlink OFDMA systems on the basis of the subcarrier-allocation

algorithms proposed in the previous chapters. Specifically, we first extend the on-off power (OOP)

InterCI mitigation algorithm [116] to our multicell downlink OFDMA systems, which mitigates

the InterCI by turning off the subchannels suffering from strong InterCI. Inspired by the OOP

algorithm, our first proposed InterCI mitigation algorithmis the distributed decision making as-

sisted cooperation (DDMC) algorithm, which is designed formaximizing the pay-off of coopera-

tion while simultaneously minimizing the cost caused. In our DDMC algorithm, all the BSs first

independently allocate subcarriers to their users and, then, each of the BSs independently makes

its InterCI mitigation decisions, which are exchanged among the BSs to set up cooperation. In this

chapter, we assume that, if there is a cooperation available, the DDMC algorithm sets up a space

time block coding (STBC) aided cooperative transmission toa user with poor signal-to-interference

ratio (SIR). Hence, if there is a cooperation for a user, the cooperating BSs are assumed to share

the data of the user. However, if the cooperation for a user with poor SIR cannot be established,

the transmission to the user is switched off. The second InterCI mitigation algorithm proposed is

namely the centralized decision making assisted cooperation (CDMC) algorithm, which motivates

to make the best InterCI mitigation decisions, based on limited InterCI information shared among

the BSs, in order to maximize the sum rate of the users sharinga subcarrier, and to maximize the

frequency reuse factor of the subcarriers. In the context ofthe CDMC algorithm, decisions are

efficiently made by the BSs for the users sharing a subcarrieraccording to the three cases identified

based on the InterCI matrix formed. Our studies and performance results in this chapter show that
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Figure 5.1: Conceptual structure of the multicell downlinkOFDMA systems.

both the proposed DDMC and CDMC algorithms can outperform the OOP algorithm in terms of

the achievable spectrum-efficiency. The CDMC algorithm provides the highest frequency reuse

factor. Furthermore, in this chapter, we also analyze the overhead required by the various InterCI

mitigation algorithms proposed and considered.

The rest of this chapter is organized as follows. Section 5.2introduces the system model

and makes the main assumptions. Section 5.3 analyses the general principles of the distributed

subcarrier-allocation in the multicell downlink OFDMA systems. Section 5.4 extends the famous

InterCI mitigation algorithm of OOP to our multicell downlink OFDMA systems. Sections 5.5 and

5.6 introduce the proposed DDMC and CDMC algorithms, respectively, and analyze their charac-

teristics. Section 5.7 demonstrates and discusses the simulation results concerning the spectrum-

efficiency, frequency reuse factor and the overhead. At last, conclusions are made in Section 5.8.

5.2 System Model

We consider the resource allocation in a multicell downlinkOFDMA system, as depicted in Fig-

ure 5.1. In order to describe the main features of multicell systems but for the sake of simplicity, we

assume that the system consists of three cells, each of whichhas one base station (BS) supporting

K mobile users. We assume that each of the communication terminals, including both BSs and
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mobile users, employs one antenna for signal receiving and transmission. Furthermore, we assume

that the OFDMA signalling is used for the downlink transmissions from BSs to mobile users [1].

In total, there areM number of subcarriers in the downlink of the considered three-cell OFDMA

system. In order to make our description clear, we first definethe following sets:

K(u) Set of user indexes in cellu, defined asK(u) = {uK + 0, uK + 1, . . . , uK + K − 1}, u =

0, 1, 2;

K Set of user indexes in all cells, defined asK =
⋃

u∈{0,1,2}K(u) = {0, 1, . . . , 3K − 1};

K̂(u) Set of indexes of the users with SIR below the pre-defined SIR threshold in cellu;

K̃(u) Set of indexes of the cell-edge users in cellu, including the users in̂K(u), and the users in

K(u) − K̂(u), which share the same subcarriers as the users inK̂(u′) andK̂(u′′) in cellsu′, u′′

(u 6= u′ 6= u′′);

K̃ Set of indexes of the cell-edge users in the system, i.e.,K̃ = K̃(0) ∪ K̃(1) ∪ K̃(2);

M Set of subcarrier indexes, defined asM = {0, 1, . . . , M− 1};

F (u)
m Set of indexes for the users assigned to subcarrierm in cell u.

In this chapter, for simplicity, we assume that each user in acell is assigned a single subcarrier,

i.e., K = M. Note that, the IntraCI to each user can be avoided by assigning different subcarriers

to the users in a cell, but each user still suffers from the InterCI imposed by the other two users in

the adjacent cells assigned the same subcarrier. Therefore, our subcarrier-allocation satisfies that

⋃

m∈M
F (u)

m = K(u), ∀u ∈ {0, 1, 2}, (5.1)

F (u)
m

⋂

F (u)
m′ = ∅, m 6= m′, ∀m, m′ ∈ M, ∀u ∈ {0, 1, 2}, (5.2)

|F (u)
m | = 1, ∀m ∈ M, ∀u ∈ {0, 1, 2}. (5.3)

As shown in Figure 5.1, we assume that each BS locates at the center of a hexagonal cell, andK

users uniformly distribute in the cell. We assume that, in each cell, ideal power control is applied to

maintain the same received power by itsK intracell users, which is normalized to one. We assume

that each BS transmits signals only to its intracell users, and InterCI exists only between adjacent

cells owing to the propagation pathloss. Let the InterCI be characterized by a factorα, which, when

taking into account of the combined effects of propagation pathloss, shadowing and transmit power,

can be expressed as [206]

α =

√
(

d0

d1

)µ

10
ζ0−ζ1

10 (5.4)
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whered0 andd1 represent the distances from a BS to the considered intracell and intercell users,

respectively. In (5.4),µ is the pathloss exponent, andζ0, ζ1 (in dB) are zero-mean Gaussian dis-

tributed random variables with standard deviationΥ (in dB), which account for the shadowing ef-

fect. Owing toζ0 andζ1 having the correlation depending on the propagation attenuation from a BS

to the two users, (ζ0 − ζ1) has been illustrated to obey the log-normal distribution with zero mean

and standard deviation ofΥ (in dB) [206]. In addition to the propagation pathloss and shadowing

effects, signals transmitted from BSs to users also experience the fast fading, which, is assumed to

be the independent Rayleigh flat fading in terms of differentusers.

Let us assume that the data symbol to be transmitted by BSu to an intracell userk (k ∈ K(u))

is expressed asxk, which is assumed to satisfyE[xk] = 0 and E[|xk|2] = 1. Furthermore, let

us assume that subcarrierm is assigned to userk. Then, considering that theM subcarriers are

orthogonal, the signal received by userk of cell u can be written as

yk = h
(u)
k,mw

(u)
k xk + ∑

u′∈{0,1,2},u′ 6=u

h
(u′)
k,m α

(u′)
k′,k w

(u′)
k′ xk′

︸ ︷︷ ︸

InterCI

+nk, (5.5)

k ∈ K(u), k′ ∈ K(u′), u ∈ {0, 1, 2}

when usersk andk′ are all assigned subcarrierm, satisfying

F (u)
m = {k}, F (u′)

m = {k′}, m ∈ M. (5.6)

In (5.5),yk is the received signal of userk, andnk is the noise variable at userk. The noise variables

of all users in the system are assumed to obey the complex Gaussian distribution with zero mean

and a variance of2σ2, where2σ2 = 1/γ̄s and γ̄s denotes the average SNR per symbol. Note

that, in (5.5),h(u)k,m is the channel gain of fast fading from BSu to its intracell userk assigned with

subcarrierm. Furthermore, in (5.5),h(u
′)

k,m α
(u′)
k′ ,k is the channel gain of the InterCI of userk imposed

by BS u′. While h
(u′)
k,m is the channel gain of fast fading from BSu′ to userk on subcarrierm,

and the factorα(u′)
k′ ,k characterizes the slow fading from BSu′ to userk, by assuming that userk′

is assigned the same subcarrier as userk. The slow fading factorα(u′)
k′,k is defined by (5.4), which

incorporates the effects of pathloss, shadowing and transmit power. In this chapter, we assume

that the uplinks and downlinks are operated in the TDD mode. In this way, each BS has the CSI

of the fast fading channels of all subcarriers between the BSand all theK intracell users, i.e.,

{h(u)k,m |k ∈ K(u), m ∈ M}. Therefore, each BS is capable of preprocessing the signalsto be

transmitted to its intracell users by setting

w
(u)
k =

(h
(u)
k,m)

∗
√

|h(u)k,m |2
(5.7)

where(·)∗ denotes the conjugate operation. However, we assume that a BS does not have the CSI

of the InterCI channels (including both the fast and slow fading) between a BS and the2K users in

the other two cells. In this case, if a BS simply carries out the subcarrier-allocation for itsK users
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based only on the knowledge about itsKM downlink intracell channels, the performance achieved

might be very poor, due to the InterCI.

Assume that users in different cells generate interferenceindependently. Then, from (5.5), the

signal-to-interference-plus-noise ratio (SINR) for userk is

γk =
|h(u)k,m|2

∑u′∈{0,1,2},u′ 6=u |h(u
′)

k,m α
(u′)
k′ ,k w

(u′)
k′ |2 + 2σ2

=
|h(u)k,m|2

Ik + 2σ2
, k ∈ K(u), k′ ∈ K(u′), m ∈ M (5.8)

where Ik = ∑u′∈{0,1,2},u′ 6=u |h(u
′)

k,m α
(u′)
k′,k w

(u′)
k′ |2 is the power of InterCI on userk. From (5.8), ex-

plicitly, when userk is allocated a subcarrier with a higher channel quality of|h(u)k,m|2, while its

InterCI users are allocated the subcarriers generating a lower value of|h(u′)k,m α
(u′)
k′,k |2, userk can ob-

tain a relatively high SINR and, hence, a lower error rate, ifa given baseband modulation scheme

is considered, or a higher data rate, if variable rate transmission is possible.

5.3 General Theory

In this section, we discuss the general theory for design of the subcarrier-allocation algorithms for

the multicell downlink OFDMA system, as discussed in Section 5.2. In cellular communication

systems, reliability and spectrum-efficiency are the two most important metrics for performance

measurement. As mentioned before, in our three-cell OFDMA system, we employM subcarriers

to support3K users distributed in three cells. Hence, when the objectiveis to maximize the system’s

reliability, the subcarrier-allocation optimization problem can be described as

∪
{

F (u)
m |u ∈ {0, 1, 2}

}∗
=arg min

∪
{

F (u)
m |u∈{0,1,2}

}

{

1

3K ∑
k∈K

P̄
(k)
e (γk)

}

, (5.9)

s.t. (5.1), (5.2), (5.3)

where ‘s.t.’ stands for ‘subject to’. In (5.9),∪
{

F (u)
m |u ∈ {0, 1, 2}

}

stands for testing all the pos-

sible allocations for all users, while∪
{

F (u)
m |u ∈ {0, 1, 2}

}∗
contains the final allocation results

for all the users. Note that, in this chapter, no power-allocation is considered owing to using power

control. As mentioned in Chapter 3, it is often very hard to solve the optimization problem of (5.9),

due to the nonlinear relationship betweenP̄
(k)
e (γk) andγk. However, the average BER̄Pe is usually

dominated by the user with the lowest SINR [84]. As done in [75,83,188], the subcarrier-allocation

algorithm can be designed to maximize the minimum SINR of theusers. Correspondingly, the op-

timization problem can be described as

∪
{

F (u)
m |u ∈ {0, 1, 2}

}∗
=arg max

∪
{

F (u)
m |u∈{0,1,2}

}

{

min
u∈{0,1,2},k∈K(u)

{γk}
}

, (5.10)

s.t. (5.1), (5.2), (5.3).
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As in the previous chapters, in this chapter we motivate to design the subcarrier-allocation

algorithms that do not make a trade-off between reliabilityand spectrum-efficiency of the system.

Therefore, while guaranteeing that the minimum SINR of users (which is in fact equivalent to the

minimum signal-to-interference ratio (SIR) of users, as shown later) is higher than a threshold,

our objective of subcarrier-allocation is to maximize the spectrum-efficiency of users, with the

optimization problem described as

∪
{

F (u)
m |u ∈ {0, 1, 2}

}∗
=arg max

∪
{

F (u)
m |u∈{0,1,2}

}

{

∑
k∈K

log2(1 + γk)

}

, (5.11)

s.t. (5.1), (5.2), (5.3) and

ηk > ηt, ∀k ∈ K (5.12)

whereγk is the SINR of userk, which is given by (5.8), andηk, ηt are the SIR of userk and the

SIR threshold. Alternatively, the SINR of (5.8) can be written as

γk =
1

η−1
k + A−1

k

, k ∈ K(u) (5.13)

whereAk is the signal to noise ratio (SNR) of userk, which are expressed as

ηk =
|h(u)k,m|2

Ik
, Ak =

|h(u)k,m|2
2σ2

, k ∈ K(u). (5.14)

It can be shown that (5.10) and (5.11) are non-convex problems, which are extremely difficult to

solve for the optimum solutions. In order to find the promising sub-optimum solutions simultane-

ously approximating (5.10) and (5.11), in this chapter, we propose two novel subcarrier-allocation

algorithms, which first carry out subcarrier-allocation independently at each of the BSs. Then,

minimum cooperation among the three BSs is operated, in order to mitigate the InterCI. The pro-

cedure is summarized in Figure 5.2, each BS first independently allocates the subcarriers to itsK

users. Then, InterCI is mitigated with the aid of some information exchange among the BSs, as

will become explicit in our forthcoming discourses.

In this chapter, we assume that, for subcarrier-allocation, a BS only knows the CSI of its intra-

cell channels, i.e., BSu (u ∈ {0, 1, 2}) carries out the subcarrier-allocation only based on the CSI

of the KM intracell subchannels, which are{h(u)k,m|k ∈ K(u), m ∈ M}. Furthermore, we assume

that all theK users in the same cell suffer from the Gaussian noise signalswith the same variance

of 2σ2. In this case, BSu has the knowledge of the SNRs of itsK users with respect to theM

subcarriers, i.e., BSu knows{Ak|k ∈ K(u),∪{F (u)
m }}, which are referred to as the subchannel

qualities of theK users. Therefore, when BSu carries out the subcarrier-allocation motivating to

maximize the subchannel qualities of all itsK users, the optimization problem can be described as

∪{F (u)
m }∗ =arg max

∪{F (u)
m }

{

Ak, k ∈ K(u)
}

, ∀u ∈ {0, 1, 2}, (5.15)

s.t. (5.1), (5.2), (5.3).
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Figure 5.2: Flow chart illustrating the proposed distributed subcarrier-allocation and In-

terCI mitigation in the multicell downlink OFDMA systems.

Based on the knowledge of the intracell subchannel qualities, the subcarrier-allocation may

achieve the best performance when without InterCI. However, according to (5.8) and (5.13), the

SINR of a user may be very low, if it suffers from strong InterCI, even though the SNR of the user

is high. For this sake, after the subcarrier-allocation, anInterCI mitigation algorithm is operated,

trying to solve the optimization problem

DDD∗ =argmax
{DDD}

{

∑
k∈Km

log2(1 + γk), ∀m ∈ M | ∪ {F (u)
m }∗

}

, (5.16)

s.t. (5.2), and

γk = 0, if ηk < ηt, ∀k ∈ K (5.17)

whereKm contains the indexes of the users in the three cells sharing subcarrierm. ηt is the SIR

threshold required for all users to achieve certain qualityof service (QoS), which can be set a value

according to given communication scenarios. As described in (5.17), the SIR of a user activated is

higher than the SIR thresholdηt. In (5.16),DDD is a length-3M vector, which is referred to as the

InterCI mitigation decision (IMD) vector. The IMD vector isin the form of

DDD =
[

DDDT
0 DDDT

1 DDDT
2

]T
(5.18)

whereDDDu = [Du,0, Du,1, . . . , Du,M−1]
T is the IMD vector of BSu (u ∈ {0, 1, 2}), which provides

the transmission states onM subcarriers by BSu. Specifically, themth element ofDDDu, i.e., Du,m,

has three states defined as

Du,m =







k if BS u transmitsxk of its intracell userk on subcarrierm,

−1 if BS u turns off transmission on subcarrierm,

k′ if BS u helps to transmitxk′ of userk′ in cell u′ 6= u on subcarrierm.

(5.19)
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Note that, whenDu,m = −1, BSu switches off the transmission on subcarrierm. In this case,

when assuming that subcarrierm is allocated to userk′ in cell u′, and to userk′′ in cell u′′, then,

the SINRs of these two users become

γk′ =
|h(u′)k′ ,m|2

|h(u′′)k′ ,m α
(u′′)
k′′,k′ |2 + 2σ2

, γk′′ =
|h(u′′)k′′ ,m|2

|h(u′)k′′ ,mα
(u′)
k′ ,k′′ |2 + 2σ2

(5.20)

which show that both usersk′ andk′′ experience only one InterCI. Furthermore, it can be easily

understood that the SINRs of usersk′ andk′′ can be significantly improved, if userk imposes strong

InterCIs on them. Hence, in multicell communications, it issometimes very efficient for a BS to

turn off some transmissions on some subcarriers, as shown in[116].

By contrast, whenDu,m = k′ in (5.19), BSu chooses to cooperate with BSu′, and helps it to

transmitxk′ to userk′ in cell u′. Note that, in order to achieve the cooperative transmission, in this

chapter, we assume that symbolxk′ is known to BSu, which requires a small amount of overhead.

However, for those non-cooperative subcarriers, there is no sharing of data. Since we assume that

there is no CSI exchange among the BSs, the optimum cooperation scheme for the two BSs is

the classic space time block coding (STBC) [207], which achieves transmit diversity. Specifically,

when BSu cooperates with BSu′ to transmitxk′(t) andxk′(t + T) to userk′ at timet andt + T (T

is the symbol duration), respectively, while experiencinginterference from BSu′′, the observations

received by userk′ in two consecutive time slots can be expressed as

yk′(t) = h
(u′)
k′ ,mxk′(t) + h

(u)
k′ ,mα

(u)
k,k′xk′(t + T) + h

(u′′)
k′ ,m α

(u′′)
k′′,k′xk′′(t) + nk′(t), (5.21)

yk′(t + T) = −h
(u′)
k′ ,mx∗k′(t + T) + h

(u)
k′ ,mα

(u)
k,k′x

∗
k′(t) + h

(u′′)
k′ ,m α

(u′′)
k′′,k′xk′′(t + T) + nk′(t + T) (5.22)

when assuming that the related channels stay the same duringtwo symbol durations (or two trans-

mission time slots when transmission of packets is considered). Assume that userk′ is capable of

estimating the channels from both BSu and BSu′. Then, userk′ can form the decision variables

as

rk′(t) = (h
(u′)
k′ ,m)

∗yk′ (t) + h
(u)
k′ ,mα

(u)
k,k′(yk′ (t + T))∗, (5.23)

rk′(t + T) = (h
(u)
k′ ,mα

(u)
k,k′)

∗yk′(t)− h
(u′)
k′ ,m(yk′(t + T))∗. (5.24)

Based on (5.23) and (5.24), it can be shown that the SINR of user k′ at both timet andt + T is

γk′ =
|h(u′)k′ ,m|2 + |h

(u)
k′ ,mα

(u)
k,k′ |2

|h(u′′)k′ ,m α
(u′′)
k′′,k′ |2 + 2σ2

. (5.25)

Since BSu helps BSu′ to send information to userk′, only when it generates strong InterCI on

userk′, the SINR of (5.25) may be significantly enhanced, in comparison with (5.8) of the case

without BS cooperation.

As shown in (5.16), our objective of InterCI mitigation is tomaximize the sum rate of the

users sharing the same subcarrier in the system. This can be achieved by properly design of the
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IMD vector. In this chapter, we will consider three approaches, including two proposed distributed

InterCI mitigation algorithms. In a little more detail, we first consider a benchmark InterCI miti-

gation algorithm, namely the on-off power (OOP) algorithm [116,143,144], which is a distributed

algorithm without any BS cooperation. Then, we propose a so-called distributed decision making

assisted cooperation (DDMC) algorithm, and the centralized decision making assisted cooperation

(CDMC) algorithm. We will see that both of the proposed algorithms require only little BS cooper-

ation, although the CDMC algorithms demands a little more information exchange among the BSs

than the DDMC algorithm.

5.4 On-Off Power InterCI Mitigation

The OOP algorithm is an efficient method to combat InterCI, and it has been widely studied and

used in multicell communication systems, such as, in [116, 143, 144]. The OOP algorithm has

mainly been considered for power-allocation in literature, e.g., in [116]. In this section, we extend

the OOP algorithm to our multicell OFDMA system for the purpose of InterCI mitigation, which

hence results in performance improvement. The basic principle of the OOP algorithm is that a

BS turns off the transmission on the subchannels that are suffering from strong InterCI. By doing

this, there are two-fold of benefits. First, transmission onthe subchannels with poor quality can be

avoided, which can save power for future transmission, whenthe subchannels have good quality.

Second, the InterCI imposed by these subchannels can also beremoved. In our downlink OFDMA

system, we assume that a BS does not know the InterCI on itsK users. However, each mobile user

is capable of estimating the signal strength from its own BS as well as the InterCI from other BSs.

Hence, the user knows the received SIR. Consequently, mobile users may inform their BSs to turn

off the transmission or not, based on the measured SIR values.

Let us assume that subcarrierm is allocated to usersk, k′, k′′ in cellsu, u′ andu′′, respectively.

Then, we can express the subchannel qualities (some of them in fact generate InterCI) on subcarrier

m in a matrix form as

AAAm =







A
(u)
k,m A

(u)
k′,m A

(u)
k′′,m

A
(u′)
k,m A

(u′)
k′,m A

(u′)
k′′,m

A
(u′′)
k,m A

(u′′)
k′,m A

(u′′)
k′′,m







=









|h(u)k,m|2
2σ2

|h(u)
k′,mα

(u)

k,k′ |
2

2σ2

|h(u)
k′′,mα

(u)

k,k′′|
2

2σ2

|h(u
′)

k,m α
(u′)
k′,k |

2

2σ2

|h(u
′)

k′,m |
2

2σ2

|h(u
′)

k′′,mα
(u′)
k′,k′′ |

2

2σ2

|h(u
′′)

k,m α
(u′′)
k′′,k |

2

2σ2

|h(u
′′)

k′,m α
(u′′)
k′′,k′ |

2

2σ2

|h(u
′′)

k′′,m|
2

2σ2









(5.26)

whereA
(i)
j,m represents the subchannel quality of the transmission fromBS i to userj on subcarrier

m. Based on a column ofAAAm, a user can estimate its SIR, and when the OOP algorithm is employed,

the user can inform its BS to turn off the transmission on subcarrierm, if the SIR is lower than the
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SIR threshold. For example, userk can inform its BS to take the actions:

Power off, if ηk < ηt, (5.27)

Power on, if ηk ≥ ηt (5.28)

whereηk is the derived SIR of userk, andηt is the SIR threshold.

Note that, the OOP algorithm is carried out by a BS at a time, inorder to avoid that two or

three cells simultaneously turn off the transmission on thesame subcarrier. Therefore, when three

cells are considered, three stages are required to completeone cycle of the OOP algorithm. Note

furthermore that, when there are more cells, similar ‘on-off’ strategies can be designed. However,

in cellular communications, as one mobile user can only be close to at most three cells. Three

stages are usually enough for complete the OOP algorithm.

Let us below illustrate the OOP algorithm with the aid of an example. Suppose that, in a

three-cell OFDMA system, there areM = 8 subcarriers supporting3K = 24 users with each cell

supportingK = 8 users. Furthermore, let us assume that subcarrier0 is allocated to users4, 10, 19,

which can be written asF (0)
0 = {4}, F (1)

0 = {10} andF (2)
0 = {19}, in cells0, 1 and2. Then,

the subchannel quality matrix for subcarrier0 is given by

AAA0 =







A
(0)
4,0 A

(0)
10,0 A

(0)
19,0

A
(1)
4,0 A

(1)
10,0 A

(1)
19,0

A
(2)
4,0 A

(2)
10,0 A

(2)
19,0






=







2.1909 0.0018 0.5078

1.4294 1.8621 0.1583

0.1168 3.3187 1.6459







. (5.29)

When the OOP algorithm is employed, by setting different SIRthresholds we may obtain dif-

ferent ON-OFF results, such as, the IMD variables,{Du,m}, and the corresponding sum rate

CΣ = ∑k∈{4,10,19} log2(1 + γk). For the example of (5.29), the OOP algorithm gives the InterCI

mitigation decisions as






(a): D0,0 = 4, D1,0 = 10, D2,0 = 19 if ηt = −5 dB,

(b): D0,0 = 4, D1,0 = −1, D2,0 = 19 if ηt = 0 dB,

(c): D0,0 = −1, D1,0 = −1, D2,0 = 19 if ηt = 5 dB.

(5.30)

Specifically, if we letηt = −5 dB= 0.316, there will be no user with power off, since the SIRs of

the three users are all higher than the SIR threshold. In thiscase, the IMD variables are given by

(5.30)(a) and the sum rate achievable by subcarrier0 is CΣ = 2.4039. Correspondingly, no InterCI

mitigation actions are taken.

By contrast, when the SIR threshold is 0 dB, i.e.,ηt = 0 dB= 1.0, the OOP algorithm will

be executed as follows. During the first stage, user4 estimates its SIR, givingη4 =
A
(0)
4,0

A
(1)
4,0+A

(2)
4,0

=

1.4171, which is higher than the threshold. Therefore, user4 stays on and BS0 transmits signal

to it on subcarrier0. During the second stage, user10 estimates its SIR, obtainingη10 = 0.5608,

which is lower than the required threshold. Hence, user10 changes to the off state and informs BS

1 to stop transmitting signal to it. During the third stage, user19 finds that its SIR is higher than the
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threshold and, certainly, it stays on. Consequently, whenηt = 0 dB, we have the IMD variables of

(5.30)(b), and the sum rate ofCΣ = 2.6311, which is higher thanCΣ = 2.4039 of the case without

using the InterCI mitigation.

Furthermore, whenηt = 5 dB= 3.1623, then, the OOP algorithm has the following operations.

During the first stage, user4 informs BS0 to turn off the transmission to it, sinceη4 ≤ ηt. During

the second stage, user10 estimates its SIR, givingη10 = A
(1)
10,0/A

(2)
10,0 = 0.5611, which is still

lower than the threshold. Hence, it informs BS2 to stop transmitting it information. As user

4 in cell 0 and user10 in cell 1 have been turned off, there are no InterCIs on user19 in cell

2. Hence, during the third stage, user19 will stay on, as its SIR becomes infinite. As a result,

whenηt = −5 dB, we have the IMD variables of (5.30)(c), and, correspondingly, the sum rate of

subcarrier0 is CΣ = 1.4038, which is lower than that obtained by settingηt = 0 dB.

From the above example, we are implied that the performance of the system employing the

OOP algorithm is highly dependent on the SIR threshold. If animproper SIR threshold is set, it

may cause to turn off some very good subchannels or to keep thetransmissions on some very poor

subchannels, both of which may lead to decrease of throughput performance. Therefore, it is very

important to set up a proper SIR threshold for the OOP algorithm, in order to efficiently mitigate

the InterCI and achieve the highest possible sum rate.

In general, the OOP algorithm can be described as follows.

Algorithm 9. (On−Off Power Algorithm)

Initialization: SetDu,m = k if F
(u)
m = {k}, ∀u ∈ {0, 1, 2} and∀m ∈ M.

For Stageu = 0, 1, 2:

Step 1 All users in cellu estimate their SIRs, using the formulaηk =
|h(u)k,m|2

∑u′∈{0,1,2},u′ 6=u Iu′,k
,

whereIu′,k = 0 if Du′,m = −1 andF
(u′)
m = {k′}, otherwiseIu′,k = |h(u

′)
k,m α

(u′)
k′,k |2.

Step 2 Let the set of users whose SIRs are lower than the threshold beexpressed aŝK(u), i.e.,

K̂(u) = {k̂|ηk̂ < ηt, k̂ ∈ K(u)}. Then, the users in̂K(u) inform BSu to stop their transmis-

sions.

Step 3 BS u updates the corresponding IMD variables asDu,m̂ = −1, if F
(u)
m̂ = {k̂}, ∀k̂ ∈ K̂(u).

5.5 Distributed Decision Making Assisted Cooperation InterCI Miti-

gation

In this section, we propose a novel InterCI mitigation scheme, which is called as the distributed

decision making assisted cooperation (DDMC) algorithm. Asits name suggests, the DDMC algo-

rithm introduces cooperation among BSs to enhance the performance.
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In Section 5.3, we have shown how a user can benefit from the cooperative transmission. Specif-

ically, as shown in (5.25), when the STBC is employed for two BSs to transmit to one user, the

SINR of a user can be significantly improved, if the cooperative BS imposes large InterCI on the

user. The cost for the above-mentioned cooperation is the increased complexity for information

exchange between BSs and that some BSs have to stop transmitting information to some of their

own users. Therefore, our DDMC algorithm is designed for maximizing the pay-off from the co-

operation, while simultaneously minimizing the cost caused.

In our DDMC algorithm, the following assumptions are introduced. First, we assume that a

BS is capable of sharing the data of its users with another BS,whenever necessary. Specifically,

if two BSs decide to cooperate to send information to one user, the BS holding the data of the

user will forward them to the cooperative BS. Second, we assume that the BSs do not share their

CSI of their users. Hence, we assume that two BSs transmit to auser by employing the STBC

scheme [207]. In this case, we assume that every user is able to estimate the required CSI and can

carry out coherent detection or STBC decoding. Note that, our proposed DDMC algorithm is a

distributed decision-making algorithm, which is independently operated at the individual BSs.

In the DDMC algorithm, we also introduce a SIR threshold. When the SIR measured by a user

is lower than the threshold, it informs its BS to take one of the actions: 1) Setting up a cooperative

transmission for the user, and 2) switching off the transmission to the user. Let us below explain

the principles. Let us assume that userk in cell u suffers the InterCI from both BSsu′ and u′′

(whereu 6= u′ 6= u′′), and the InterCI power isIu′,k and Iu′′,k. Then, the rules for userk to make

the decision are as follows:

Ask for cooperation from BSu′, if ηk < ηt, and Iu′,k > Ic, Iu′′,k ≤ Ic, (5.31)

Ask for cooperation from BSu′′, if ηk < ηt, and Iu′,k ≤ Ic, Iu′′,k > Ic, (5.32)

Power off, ifηk < ηt, and eitherIu′,k > Ic, Iu′′,k > Ic, or Iu′,k ≤ Ic, Iu′′,k ≤ Ic. (5.33)

In the above rules,Ic is the InterCI threshold for cooperation, which can be set according to the

various communication objectives, such as, maximization of sum rate. As shown in (5.31) and

(5.32), in our DDMC scheme, userk can only ask for cooperation, when only one BS imposes high

InterCI on it, while the InterCI from the other BS is below thethresholdIc. However, if userk

suffers strong InterCI from two BSs, as described in (5.33),userk simply inform its BS to stop

transmitting it information. The reason for us to use this strategy will become clear during our

forthcoming discussion. Additionally, when the InterCI from both interfering BSs is low, but the

SIR is still lower than the thresholdηt, the BS also switches off the transmission to the user. This

scenario is mainly that the channel from the BS to its user is very poor.

Let us now explain in detail why the rules in (5.31)-(5.33) are introduced. Suppose subcarrier

m is allocated to userk in cell u, userk′ in cell u′ and userk′′ in cell u′′. Assume that only userk

has a SIR being lower than the thresholdηt due to the high InterCI from BSu′. Then, when userk
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obtains the cooperation from BSu′, the SINRs of usersk, k′ andk′′ become

γk =
|h(u)k,m|2 + Iu′,k

Iu′′,k + 2σ2
, γk′ = 0, γk′′ =

|h(u′′)k′′ ,m|2
Iu,k′′ + Iu′,k′′ + 2σ2

. (5.34)

From (5.34), we can see that the SINR of userk may be significantly improved, as (5.31) is met.

In this case, the sum rate of the three users is most probably increased, owing to making use of

the strong interference ofIu′,k. However, if the case of (5.33) is met, the SINR of userk may

not be improved too much, when bothIu′,k and Iu′′,k are very weak. When bothIu′,k and Iu′′,k are

very strong, the cooperation of BSu′ (or u′′), or both of them with BSu is beneficial to userk.

However, the cost is too much, as BSu′ andu′′ have to turn off their transmissions to usersk′, k′′.

Consequently, the sum rate of the three users may decrease, in comparison with the case without

cooperation. Therefore, in the case of (5.33), it might be more beneficial to improve the sum rate

of the users by simply turning off the transmission from BSu to userk.

As an example, when the DDMC algorithm is applied to a three-cell system with the subchannel

quality matrix of subcarrier0 is given by (5.29), the operations can be described as follows. First

from (5.29) we can find that the SIRs of the three uses areη4 = 1.417, η10 = 0.5608 andη19 =

2.471, respectively. By setting the various SIR thresholds and InterCI thresholds for cooperation,

the IMD variables obtained by the DDCM algorithm are






(a): D0,0 = 4, D1,0 = 10, D2,0 = 10 if ηt = 0 dB, Ic = 1,

(b): D0,0 = 4, D1,0 = 4, D2,0 = −1 if ηt = 5 dB, Ic = 1.
(5.35)

Then, let us first consider the scenario thatηt = 0 dB=1.0 and Ic = 1. In this case, during the

first stage, user4 finds that its SIR is higher than the SIR thresholdηt, it hence stays on. During

the second stage, user10 in cell 1 knows that its SIR is lower than the SIR thresholdηt. Then, it

checks whether it can ask a BS for cooperation, by checking the InterCI from BSs0 and2. It can be

shown thatI0,10 < Ic and I2,10 > Ic. Hence, according to the rules given in (5.31)-(5.33), user10

informs BS1 to request the cooperation from BS2, and, as a result, BS1 obtains the cooperation

from BS2 to send information to user10. During the third stage, BS2 informs user19 the switch-

off of transmission, as it is unable to transmit informationto user19. Assume that BSs1 and2

transmit information to user19 using the STBC. Then, we can find that the sum rate of subcarrier

0 is CΣ = 3.5213, which is higher than that achieved by the OOP algorithm.

By contrast, when the SIR threshold becomesηt = 5 dB=3.1623, and Ic = 1 during the first

stage, user4 finds that its SIR isη4 = 1.417 < ηt, and I1,4 = 1.4294 > Ic, I2,4 = 0.1168 <

Ic. Hence, user4 informs BS0 to request the cooperation from BS1. After BS 1 accepts the

cooperation request from BS0, it stops the transmission to user10. During the second stage, user

10 finds that its SIR isη4 = 0.5608 < ηt, andI0,10 = 0.0018 < Ic, I2,10 = 3.3187 > Ic. Hence,

it informs BS1 to request the cooperation from BS2. However, BS1 has to refuse the request, as

it has accepted the cooperation request from BS0. Hence, BS1 informs user10 the turning off



5.6. Centralized Decision Making Assisted Cooperation InterCI Mitigation 157

of the transmission. During the third stage, user19 informs BS2 to turn off its transmission, as

its SIR is lower than the thresholdηt and I0,19 < Ic, I1,19 < Ic, which satisfy the conditions in

(5.33). Consequently, with BS0 and BS1 jointly transmitting to user4 and BS2 turning off the

transmission to user19, the sum rate achieved on subcarrier0 is CΣ = 2.2080. Clearly, the sum

rate is higher than1.4038 obtained by the OOP algorithm for the corresponding case.

Based on the above analysis and the examples, we can now summarize the DDMC algorithm

as follows.

Algorithm 10. (Distributed Decision Making Assisted Cooperation Algorithm)

Initialization:

(1) SetDu,m = k if F
(u)
m = {k}, ∀u ∈ {0, 1, 2} and∀m ∈ M.

(2) All users in the three cells estimate their SIRs, which can be expressed asηk =
|hu,k,m|2

∑u′∈{0,1,2},u′ 6=u Iu′,k
,

when assuming thatF(u)
m = {k}, F

(u′)
m = {k′} andF

(u′′)
m = {k′′}, ∀k ∈ K(u) and∀u ∈ {0, 1, 2}.

Let K̂(u) = {k̂|ηk̂ < ηt, k̂ ∈ K(u)}, ∀u ∈ {0, 1, 2}.

For Stageu = 0, 1, 2:

Step 1 In cell u, any of the users in̂K(u) informs BSu either to request for the cooperation from an

identified BS, or to turn off its transmission, according to the rules defined in (5.31)-(5.33).

The algorithm proceeds to Step 2, if BSu receives a request of turning off from userk̂, while

it proceeds to Step 3, if BSu receives a request from userk̂, say, for cooperation from BSu′.

Step 2 BS u turns off the transmission to userk̂, and updates the corresponding IMD variable to

Du,m̂ = −1.

Step 3 BS u requests BSu′ for the cooperation to transmit information to userk̂, and

(1) BSu′ accepts the request if it has not cooperated with another BS,and updates the corre-

sponding IMD variable toDu′,m̂ = k̂, when assumingF(u)
m̂ = {k̂}. Then, it proceeds to Step

4.

(2) Otherwise, BSu′ refuses the request of BSu, and proceeds to Step 2.

Step 4 BS u sends the data of userk̂ to BS u′, and they transmit the data to userk̂ based on a

STBC.

5.6 Centralized Decision Making Assisted Cooperation InterCI Miti-

gation

In this section, we propose and analyze another InterCI mitigation scheme, which carries out cen-

tralized decision making assisted cooperation (CDMC) withlimited InterCI information sharing

among the BSs. Similar to the DDMC, the CDMC algorithm considers turning off transmission to

some users on some subcarriers, and cooperation between twoBSs for transmission to a user on a
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subcarrier. Our CDMC algorithm motivates to make the best InterCI mitigation decisions, based

on limited InterCI information, in order to maximize the sumrate of users on a subcarrier, but also

to improve the frequency reuse factor of the subcarriers.

As done in the DDMC algorithm, in the CDMC algorithm, we assume that the cooperative

BSs share the data of the users that they jointly send information to. However, CSI is not shared

between BSs. Hence, we assume that, once two BSs cooperate tosend information to one user, the

STBC transmission scheme is employed. Furthermore, we assume that each mobile user is capable

of acquiring the required CSI to carry out coherent detection. In addition to the above assumptions

similar to those used in the DDMC algorithm, the BSs operatedunder the CDMC are also assumed

to share the “three-valued InterCI information” of users. As the name indicates, the three-valued

InterCI information is characterized by one of three possible integer values, namely−1, 0, 1,

which is determined by the power of the corresponding InterCI. Let us first use the example (5.29)

to briefly explain the disadvantage of the DDMC algorithm considered in Section 5.5.

As the example discussed in Section 5.5 shows, when the SIR threshold isηt = 5 dB, the

DDMC algorithm finally gives the decision that BS1 cooperating with BS0 transmit to user4,

while BS 2 turns off its transmission to user19. However, this is explicitly not the best InterCI

mitigation strategy, and there are better solutions. For example, we may let BS2 cooperate with

BS 1 to transmit information to user10, while BS0 keeps transmitting to its own user4. In this

case, we can find that the sum rate on subcarrier0 is C∑ = 3.5213, which is higher than that

C∑ = 2.208 obtained by the DDMC algorithm. In order to make the above better decisions, BSs

require the information about the InterCIs of users4, 10 and19, which yields a little bit higher

complexity than the DDMC algorithm.

Inspired by the above example, in the CDMC algorithm, the BSsmake the decisions based on

the three-valued InterCI information shared among the BSs.Specifically, the three values for the

InterCI suffered by a user are determined as

vu′,k =







−1 if Iu′,k < Io,

0 if Io ≤ Iu′,k < Ic,

1 if Iu′,k ≥ Ic

(5.36)

wherevu′,k denotes the digitized InterCI from BSu′ to userk in cell u. In (5.36),Iu′,k is the InterCI

on userk from useru′, while Io andIc are two thresholds introduced. Furthermore, we refer toIo as

the “off-power threshold”, and toIc as the “cooperation threshold” which was used in (5.31)-(5.33).

As shown in (5.36), the InterCI on userk is divided into three regions by the two thresholds. For

convenience, we refer to these three regions as 1) ignorableInterCI, whenvu′,k = −1, 2) moderate

InterCI, if vu′,k = 0, and 3) strong InterCI, whenvu′,k = 1. Suppose that subcarrierm is allocated

to usersk, k′ andk′′ in cells u, u′ andu′′. Let the corresponding digitized InterCI is expressed in
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matrix form as

VVVm =







νk vu,k′ vu,k′′

vu′,k νk′ vu′,k′′

vu′′,k vu′′,k′′ νk′′






=
[

vvvk,m vvvk′,m vvvk′′,m

]

. (5.37)

Here,VVVm is referred to as the digitized InterCI matrix, or simply theInterCI matrix, of subcarrier

m, andvvvk,m = [νk vu′,k vu′′,k]
T is the digitized InterCI vector of userj on subcarrierm. In (5.37), a

non-diagonal element explains the strength of the InterCI between a BS and a user, which is derived

from (5.36). By contrast, a diagonal element indicates whether the corresponding user has its SIR

below or above the SIR thresholdηt, defined as

νi =







1 if ηi < ηt,

0 if ηi ≥ ηt

(5.38)

for i = k, k′ andk′′.

In the context of the CDMC algorithm, the decisions made by the BSs for a user are according

to the four cases determined by the digitized InterCI matrixVVVm given by (5.37).

• Case 0 (No Actions): When ν0 = ν1 = ν2 = 0. All BSs transmit to their users on the

allocated subcarriers.

• Case 1 (Cooperation): At least one of the three users on a subcarrier satisfies theconditions

in (5.39).

νk = 1 & vu′,k = 1 & vu′′,k 6= 1 (5.39)

wherek ∈ K(u), u 6= u′ 6= u′′, ∀u ∈ {0, 1, 2}.

• Case 2 (Possible Cooperation): Any of the three users on a subcarrier does not satisfy the

conditions in (5.39), but at least one of the users satisfies the conditions of (5.40).

νk = 1 & vu′,k = 1 & vu′′,k = 1 (5.40)

wherek ∈ K(u), u 6= u′ 6= u′′, ∀u ∈ {0, 1, 2}.

• Case 3 (No Cooperation): Any of the three users on a subcarrier does not satisfy the condi-

tions of (5.39) and (5.40), but at least one of the users satisfies the conditions of (5.41).

νk = 1 & vu′,k 6= 1 & vu′′,k 6= 1 (5.41)

wherek ∈ K(u), u 6= u′ 6= u′′, ∀u ∈ {0, 1, 2}.

Let us below discuss the operations under Cases 1-3 in more detail.



5.6. Centralized Decision Making Assisted Cooperation InterCI Mitigation 160

When the InterCI matrixVVVm belongs to Case 1, the CDMC algorithm will be operated as

the flow chart shown in Figure 5.3. Note that, in Case 1, we can always set up a cooperative

transmission for a user whose SIR is below the SIR thresholdηt. However, there are sometimes

more than one cooperation options possible. In this case, the CDMC algorithm aims to find the

best one, in order to maximize the sum rate of the considered subcarrier. As shown in Figure 5.3,

specifically, the decisions are made within three iterations, wheres denotes the iteration index.

Furthermore, in order to evaluate the decision made in an iteration, we introduce a metric, denoted

as,ε(s)m , for thesth iteration in terms of subcarrierm. It can be shown that, in Case 1, there are three

possible strategies for InterCI mitigation.

Strategy 1 : Two BSs cooperate for a user and the other BS stops transmission on a subcarrier. In

this case, we haveε(s)m = 1, and the IMD variables are in the form ofDu,m = k, Du′,m = k,

Du′′,m = −1.

Strategy 2 : Two BSs cooperate for a user and the other BS transmits to its own user with the

SIR lower than the SIR thresholdηt. In this case, we haveε(s)m = 2 associated with the IMD

variables given byDu,m = k, Du′,m = k, Du′′,m = k′′.

Strategy 3 : Two BSs cooperate for a user and the other BS transmits to its own user with the SIR

higher than the SIR thresholdηt. In this case, we haveε(s)m = 3 andDu,m = k, Du′,m = k,

Du′′,m = k′′.

Note that, in the above strategies, we assumed thatu 6= u′ 6= u′′, andu, u′, u′′ ∈ {0, 1, 2}.

As mentioned previously, our CDMC algoirthm motivates to maximize the sum rate as well

as the frequency reuse factor of the system. Clearly, in Case1, Strategy 1 generates smaller sum

rate (or metric) than Strategies 2 and 3, since in Strategy 1 there is only one information trans-

mission flow on a considered subcarrier. By contrast, in strategies2 and3, the algorithm allows

two information transmission flows, including the one generated by Strategy1. Moreover, we can

know that Strategy3 is the most desirable one, since it allows a cooperation between two BSs and

a transmission from a BS to its user having a high SIR. By contrast, in Strategy2, in addition to the

two cooperative BSs, the link from the other BS to its user is weak. It hence generates lower sum

rate than Strategy3. As Figure 5.3 shows, our CDMC algorithm in Case1 always makes the final

decision that results in the highest metric value among the available decisions.

Let us now return to the example of (5.29), when the CDMC algorithm associated with Case1

is applied. This case corresponds to setting the SIR threshold ηt = 5 dB. Furthermore, we assume

that Ic = 1, Io = 0.1. Under these assumptions, we can readily know that the SIRs of the three

users on subcarrier0 are all below the thresholdηt. Let us assume that BS0 makes the InterCI

mitigation decisions for the three users. Hence, both BS1 and BS2 send the digitized InterCIs to

BS 0, after they receive from their users. Consequently, based on the InterCI values in (5.29), the
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Figure 5.3: Flow chart showing the operations of the CDMC algorithm in Case 1, when

assumingu 6= u′ 6= u′′, and usersk, k′, k′′ are in cellsu, u′ andu′′, respectively.

InterCI received by BS0 can be expressed in matrix form as

VVV0 =







ν4 v0,10 v0,19

v1,4 ν10 v1,19

v2,4 v2,10 ν19






=







1 −1 0

1 1 0

0 1 1







(5.42)

Explicitly, the operational situation is in Case1, as the conditions of (5.39) are met for both users4

and10. Then, following Figure 5.3, we have the decisions of the IMDvariables as

D0,0 = 4, D1,0 = 10, D2,0 = 10 if ηt = 5 dB, Ic = 1, Io = 0.1. (5.43)

According to the operations in Figure 5.3, during the first (s = 1) iteration, BS0 checks if a

cooperation can be set up for user4 in cell 0. Since Condition1 in the figure is met, a cooperation

between BS0 and BS1 can be set up for user4. However, BS2 has to turn off the transmission to

user19, as Condition2 in Figure 5.3 is satisfied,VVV0(2, 0) = 0. As a result, at the end of the first

iteration, the decisions derived arêD0,0 = 4, D̂1,0 = 4 andD̂2,0 = −1, which belongs to Strategy

1 and has a metric ofε(1)0 = 1. During the second iteration, BS0 tries to build a cooperation for

user10 between BS1 and BS2, since it satisfies Condition1. Furthermore, as shown in (5.42),

VVV0(0, 1) = −1, meaning that user10 suffers ignorable InterCI from BS0. Hence, BS0 can

keep transmission to user4. Consequently, the second iteration yields the decisions of D̂0,0 = 4,

D̂1,0 = 10 andD̂2,0 = 10, and a metric ofε(1)0 = 2, which is better than that obtained during the

first iteration. During the third iteration, BS0 finds that a cooperation for user19 cannot be set up,

as Condition 1 in Figure 5.3 is not satisfied. Therefore, the final InterCI mitigation decisions are

given by the second iteration, which areD0,0 = 4, D1,0 = 10 andD2,0 = 10, and sent by BS0 to

BS 1 and BS2. It can be shown that the sum rate achieved isCΣ = 3.5213. In comparison with

CΣ = 2.208 achieved by the DDMC algorithm, better InterCI mitigation decisions have been made

by the CDMC algorithm for the example considered.
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Figure 5.4: Flow chart showing the operations of the CDMC algorithm in Case 2, when

assuming thatu 6= u′ 6= u′′, u′ < u′′, and usersk, k′, k′′ are in cellsu, u′ and u′′,

respectively.

In order to further explain the operations of the CDMC algorithm under Case 1, let us consider

another example, in which subcarrierm is allocated to usersi, j, q in cells0, 1 and2, respectively.

In this case, the digitized InterCI matrix of subcarrierm is given by

VVVm =







νi v0,j v0,q

v1,i νj v1,q

v2,i v2,j νq






=







0 1 −1

−1 1 1

0 −1 1







(5.44)

which is known to BS0, when we assume that BS0 makes the decisions. First, there is no coop-

eration set up during the first iteration, asνi = 0, resulting in that Condition1 in Figure 5.3 is not

satisfied. As for userj, Condition1 is satisfied. Hence, during the second iteration, BS0 tries to set

up a cooperation between BS0 and BS1. Meanwhile, BS2 is allowed to transmit to its userq with

SIR lower than the threshold. This belongs to Strategy2, and gives a metric ofε(2)m = 2. During

the third iteration, a cooperation is assumed for userq between BS1 and BS2. Furthermore, BS

0 can keep transmitting to useri, whose SIR is higher than the threshold. This decision belongs

to Strategy3, and results in a metric ofε(3)m = 3. Consequently, the decisions made in the third

iteration are taken as the final decisions, which areD0,m = i, D1,m = q and D2,m = q. From

both of the examples of (5.42) and (5.44), we can know that, under Case 1, the CDMC algorithm

can always make the best decisions in terms of InterCI mitigation and maximization of system’s

frequency reuse factor. Let us now describe the operation ofthe CDMC algorithm operated under

Case 2.

Figure 5.4 describes the flow chart of the operations of the CDMC algorithm under Case2. In

the context of Case2, the conditions defined in (5.39) are not met, while the conditions in (5.40)
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are satisfied for at least one of the three users sharing a subcarrier in cells0, 1 and2. Under Case

2, as shown in Figure 5.4, the CDMC algorithm will not establish a cooperation for a user with

the SIR belowηt, when Condition3 is satisfied, i.e., when only one of the users suffers from two

strong InterCI signals. In this case, the transmission to the user experiencing two strong InterCI

signals will be kept on or turned off, depending on whether Condition 4 in Figure 5.4 is satisfied or

not. If Condition4 is satisfied, which means that both the other two users have the required channel

qualities for communication, this strong interfered user will be kept on. Otherwise, when Condition

4 is not satisfied, this user will be switched off. However, a cooperation can be set up for a user with

poor SIR, in the circumstance that this user and at least another user both suffer from the strong

InterCI from two BSs. Therefore, as shown in Figure 5.4, whenthe CDMC algorithm is operated

under Case 2, there are three possible InterCI mitigation strategies, which can be described as

Strategy 4 : One user turns off while the other two BSs transmit respectively to their users, having

the IMD variables asDu,m = −1, Du′,m = k′, Du′′,m = k′′.

Strategy 5 : All users stay on, corresponding to the values for the IMD variables: Du,m = k,

Du′,m = k′, Du′′,m = k′′.

Strategy 6 : Two BSs cooperate while the other one switches off its transmission to its user.

Correspondingly, the values for the IMD variables areDu,m = k, Du′,m = k, Du′′,m = −1.

Note that, in the above strategies, we assumed thatu 6= u′ 6= u′′, andu, u′, u′′ ∈ {0, 1, 2}.

Let us below consider two examples to show the operations under Case2. In these examples,

we assume that subcarrierm is allocated to usersi, j, q in cells0, 1 and2. In the first example, the

InterCI matrixVVVm of subcarrierm is given by

VVVm =







νi v0,j v0,q

v1,i νj v1,q

v2,i v2,j νq






=







0 −1 1

−1 0 1

−1 0 1







(5.45)

From (5.45), we can see that the conditions in (5.39) are not satisfied, but those in (5.40) are

satisfied, as we haveVVVm(2, 2) = 1, VVVm(0, 2) = 1 andVVVm(1, 2) = 1. Hence, the CDMC algorithm

operates in Case2. Therefore, as shown in Figure 5.4, the CDMC algorithm first checks whether

Condition3 is satisfied for the users in cellsu = 0, 1, 2. Here, we find that Condition3 is only

satisfied withu = 2, which means that only userq in cell 2 suffers strong InterCI from two BSs,

i.e., from BSs0 and 1. Then, the algorithm goes further to decide whether the transmission to

userq should be switched off or not, by checking Condition4. It can be seen that Condition4 is

unsatisfied, asVVVm(2, 1) = 0, meaning that BS2 does not impose small InterCI on userj. Hence,

the transmission from BS2 to userq is terminated. As the results, the algorithm gives the decisions

of D0,m = i, D1,m = j andD2,m = −1.

Let us consider another example, there are two users of both suffering strong InterCI from two
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Figure 5.5: Flow chart of Case 3 showing the operations of theCDMC algorithm, when

assuming thatu 6= u′ 6= u′′, u′ < u′′, and usersk, k′, k′′ are in cellsu, u′ and u′′,

respectively.

BSs. The InterCI matrixVVVm of subcarrierm is given by

VVVm =







νi v0,j v0,q

v1,i νj v1,q

v2,i v2,j νq






=







1 0 1

1 0 1

1 −1 1







. (5.46)

In this case, Condition3 is not satisfied, as both useri in cell 0 and userq in cell 2 experience

strong InterCI from two BSs. Therefore, it is beneficial to first switch off the transmission to a

user with its SIR lower thanηt, and, then to set up a cooperation for the other user with its SIR

lower thanηt. Specifically, according to our previous analysis, it can beshown that the CDMC

algorithm will derive the decisions that BS1 cooperating with BS0 transmits to useri, while BS2

stops transmission to userq. Consequently, the values for the IMD variables areD0,m = i, D1,m =

i, D2,m = −1. Note that, for the example of (5.46), our CDMC may give the decisions that a

cooperation for userq is set up while the transmission to useri is switched off, which do not make

a big difference with the above derived decisions.

Finally, when the CDMC algorithm is carried out under Case3, the operations can be described

by the flow chart in Figure 5.5. It can be shown that, in Case3, no cooperation for users with

SIRs below the thresholdηt can be established. The algorithm can only turn off some users to

mitigate the InterCI on a users with poor SIR. As discussed before, the transmission to a user is

turned off, only when its transmission imposes strong InterCI on the other active users. Hence,

under Case3, the CDMC algorithm motivates to make the best InterCI mitigation decisions, when

there are more than one user having their SIRs below the threshold ηt. As shown in Figure 5.5, the

final InterCI mitigation decisions can be made after three iterations for evaluating all the possible

options. Similar to the operations of Case1, here a metricε(s)m is introduced for evaluating the
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quality of the decisions made during an iteration. Furthermore, from Figure 5.5, we can know that

there are three possible InterCI mitigation strategies, which are described as follows.

Strategy 7 : All transmissions to users are on. In this case, we haveε
(s)
m = 3, and the IMD

variables areDu,m = k, Du′,m = k′, Du′′,m = k′′.

Strategy 8 : One user switches off, while the other two are on. In this case, we haveε
(s)
m = 2, and

the IMD variables areDu,m = −1, Du′,m = k′, Du′′,m = k′′.

Strategy 9 : Two users are off, while the other user is on. In this case, we haveε
(s)
m = 1, and the

IMD variables areDu,m = −1, Du′,m = −1, Du′′,m = k′′.

Note that, in the above description for strategies, we assume thatu 6= u′ 6= u′′, andu, u′, u′′ ∈
{0, 1, 2}.

Let us now show the principles of the CDMC algorithm under Case 3 with the aid of an exam-

ple, where two users have their SIR below the thresholdηt. Assume that subcarrierm is allocated

to usersi, j, q in cells0, 1 and2, and the InterCI matrixVVVm of subcarrierm is given by

VVVm =







νi v0,j v0,q

v1,i νj v1,q

v2,i v2,j νq






=







0 0 0

−1 1 0

0 −1 1







. (5.47)

Explicitly, the CDMC algorithm operates in the principles of Case3, as the conditions in (5.41)

are met for both usersj andq, while the conditions in (5.39) and in (5.40) are not satisfied for all

the three users. Hence, as shown in Figure 5.5, during the first iteration, the algorithm checks if

Condition 5 is satisfied, which tries to find the operational option for user i. Since useri has a

SIR higher thanηt, it does not need an InterCI mitigation action. Therefore, during the second

iteration, the algorithm checks for userj. It finds that the transmission to userj needs to be turned

off, as Condition5 (VVVm(1, 1) = 1) is met and Condition6 (VVVm(1, 0) = −1) is not met, as well as

Condition7 (VVVm(1, 2) = 0) is met. Meanwhile, the transmission to userq is also turned off, since

Conditions5 and6 in Figure 5.5 are met. Hence, the decisions given by the algorithm areD̂0,m = i,

D̂1,m = −1 andD̂2,m = −1, which belongs to Strategy9 and has a decision metric ofε
(2)
m = 1.

During the third iteration, the CDMC algorithm first deals with userq in cell 2. Similar to the

procedure in the second iteration, it results in the decisions ofD̂0,m = i, D̂1,m = j andD̂2,m = −1,

which has a decision metric ofε
(3)
m = 2. Therefore, after three iterations, the final decisions made

are given by that obtained during the third iteration.

In summary of the operations of the CDMC algorithm under Cases 1, 2 and3, the algorithm

can now be described as follows. In our description, we assume that there is a head BS, which is

responsible for the decision making for a subcarrier.
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Algorithm 11. (Centralized Decision Making Assisted Cooperation Algorithm)

Initialization: For all subcarriersm ∈ M:

(1) All users estimate their SIRs, which can be expressed asηk =
|hu,k,m|2

∑u′∈{0,1,2},u′ 6=u Iu′,k
, whereF

(u)
m =

{k}, F
(u′)
m = {k′} andF

(u′′)
m = {k′′}, ∀k ∈ K(u), ∀u ∈ {0, 1, 2}.

(2) SetKm = {k|F (u)
m = {k}}, wherek ∈ K(u), u ∈ {0, 1, 2}.

(3) SetK̂m =
{

k̂|ηk̂ < ηt, k̂ ∈ Km

}

.

For subcarrierm, the algorithm takes no actions, if̂Km = ∅; Otherwise, it executes the following
operations:

Step 1 The digitized InterCIvu′,k̂, vu′′,k̂ derived from (5.36) for all the users in̂Km are sent to the

head BS.

Step 2 The head BS asks for the digitized InterCI of all the users inK̂′m = Km − K̂m. (Note that,

after Steps 1 and 2, the head BS has the knowledge ofVVVm, which is enough for it to make

the InterCI mitigation decisions.)

Step 3 Based onVVVm, the head BS makes the InterCI mitigation decisions based onthe rules under

the three cases described in Figures 5.3-5.5, respectively.

Step 4 The head BS informs the other two BSs the InterCI decisions bysending them the corre-

sponding values of the IMD variablesDu,m, ∀u ∈ {0, 1, 2}.

As described above, under our current CDMC algorithm, the InterCI mitigation decisions are

made by the head BS, which holds all the InterCI information.Alternatively, we may let all the BSs

know all the InterCI information about the three users sharing a subcarrier. In this case, based on

the InterCI information, each BS can make the decisions, which should be the same for all the three

users. Hence, there is no need for a BS to inform the other two BSs the decisions. Specifically, in

this approach, when a BS knows that one of its users has the SIRlower than the thresholdηt, it then

broadcasts the digitized InterCI vector of the user, such asthe vectorvvvk,m in (5.37), to the other two

BSs. Once receiving the InterCI vector, the other two BSs also broadcast the InterCI information of

their users sharing the same subcarrier, regardless of the SIR values of their users. In this way, all

the three BSs have the full knowledge of the digitized InterCI matrix of a subcarrier. Consequently,

they can make the decisions in the same principles of the CDMCunder cases1, 2 or 3.

5.7 Performance Results

In this section, we provide a range of simulation results, inorder to demonstrate and compare the

achievable spectrum-efficiency performance of the multicell downlink OFDMA systems employing

various subcarrier-allocation algorithms and InterCI mitigation algorithms. We assume that all

subcarriers experience independent flat Rayleigh fading. We assume that, in each of the three cells,
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Figure 5.6: CDF of spectrum-efficiency of the multicell downlink OFDMA systems em-

ploying various subcarrier-allocation algorithms, when assumingM = 8 subcarriers and

average SNR per symbol ofγ̄s = 1/2σ2 = 6 dB.

the number of users supported by the OFDMA isK = M, whereM is the number of subcarriers.

In each cell, we assumeK users are uniformly distributed. All users in the system areassumed to

experience the AWGN with the same noise variance. The effectof the pathloss exponent in (5.4) is

assumed to beµ = 4.0, and the standard deviation of the shadowing effect isΥ = 8 dB. Note that,

in this section, as power control is employed in each cell, there is no power-allocation.

Figure 5.6 shows the CDF of the spectrum-efficiency of the multicell downlink OFDMA sys-

tems, when using various subcarrier-allocation algorithms are distributively operated in three cells.

In Figure 5.6, we assume that the system does not attempt any InterCI mitigation. Since the Hun-

garian algorithm [83,86] is the optimum subcarrier-allocation algorithm of providing the optimum

solutions in the sense of maximizing the SNR of all users. As shown in Figure 5.6, it achieves the

best spectrum-efficiency performance. From Figure 5.6, we observe that the greedy algorithms,

including the greedy and WUF greedy algorithms, have the worst spectrum-efficiency performance

among these considered algorithms. Our proposed BWSA algorithm in Chapter 3 is only outper-

formed by the Hungarian algorithm, but it achieves better spectrum-efficiency performance than

any of the other subcarrier-allocation algorithms considered. The parameters for Figure 5.7 are the

same as those in Figure 5.6, except that, in Figure 5.7, the noise variance is smaller, with the average

SNR per symbol beinḡγs = 12 dB. By comparing Figure 5.7 with Figure 5.6, we observe that the

spectrum-efficiency attained by all the subcarrier-allocation algorithms increases, when the noise

variance becomes smaller. Again, in Figure 5.7, we can see that our BWSA algorithm proposed in

Chapter 3 can outperform any of the other algorithms, exceptthe Hungarian algorithm.
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Figure 5.7: CDF of spectrum-efficiency of the multicell downlink OFDMA systems em-

ploying various of subcarrier-allocation algorithms, when assumingM = 8 subcarriers

and average SNR per symbol ofγ̄s = 1/2σ2 = 12 dB.

Below we start considering the performance of the multicelldownlink OFDMA systems, when

the InterCI mitigation algorithms are applied. For the sakeof explicit comparison, we address the

performance by focusing on the cell-edge users in the system. Let us defineK̂(u) = {k|ηk <

ηt, k ∈ K(u)} as the set of indexes of the users with SIR below the SIR threshold in cell u

(u ∈ {0, 1, 2}). Here, the cell-edge users in cellu include the users in̂K(u), and the users in

K(u) − K̂(u), which share the same subcarriers as the users inK̂(u′) and K̂(u′′) in cells u′, u′′

(u 6= u′ 6= u′′). Let us now denotẽK(u) as the set of the cell-edge users in cellu. In this case,

an InterCI mitigation algorithm may be applied to combat or make use of the InterCI. In the figure,

the average spectrum-efficiency of cell-edge users per cellis given by

C =
1

3 ∑
u∈{0,1,2}

∑
k∈K̃(u)

log2(1 + γk), (bits/s/Hz/cell). (5.48)

Correspondingly, the average spectrum-efficiency per cell-edge user is

C =
1

|K̃| ∑
u∈{0,1,2}

∑
k∈K̃(u)

log2(1 + γk), (bits/s/Hz/user) (5.49)

whereK̃ contains the indexes of the cell-edge users in the system, i.e., K̃ = K̃(0) ∪ K̃(1) ∪ K̃(2).

In (5.48) and (5.49),γk is the SINR of userk, which is given by (5.8) or (5.13).

Figure 5.8 compares the spectrum-efficiency performance ofthe different InterCI mitigation

algorithms employed by the three-cell downlink OFDMA systems, where the average spectrum-

efficiency for cell-edge users is depicted, when we assume that the SIR thresholdηt is−4 dB, 0 dB
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Figure 5.8: Spectrum-efficiency of cell-edge users in the multicell downlink OFDMA sys-

tems employing the BWSA subcarrier-allocation algorithm and various InterCI mitigation

algorithms.

or 4 dB. The other parameters used in the investigation can be found on the top the figure. From

the figure, we can obtain the following observations. First,for all the considered SIR thresholds,

both the proposed DDMC and CDMC algorithms achieve a higher spectrum-efficiency than the

OOP algorithm, and than the case without employing any InterCI mitigation, which is labelled as

“non InterCI mitigation” in the figure. As shown in the figure,the DDMC and CDMC algorithms

become more advantageous over the OOP algorithm as the threshold ηt reduces. This is because,

as described in Sections 5.5 and 5.6, the DDMC and CDMC algorithms are motivated to estab-

lish cooperative transmissions for the cell-edge users, instead of turning off their transmissions.

We can know that the number of users needing cooperation or turned off becomes less, asηt re-

duces. In other words, those “edge-users” move further to the cell edge. Therefore, setting up

cooperation for the cell-edge users will be more beneficial than simply turning off them. Second,

we can observe that the CDMC algorithm always outperforms the DDMC algorithm, and the gain

becomes bigger, as the SIR thresholdηt increases. This is because, the CDMC algorithm finds

a joint InterCI mitigation strategy for the three users assigned the same subcarrier, based on the

knowledge about the InterCI of the three users. By contrast,under the DDMC algorithm, each BS

makes distributed InterCI mitigation decisions for its ownusers. Therefore, the CDMC algorithm

is capable of achieving a higher spectrum-efficiency than the DDMC algorithm. Furthermore, the

CDMC algorithm attains more SNR gain than the DDMC algorithm, when the number of cell-edge

users increases, resulted from the increase of the SIR threshold ηt. Third, Figure 5.8 shows that

the spectrum-efficiency achieved by the OOP algorithm is dependent on the SIR threshold. The



5.7. Performance Results 170

Multicell, OFDMA, BWSA, M=K=8, Ic=1 dB, Io=-10 dB

1

2

3

4

5

S
pe

ct
ru

m
-e

ffi
ci

en
cy

(b
its

/s
/H

z/
us

er
)

0 1 2 3 4 5 6 7 8 9 10 11 12

Average SNR per symbol, 1/2
2

(dB)

t=-4 dB

t=0 dB

t=4 dB
Non InterCI mitigation
OOP
DDMC
CDMC

Figure 5.9: Spectrum-efficiency per active cell-edge user in the multicell downlink

OFDMA systems employing the BWSA subcarrier-allocation algorithm and various In-

terCI mitigation algorithms.

OOP algorithm is capable of achieving a spectrum-efficiencygain over the “non InterCI mitiga-

tion” case, when a small SIR thresholdηt = −4 dB is applied. However, the OOP algorithm may

become useless in terms of InterCI mitigation, when the SIR threshold is high, such asηt = 4 dB.

In this case, there may be too many users turned off. Fourth, as shown in Figure 5.8, the OOP algo-

rithm becomes more effective, when the average SNR becomes large. In comparison with the case

without InterCI mitigation, the OOP algorithm can only achieve a spectrum-efficiency gain, when

the average SNR is sufficiently high. Therefore, when the system is too noisy or when the turning

off threshold is too high, too many users may be turned off, which is not beneficial to the OOP

algorithm. Explicitly, our proposed DDMC and CDMC algorithms are capable of avoiding these

drawbacks of the OOP algorithm, by seeking cooperation for cell-edge users, instead of simply

turning off them.

In Figure 5.9, we investigate the average spectrum-efficiency per active cell-edge user in the

systems employing various InterCI mitigation algorithms.First, we can observe that any of the

three InterCI mitigation algorithms significantly outperforms the case of “non InterCI mitigation”.

Second, the CDMC algorithm achieves a lower spectrum-efficiency than the DDMC algorithm for

all the SIR thresholds considered. This observation is surprise but we can explain it as follows.

As discussed in Section 5.6, the CDMC algorithm aims to maximize the system’s sum rate as well

as maximizing the frequency reuse factor. By contrast, the DDMC algorithm is mainly through-

put motivated. Specifically, when a cooperation cannot be set up for a user with SIR below the

threshold, the DDMC algorithm simply turns off the transmission to the user. However, the CDMC
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Figure 5.10: Comparison of spectrum-efficiency performance of cell-edge users in the

multicell downlink OFDMA systems employing various InterCI mitigation algorithms,

when different SIR thresholds are applied.

algorithm still allows the transmission to the user, provided that its transmission does not cause

strong InterCI to the other users. Consequently, for the same SIR threshold, the number of active

cell-edge users resultant from the CDMC algorithm is higherthan that resultant from the DDMC al-

gorithm. Among the active cell-edge users given by the CDMC algorithm, there are possibly many

users having low rates, which makes the average spectrum-efficiency in terms of “bits/s/Hz/user”

small. Note that, as shown in Figure 5.8, if the spectrum-efficiency of the total cell-edge users in

a cell is considered, the CDMC algorithm always outperformsthe DDMC algorithm. As shown in

Figure 5.9, whenηt = −4 dB, the CDMC algorithm has a similar spectrum-efficiency peractive

cell-edge user as the DDMC algorithm. Third, whenηt = 4 dB, the CDMC algorithm attains a

lower spectrum-efficiency per active cell-edge user than the OOP algorithm, when SNR per bit is

higher than8 dB. This is because, when the SIR threshold is higher, the CDMC algorithm allows

more weak cell-edge users to transmit, which results in the decrease of the spectrum-efficiency per

active cell-edge user. Finally, from the figure we can see that, when the system does not employ

any InterCI mitigation algorithm, the spectrum-efficiencyper active cell-edge user gets higher, as

the SIR threshold becomes bigger. This is because, more users close to the BS will become the

cell-edge users considered, as the SIR threshold becomes higher.

In Figures 5.10 and 5.11, we compare the spectrum-efficiencyper cell performance of cell-edge

users in the three-cell downlink OFDMA systems employing various InterCI mitigation algorithms,

when the SIR threshold is in the range of−5 dB≤ ηt ≤ 5 dB. In both figures, we can observe

that the proposed DDMC and CDMC algorithms outperform the other two algorithms considered.
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Figure 5.11: Comparison of spectrum-efficiency performance of cell-edge users in the

multicell downlink OFDMA systems employing various InterCI mitigation algorithms,

when different SIR thresholds are applied.

Since the spectrum-efficiency per cell is considered, the CDMC algorithm always gives the highest

spectrum-efficiency among the four schemes. From Figures 5.10 and 5.11, we find that, when

the SIR threshold becomes higher, the spectrum-efficiency per cell achieved by the non InterCI

mitigation gets closer to that of the proposed DDMC algorithm, and it is higher than that achieved

by the OOP algorithm. From the above observations, we can conclude that the spectrum-efficiency

performance of our proposed DDMC and CDMC algorithms as wellas the OOP algorithm are

all dependent on the SIR threshold applied. By comparing Figure 5.10 with Figure 5.11, we can

see that the intersection between the curves of the OOP algorithm and the non InterCI mitigation

case shifts fromηt = −2 dB to ηt = 2dB, when the average SNR per symbol is increased from

γ̄s = 3 dB to γ̄s = 9 dB. Note that, at a given SNR, whenηt increases, more users will be included

as the cell-edge users, among which more users could be turned off, when the OOP algorithm is

applied. This makes the spectrum-efficiency per cell achieved by the OOP algorithm become lower

than that obtained by doing nothing.

Figure 5.12 evaluates the spectrum-efficiency per cell performance of cell-edge users in the

three-cell downlink OFDMA systems employing various InterCI mitigation algorithms. Again, we

can observe that the proposed DDMC and CDMC algorithms outperform both the OOP algorithm

and the case of “non InterCI mitigation”. From Figure 5.12, we observe that the spectrum-efficiency

per cell increases, as the number of users per cell increasesand, as a result, the number of cell-edge

users also increases. In Figure 5.12, we can see that the spectrum-efficiency difference between

the DDMC and the CDMC algorithm stays similar, regardless ofthe number of users per cell.
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Figure 5.12: Comparison of spectrum-efficiency performance of cell-edge users in the

multicell downlink OFDMA systems employing various InterCI mitigation algorithms

with respect to different number of users per cell.

However, the spectrum-efficiency difference between the DDMC, the CDMC algorithms and the

OOP algorithm becomes bigger, as the number of users increases. This is because the proposed

DDMC and CDMC algorithms encourage more cooperative transmissions for cell-edge users, when

the number of users increases, instead of turning off. Furthermore, we also see that the OOP

algorithm has a larger spectrum-efficiency advantage over the non InterCI mitigation case, when

the number of users per cell gets bigger, as the result that the OOP algorithm turns off those users

experiencing strong InterCI.

As discussed in Sections 5.5 and 5.6, both the proposed DDMC and CDMC algorithms invoke

a decision thresholdIc for finding the cell-edge users for possible cooperation. Given the other

parameters, more users will be viewed as the users generating strong InterCI, whenIc decreases. In

addition to evaluating the effect of the SIR threshold, in Figure 5.13, we investigate the spectrum-

efficiency per cell performance of the multicell downlink OFDMA systems employing the DDMC

and CDMC algorithms, when the InterCI cooperation threshold Ic is in the range of−15 dB≤ Ic ≤
15 dB. As seen in Figure 5.13, we find that, for both the proposed algorithms, there are desirable

Ic values, which result in the highest spectrum-efficiency. Generally, when the thresholdIc gets

smaller, the proposed algorithms try to establish cooperation for more users. By contrast, when

Ic becomes larger, they allow cooperation for fewer users. Theabove observation implies that, in

a multicell OFDMA system, we only need to identify a ‘good’ fraction of users, which usually

experience strong InterCI, in order to achieve the highest spectrum-efficiency. Note that, when

ηt = −4 dB, Figure 5.13 show that the best spectrum-efficiency per cell performance achieved by
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Figure 5.13: Comparison of spectrum-efficiency performance of cell-edge users in the

multicell downlink OFDMA systems employing various InterCI mitigation algorithms

with different InterCI cooperation thresholdsIc, when usingM = K = 8 subcarriers and

the average SNR per symbol ofγ̄s = 3 dB.

the DDMC and CDMC algorithms is in the range of−6 dB≤ Ic ≤ 6 dB. However, the bestIc

range for the two algorithms is reduced to−3 dB≤ Ic ≤ 3 dB, whenηt = 0 dB, and to−1 dB≤
Ic ≤ 1 dB, whenηt = 4 dB. This observation implies that the spectrum-efficiency performance

of the two proposed algorithms becomes more sensitive to thecooperation thresholdIc, as the SIR

threshold increases. Moreover, Figure 5.13 once again confirms our previous conclusion that the

CDMC algorithm yields a larger performance gain over the DDMC algorithm, as the SIR threshold

ηt increases. In addition, this gain is enhanced, as the value of Ic increases.

Figure 5.14 investigates how the InterCI off-power threshold affects the spectrum-efficiency per

cell performance of the CDMC algorithm. As shown in Section 5.6, the InterCI off-power threshold

Io cannot exceed the InterCI cooperation thresholdIc. Hence, in Figure 5.14, for differentIc values,

we have different ranges forIo. From the figure, we observe that, for a low SIR threshold, such

as ηt = −4 dB, the spectrum-efficiency per cell performance of the CDMCalgorithm slightly

varies, when different values ofIo is employed. However, the CDMC algorithm yields a more

explicit fluctuating spectrum-efficiency per cell with respect to Io, as the SIR thresholdηt gets

higher. However, in general, we can conclude that the spectrum-efficiency performance of the

CDMC algorithm is not very sensitive to the InterCI off-power thresholdIo.

In Figures 5.15 and 5.16, we investigate the frequency reusefactor of the three-cell downlink

OFDMA systems employing the InterCI mitigation algorithms. In Figures 5.15, the frequency
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Figure 5.15: Frequency reuse factor of cell-edge users in the multicell downlink OFDMA

systems employing various InterCI mitigation algorithms with respect to different SIR

thresholdsηt.

reuse factor for the three algorithms is depicted against the SIR thresholdηt. From this figure,

we clearly see that the frequency reuse factor obtained by the CDMC algorithm is significantly
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Figure 5.16: Frequency reuse factor of cell-edge users in the multicell downlink OFDMA

systems employing various InterCI mitigation algorithms with respect to different InterCI

cooperation thresholdsIc.

higher than those given by the DDMC and the OOP algorithms. Wealso observe that the frequency

reuse factor obtained by the CDMC algorithm increases, asηt increases. However, the frequency

reuse factor achieved using the other two algorithms decreases, as the SIR thresholdηt increases.

These observations imply that, with the CDMC algorithm, themulticell downlink OFDMA system

is capable of providing services simultaneously for more users, even though some of them might

have a relatively low rate. By contrast, when the DDMC algorithm is employed, the number of

users turned off increases, asηt increases, which results in the drop of the frequency reuse factor.

Furthermore, regardless of the transmission quality of cell-edge users, the OOP algorithm directly

stops the transmissions to them, which also results in the drop of the frequency reuse factor, as the

SIR thresholdηt increases. Additionally, from Figures 5.15 we can also find that the frequency

reuse factor achieved by our proposed DDMC algorithm is slightly higher than that obtained by the

OOP algorithm, which is due to the cooperation introduced.

Figure 5.16 compare the frequency reuse factor of the multicell downlink OFDMA system em-

ploying the DDMC and CDMC algorithms with respect to the InterCI cooperation thresholdIc.

From the figure, generally, we can observe that the frequencyreuse factor obtained by the CDMC

algorithm increases towards one, as the InterCI cooperation thresholdIc increases. This is because,

when the cooperation thresholdIc gets higher, it is more difficult for the CDMC algorithm to estab-

lish the cooperation for cell-edge users, and it, therefore, continues transmitting to more cell-edge

users, if the InterCI off-power thresholdIo is fixed. Furthermore, we can notice that, in the range of

Ic ≤ 0 dB, the frequency reuse factor achieved by the CDMC algorithm slightly decreases, as the
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Figure 5.17: Overhead required by the various InterCI mitigation algorithms.

SIR threshold increases. For the DDMC algorithm, as shown inFigure 5.16, the frequency reuse

factor slightly decreases, as the thresholdIc increases. This is because the DDMC algorithm turns

off more users, when the thresholdIc becomes higher. From the previous results, we can conclude

that the DDMC and CDMC algorithms are capable of achieving spectrum-efficiency per cell per-

formance, as well as attaining higher frequency reuse factors than the OOP algorithm. Moreover,

the CDMC algorithm does not make a trade-off between the spectrum-efficiency performance and

the achievable frequency reuse factor of the system.

Explicitly, the operations of the OOP, DDMC and CDMC algorithms require different over-

head. Hence, in Figure 5.17, we compare the overhead required by the various InterCI mitigation

algorithms. In the figure, the overhead is measured by the number of bits per user, which is obtained

from the total overhead (bits) per cell divided by the numberof users in a cell. The overhead con-

sidered includes the control information transmitted between users and their BSs, and those among

BSs, as well as the data symbols shared among the BSs for cooperation. For all the three InterCI

mitigation algorithms, we assume that one bit overhead is required for transmitting a request of co-

operation or off-power. Furthermore, in Figure 5.17, we assume that, under the CDMC algorithm,

the decisions are made by the head BS, as described in Algorithm 11. The digitized InterCI vector

of a subcarrier, such asvvvk,m in (5.37), has18 different states. Hence, a BS needs4 bits to convey

the digitized InterCI vector of a subcarrier. Therefore, intotal 8 bits of overhead are required for

the two BSs to inform the head BS the InterCI information of a subcarrier. In addition, another3

bits are required for the head BS to broadcast the InterCI mitigation decisions of a subcarrier to the

other two BSs, since the decisions have9 states in total.
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Table 5.1: Requirements comparison of the various InterCI mitigation algorithms.

OOP DDMC CDMC

Intracell CSI sharing No No No

Intercell CSI sharing No No Yes

Data exchange No Yes Yes

BS cooperation No Yes Yes

Overheads per subcarrier 2 bits 4 bits 11 bits

In Figure 5.17, we compare the overhead required by the various InterCI mitigation algorithms,

when considering a range of values for the SIR threshold. From the figure, we first observe that the

required overhead for all the three algorithms increases, as the SIR threshold gets higher. This is be-

cause that, when the SIR threshold gets higher, the number ofcell-edge users increases. Hence, the

InterCI mitigation algorithms are operated for more users,which certainly needs a higher amount

of overhead. Therefore, we may conclude that the overhead required by the considered InterCI mit-

igation algorithms is mainly affected by the SIR threshold.Furthermore, our proposed CDMC al-

gorithm requires higher overhead than the other two algorithms. By contrast, the proposed DDMC

algorithm needs a very low overhead, which is similar to thatof the OOP algorithm. In summary,

the requirements for operations of the various InterCI mitigation algorithms are shown in Table 5.1.

5.8 Conclusions

In this chapter, we have proposed two efficient InterCI mitigation algorithms, namely, the DDMC

and the CDMC algorithms, for operation in the multicell downlink OFDMA systems. Both the

DDMC and the CDMC algorithms aim at maximizing the spectrum-efficiency of the users with

their SIRs lower than the SIR thresholdηt. Owing to this, the spectrum-efficiency of the overall

system can be maximized. Our DDMC algorithm is a distributeddecision-making algorithm, in

which each BS independently makes the InterCI mitigation decisions. Based on the decisions, then

a STBC aided cooperative transmission to a user with poor SIRmay be set up, or the transmission

to a user with poor SIR may be turned off. By contrast, the CDMCInterCI mitigation algorithm

makes the decisions in a centralized approach. It motivatesto make the best InterCI mitigation

decisions based on limited InterCI information shared by the BSs, in order to maximize the sum

rate of the users sharing a subcarrier. The CDMC algorithm also attempts to improve the frequency

reuse factor of the subcarriers. As our algorithm shows, theCDMC algorithm makes the decisions

for the three users sharing a subcarrier according to one of the three cases determined by the In-

terCI matrix. The principles of the CDMC algorithm associated with the three cases are described

in Figures 5.3-5.5. Specifically, in Case1, the CDMC algorithm can set up a cooperation for a

user with poor SIR. In Case2, it may establish a cooperation for a user. However, under Case
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3, the algorithm will switch off the transmission to one or more users with their SIR below the

thresholdηt. In this chapter, in order to make the performance comparison more explicit, we have

addressed the spectrum-efficiency performance in Section 5.7 by focusing on the cell-edge users

in the system. Our studies and performance results also showthat both the proposed DDMC and

CDMC algorithms can achieve a higher spectrum-efficiency than the OOP algorithm, and also than

the case without employing any InterCI mitigation. This is because that our DDMC and CDMC

algorithms have been designed with the motivation to establish cooperative transmissions for the

users with poor SIRs, instead of simply turning off their transmissions. In comparison with the

DDMC algorithm, the CDMC algorithm is able to find a better InterCI mitigation strategy in a joint

way, based on the more knowledge about the InterCI information that is shared among the three

BSs. Therefore, the CDMC algorithm is capable of attaining ahigher spectrum-efficiency (per cell)

and a higher frequency reuse factor than the DDMC algorithm,while the frequency reuse factor

resulted from these two algorithms is higher than that of thethe OOP algorithm. In addition, we

have analyzed and compared the overhead required by the various InterCI mitigation algorithms.

The results show that our DDMC algorithm requires a similar amount of overhead as the OOP

algorithm, while the CDMC algorithm demands much higher overhead than these two algorithms.

Overall, our studies in this chapter demonstrate that usingdistributed resource allocation followed

by some efficient InterCI mitigation schemes, such as, the DDMC and CDMC algorithms, may

significantly improve the performance of the multicell downlink OFDMA systems. In the next

chapter, we will consider the code-allocation in the multicell downlink MC DS-CDMA systems

with limited information sharing among the BSs.



Chapter 6
Resource Allocation in Multicell

Downlink MC DS-CDMA Systems

6.1 Introduction

It is well-known that exploiting the time-varying characteristics of wireless channels is capable of

significantly increasing the capacity and enhancing the quality-of-service (QoS) of wireless com-

munication systems. As demonstrated in the previous chapters, with the aid of dynamic resource

allocation to communication users, promising energy- and spectrum-efficiency can be attained by

making use of the embedded multiuser diversity [77]. Owing to the above-mentioned merits, re-

source allocation in broadband multicarrier communication systems now becomes very important.

However, in wireless communications, the fundamental challenge lies in how to make efficient use

of the expensive spectrum resources available, and to deal with the issues caused by the expansion

of service area, service types, high diversity and large number of users. As a result, wireless spec-

trums (or frequency bands) are inevitably reused geographically in multiple cells of the wireless

communication networks, which leads to a main performance-limiting factor, namely, the intercell

interference (InterCI).

As mentioned in Chapter 4, in the LTE/LTE-A downlink OFDMA systems, the number of

subcarriers can be very high, which is up to2048, and the number of communication users si-

multaneously supported may also be very high. These OFDMA systems may experience some

problems, such as, the PAPR problem. Furthermore, in these systems, scheduling becomes highly

challenging, making them hard to employ the optimum or even sub-optimum subcarrier-allocation

schemes, due to their complexity constraint [1, 190]. The scheduling issue becomes even more

concerned, when multicell cellular communication is considered, as there exists InterCI. As dis-

cussed in Chapter 4, owing to the employment of DS spreading,the MC DS-CDMA can employ a

significantly lower number of subcarriers than the other multicarrier schemes, such as the OFDMA,
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which do not employ DS spreading [1]. Furthermore, the MC DS-CDMA employs the flexibility

to configure its number of subcarriers according to the frequency-selectivity of wireless channels,

so that each subcarrier experiences independent fading. Inthis case, the number of subcarriers of

MC DS-CDMA is at the order of the number of T-domain resolvable paths of wireless channels

and, hence, it is usually a small number.

A range of researches, such as [97–100, 105, 107, 125], have proposed some resource allo-

cation algorithms in the singlecell MC-CDMA and MC DS-CDMA systems. In Chapter 4 and

also in [208], we have studied the resource allocation issues in the single-cell downlink MC DS-

CDMA systems. The resources considered include power, subcarrier and DS spreading codes.

However, in the single-cell scenario, the DS spreading codes are assumed orthogonal. Hence, the

code-allocation becomes very simple. In other words, in thesingle-cell downlink MC DS-CDMA

systems, resource allocation only needs to consider the power- and subcarrier-allocation. By con-

trast, when the multicell downlink MC DS-CDMA systems are considered, resource allocation

becomes much more challenging. Due to the existence of InterCI, efficient resource allocation

may have to consider the code-allocation in addition to power- and subcarrier-allocation. There-

fore, in this chapter, we motivate to investigate the resource allocation in the multicell downlink

MC DS-CDMA systems, which, to the best of our knowledge, has not been addressed in the ex-

isting references. Specifically, in this chapter, we consider the resource allocation in the multicell

downlink MC DS-CDMA systems, when assuming that all subcarriers can be used in all cells. We

assume that power-control is employed in each individual cell, which is usually the case in practice.

Hence, our resource allocation mainly includes the subcarrier- and code-allocation, which are de-

signed to minimize the average error rate of the system, or maximize the spectrum-efficiency of the

system. However, for the sake of simplicity and robust to implement, in this chapter, we propose a

novel resource allocation scheme, which first carries out the subcarrier-allocation independently by

each of the BSs, and, then, executes the code-allocation jointly by multiple BSs. To be more spe-

cific, our subcarrier-allocation algorithms proposed in [208] and Chapter 4, which include the worst

case avoiding (WCA), the worst case first (WCF) and iterativeworst excluding (IWE) algorithms,

are extend to the multicell MC DS-CDMA systems. Through our investigation and performance

comparison with some existing subcarrier-allocation algorithms, we again verify that our proposed

subcarrier-allocation algorithms outperform the existing sub-optimum subcarrier-allocation algo-

rithms, when they are operated in the multicell scenarios. After the subcarrier-allocation carried

out independently by each of the BSs, then, the code-allocation is operated with the motivation to

mitigate the InterCI.

In this chapter, for the sake of achieving low-complexity code-allocation, we assume that, the

BSs only share the information about large-scale fading, which includes the propagation pathloss

and shadowing effect. Based on the information shared amongthe BSs, two code-allocation

schemes are proposed, namely, the simplified strong InterCIavoiding (SSIA) and the enhanced

strong InterCI avoiding (ESIA) algorithms. Specifically, the SSIA algorithm operates the code-
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Figure 6.1: Conceptual structure of the multicell downlinkMC DS-CDMA systems.

allocation by considering only one of the so-called InterCIfactor matrices at a time. By con-

trast, in the ESIA algorithm, all the three InterCI factor matrices are simultaneously considered

for code-allocation. In this chapter, the bit error rate (BER) and spectrum-efficiency performance

of the multicell downlink MC DS-CDMA systems are investigated and compared, when various

subcarrier- and code-allocation algorithms are employed,and when assuming that subcarrier chan-

nels experience independent fading. Our studies and performance results reveal that, the proposed

code-allocation algorithms are highly efficient and significant performance gain can be attained, in

comparison with the systems without code-allocation (or, in other words, random code-allocation).

6.2 System Model

We consider the resource allocation in a multicell downlinkMC DS-CDMA system, as depicted in

Figure 6.1. In order to catch the main features of multicell systems but for the sake of simplicity, we

assume that the system consists of three cells, each of whichhas one base station (BS) supporting

K mobile users. We assume that each of the communication terminals, including both BSs and

mobile users, employs one antenna for signal receiving and transmission. Signals transmitted from

BSs to mobile users are MC DS-CDMA signals employing time (T)-domain DS spreading [1]. For

clarity, the variables and notations used in this chapter are summarized as follows:
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K Number of mobile users in each cell;

K(u) Set of user indexes in cellu, defined asK(u) = {uK, uK + 1, . . . , uK + K− 1}, u = 0, 1, 2;

N Spreading factor of DS spreading;

N Set of indexes of spreading codes, defined asN = {0, 1, . . . , N − 1};

M Number of subcarriers of the MC DS-CDMA;

M Set of subcarrier indexes, defined asM = {0, 1, . . . , M− 1};

h
(u)
k,m Channel gain of subcarrierm between BSu and userk in cell u;

CCC (N × K)-dimensional spreading matrix with columns consisting of the spreading codes taken

from a (N × N) orthogonal matrix. Note that, some columns ofCCC may be the same in the

case ofK > N. In this case, the corresponding users are allocated on different subcarriers;

F (u)
m Set of indexes for up to theN users assigned to subcarrierm in cell u;

V (u)
n Set of indexes for up to theM users assigned with spreading coden in cell u;

|F| Cardinality of setF , representing the number of elements in setF .

In this chapter, we assume that each user in every cell is allocated one subcarrier and one spread-

ing code (or, simply, code). In order to avoid intracell interference (IntraCI), users in the same cell

are allocated either different subcarriers or different codes, or both are different. Expressed in

mathematics, our allocations satisfy that

⋃

m∈M
F (u)

m = K(u), F (u)
m

⋂

F (u)
m′ = ∅, m′ 6= m, ∀m′, m ∈ M, ∀u ∈ {0, 1, 2}; (6.1)

⋃

n∈N
V (u)

n = K(u), V (u)
n

⋂

V (u)
n′ = ∅, n′ 6= n, ∀n′, n ∈ N , ∀u ∈ {0, 1, 2}. (6.2)

In our MC DS-CDMA system, in each cell, there are possiblyN users sharing one subcarrier as well

asM users sharing one code. From equations (6.1) and (6.2), we know that different users in a cell

are guaranteed to have different subcarriers, if they possibly share the same code, as constrained by

(6.1), or guaranteed to have different codes, if they share the same subcarrier, as explained in (6.2).

Therefore, there is no IntraCI among users in a same cell. However, users in different cells may

be allocated the same subcarrier and also the same code. In this case, there is intercell interference

(InterCI).

As shown in Figure 6.1, we assume that each BS locates at the center of a hexagonal cell, andK

users uniformly distribute in the cell. We assume that, in each cell, ideal power control is applied to

maintain the same received power by itsK intracell users, which is normalized to one. We assume

that each BS transmits signals only to its intracell users, and InterCI exists only between adjacent
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cells owing to the propagation pathloss. Let the InterCI be characterized by a factorα, which, when

taking into account of the combined effects of propagation pathloss, shadowing and transmit power,

can be expressed as [206]

α =

√
(

d0

d1

)µ

10
ζ0−ζ1

10 (6.3)

whered0 andd1 represent the distances from a BS to the considered intracell and intercell users,

respectively. In (6.3),µ is the pathloss exponent, andζ0, ζ1 (in dB) are zero-mean Gaussian

distributed random variables with standard deviationΥ (in dB), which accounts for the shadowing

effect. Owing toζ0 andζ1 having the correlation depending on the propagation attenuation from

a BS to the two users, (ζ0 − ζ1) is illustrated to obey the log-normal distribution with zero mean

and standard deviation ofΥ (in dB) [206]. In addition to the propagation pathloss and shadowing

effects, signals transmitted from BSs to users also experience the fast fading, which, is assumed to

be independent Rayleigh flat fading in terms of different users.

Let us assume that the data symbols to be transmitted by BSu to its K intracell users are

expressed asxxx(u) = [xuk, xuK+1, . . . , xuK+K−1]
T, wherexk is the data symbol to userk, which is

assumed to satisfyE[xk] = 0 andE[|xk|2] = 1. Furthermore, let us assume that subcarrierm is

assigned to userk of cell u. Then, considering that theM subcarriers are orthogonal, the signal

received by userk can be written as

yyyk = h
(u)
k,mCCCmWWW(u)xxx(u) +

2

∑
u′=0,u′ 6=u

h
(u′)
k,m α

(u′)
k′,k CCCmWWW(u′)xxx(u

′) + nnnk (6.4)

where, in addition to the notations mentioned previously,yyyk is a length-N observation vector. The

vectornnnk = [nk,1, . . . , nk,N ]
T is a length-N noise vector at userk, and it is assumed to obey the

complex Gaussian distribution with zero mean and a covariance matrix2σ2IIIN, where2σ2 = 1/γ̄s

is the noise variance andIIIN is a (N × N) identity matrix. In (6.4),h(u)k,m is the fast fading channel

gain from BSu to its intracell userk assigned with subcarrierm, while α
(u′)
k′,k characterizes the

InterCI from BSu′ to userk, by assuming that userk′ is assigned with subcarrierm. Furthermore,

CCCm is a(N × K) matrix formed fromCCC by setting those columns corresponding to the subcarriers

other thanm to zero vectors, as the result of using orthogonal subcarriers.

In this contribution, we assume that each BS employs the channel state information (CSI) of the

KM intracell downlink channels. Hence, the BS is capable of preprocessing the signals to be trans-

mitted by settingWWW(u) = diag{w(u)
uK , w

(u)
uK+1, . . . , w

(u)
uK+K−1} with w

(u)
k =

(

h
(u)
k,m

)∗
/
√

|h(u)k,m |2,

where(·)∗ denotes the conjugate operation, and suppose thatk ∈ K(u), k′ ∈ K(u′). However, we

assume that the three BSs do not have the channel information
{

h
(u′)
k,m |u, u′ ∈ {0, 1, 2}, u 6= u′

}

of the intercell channels, in order to minimize the complexity of resource allocation. By contrast,

since the pathloss and shadowing do not vary fast, we assume that the BSs are capable of shar-

ing the information of the InterCI, i.e.,
{

α
(u′)
k′,k |u, u′ ∈ {0, 1, 2}, u 6= u′

}

. Consequently, after the

despreading for userk using its spreading codeccck, thekth column ofCCC, it can be shown that the
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decision variable generated by userk is

zk =
√

|h(u)k,m|2xk +
2

∑
u′=0,u′ 6=u

h
(u′)
k,m α

(u′)
k′ ,k w

(u′)
k′ xk′

︸ ︷︷ ︸

InterCI

+nk. (6.5)

In (6.5), the first term is the desired signal for userk of cell u, and the second term is the InterCI

from the other two cells. Furthermore, to obtain (6.5), we assumed that userk′ of cell u′ is assigned

with the same subcarrier and also the same code as those assigned to userk.

From (6.5), we can know that the signal-to-interference-plus-noise ratio (SINR) for userk is

γk =
|h(u)k,m|2

∑
2
u′=0,u′ 6=u |h(u

′)
k,m α

(u′)
k′,k w

(u′)
k′ |2 + 2σ2

. (6.6)

Explicitly, when allocating userk a subcarrier with higher channel quality|h(u)k,m|2 while allocating

its InterCI users have the subcarriers with lower values of|h(u′)k,m α
(u′)
k′,k |2, we can obtain a relatively

high SINR and, hence, a lower error rate, if a given baseband modulation scheme is considered.

6.3 General Theory

In the considered multicell MC DS-CDMA system, we employM subcarriers andN spreading

codes to support3K users, which may be as high as3MN, in three cells. Our resource allocation

is aimed to maximize the system reliability, and the optimization problem can be described as

∪{F (u)
m ,V (u)

n }∗ =arg min
∪{F (u)

m ,V (u)
n }
{P̄e}

=arg min
∪{F (u)

m ,V (u)
n }

{

1

3K

3K−1

∑
k=0

P̄
(k)
e (γk)

}

,

s.t. (6.1), (6.2) (6.7)

where ‘s.t.’ stands for ‘subject to’,̄Pe denotes the system’s average BER andP̄
(k)
e denotes the

average BER of userk. In (6.7),∪{F (u)
k ,V (u)

n } stands for testing all the possible allocations for all

the3K users, while∪{F (u)
k ,V (u)

n }∗ contains the final allocation results for all the3K users. Note

that, in this chapter, no power-allocation is considered owing to using power control.

In practice, however, it is often very hard to solve the optimization problem of (6.7), due to the

nonlinear relationship between̄P(k)
e (γk) andγk. Since the average BER̄Pe in various multicarrier

communications systems is usually dominated by the subcarrier with the lowest SINR [84]. Conse-

quently, our resource allocation algorithms are designed to maximize the minimum SINR of users,

such as in [75, 83, 188]. Therefore, when we jointly considerthe resource allocation including
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Figure 6.2: Flow chart illustrating the proposed resource allocation scheme for the multi-

cell downlink MC DS-CDMA systems.

subcarrier- and code-allocation, the optimization problem can be expressed as

∪{F (u)
m ,V (u)

n }∗ =arg max
∪{F (u)

m ,V (u)
n }

{

min
u∈{0,1,2},k∈K(u)

{γk}
}

,

s.t. (6.1), (6.2) (6.8)

whereγk is given by (6.6).

The optimization problem of (6.8) represents a non-convex problem, which is extremely diffi-

cult to solve. In order to simplify the resource allocation,in this chapter, we assume that subcarriers

and codes are allocated separately. Specifically, the BSs first independently carry out the subcarrier-

allocation based only on the CSI of theKM intracell channels. Correspondingly, the optimization

problem for subcarrier-allocation can be described as

∪{F (u)
m }∗ =arg max

∪{F (u)
m }

{

min
k∈K(u)

{Ak}
}

, ∀u,

s.t. (6.1) (6.9)

whereAk =
|h(u)k,m|2

2σ2 . (6.9) aims to maximize the minimum subchannel quality of all the intracell

users in the three cells, in contrast to [208], where subcarrier-allocation has been considered in

single-cell MC DS-CDMA systems.

Overall, our resource allocation scheme may be viewed with the aid of the flow chart in Fig-

ure 6.2. After the three BSs independently allocate the subcarriers, they operate the code-allocation
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based on the results of the subcarrier-allocation. From (6.6), we can know that a user only expe-

riences the InterCI from the two intercell users assigned the same subcarrier and code. Therefore,

as shown in Figure 6.2, code-allocation are only need to be considered for the users in the three

cells, which share the same subcarrier, with the objective of minimizing the InterCI of each user.

As the BSs only share the InterCI factors of{α(u′)
k′ ,k |u′ ∈ {0, 1, 2}}, the optimization problem of

code-allocation can be described as

∪{V (u)
n }∗ =arg min

∪{V (u)
n }

{

max
u∈{0,1,2},k∈F (u)

m

{Ek}
}

, ∀m ∈ M, (6.10)

s.t. (6.2)

whereEk = |α(u′)
k′ ,k |2 + |α

(u′′)
k′′,k |2 if F (u)

m = {k}, F (u′)
m = {k′}, F (u′′)

m = {k′′}, m ∈ M.

Although solving the optimization problems of (6.9) and (6.10) has much lower complexity,

than solving (6.8), exhaustive search is still required, which however has extremely high complexity

and prevents the algorithm from practical implementation,when the number of users in the system

is relatively high. In order to further reduce the complexity, in this chapter, we focus on finding

the sub-optimum solutions for the optimization problem of (6.10). Specifically, two algorithms are

proposed for (6.10), which are the simplified strong InterCIavoiding (SSIA) and enhanced strong

InterCI avoiding (ESIA) code-allocation algorithms.

In summary, our resource allocation consists of two stages,subcarrier- and code-allocation.

First, each BS independently executes the subcarrier-allocation to obtain the allocation results

{F (u)
m }. Then, code-allocation is carried out based on the subcarrier-allocation results, yielding

the code-allocation results{V (u)
n }. In literature, such as in [77, 78, 80, 82–86], various subcarrier-

allocation algorithms have been proposed and studied for downlink OFDMA systems and other

multicarrier systems. In Chapter 4, we have proposed a rangeof subcarrier-allocation algorithms

for single-cell downlink MC DS-CDMA systems, which includethe worst case avoiding (WCA),

worst case first (WCF) and the iterative worst excluding (IWE) algorithms. In the considered MC

DS-CDMA systems, each BS may employ a subcarrier-allocation algorithm discussed in Chap-

ter 4. In this chapter, we do not further discuss the subcarrier-allocation algorithms, but focus

on the code-allocation in the multicell MC DS-CDMA systems.Furthermore, in Section 6.7, we

compare the BER and spectrum-efficiency performance of the multicell MC DS-CDMA systems

employing the various subcarrier-allocation algorithms proposed in Chapter 4.

6.4 Simplified Strong InterCI Avoiding Code-Allocation

In our multicell MC DS-CDMA systems, code-allocation is carried out after subcarrier-allocation.

As discussed in Section 6.3, after the subcarrier-allocation, each user suffers the InterCI only from

two users in the other two cells, which are allocated the samesubcarrier and code as itself. As

shown in (6.6), the SINR obtained by a user is dominated by theInterCI, when the power of back-
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ground noise becomes small. Therefore, the objective of code-allocation should keep the InterCI

as small as possible. In this chapter, for the sake of achieving low implementation complexity,

we assume that the BSs only share the knowledge of the InterCIfactors{α(u′)
k′ ,k }, which take into

account of both propagation pathloss and shadowing effect.In this case, code-allocation may be

optimized to minimize the average InterCI of the three userssharing the same subcarrier and the

same code.

In this section and Section 6.5, we propose two code-allocation algorithms, which are the sim-

plified strong InterCI avoiding (SSIA) and the enhanced strong InterCI avoiding (ESIA) code-

allocation algorithms. In order to make our algorithms easyto follow, we introduce them with the

aid of an example, which employsM = 4 subcarriers andN = 4 orthogonal spreading codes for

supporting16 users in each cell. Therefore, the frequency reuse factor isone. In this example, we

assume that, after the subcarrier-allocation, we have obtained the allocation results for subcarrier 0,

F (0)
0 = {0, 3, 6, 7} in cell 0, F (1)

0 = {18, 21, 22, 26} in cell 1 andF (2)
0 = {32, 33, 36, 41} in cell

2. The InterCI factors between two of the users allocated subcarrier0 are illustrated in Tables 6.1-

6.3, where, in each of the tables, the first element is the InterCI factor imposed by a column user to

the corresponding row user, while the second element is the InterCI factor from a row user to the

corresponding column user. Let us first consider the SSIA code-allocation algorithm.

Table 6.1: An example showing the InterCI factors
(

α
(u′)
k′,k , α

(u)
k,k′

)

between any two users

allocated with subcarrier0 in cells0 and1.

users 18 21 22 26

0 0.018, 0.005 0.108, 0.003 0.117, 0.106 0.143, 0.006

3 0.067, 0.126 0.01, 0.131 0.026, 1.958 0.116, 1.199

6 0.038, 0.165 0.011, 0.137 0.194, 0.368 0.147, 0.205

7 0.065, 0.022 0.167, 0.083 0.019, 0.177 0.081, 0.571

The SSIA algorithm aims at minimizing the maximum InterCI factor between two of the users

sharing the same subcarrier. Hence, it carries out code-allocation jointly with the users in adjacent

cells based on the knowledge about the InterCI factors of users in different cells. However, in

order to reduce the complexity for implementation, our SSIAalgorithm first carries out the code-

allocation for the users in any two neighbouring cells. Then, codes are assigned to the users in

the other cell. Let us now illustrate the SSIA algorithm in association with the example shown in

Tables 6.1-6.3.

In the considered example, let us first carry out the code-allocation for the eight users in cells

0 and 1 assigned with subcarrier0. The allocation are based on three InterCI factor matrices

Θ
(0,1)
0 , Θ

(0,2)
0 andΘ

(1,2)
0 , 1 which are obtained by modifying the InterCI factor matricesshown in

1InterCI factor matrixΘ(u,u′)
m can be also expressed asΘ

(u′,u)
m , ∀m, u, u′.
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Table 6.2: An example showing the InterCI factors
(

α
(u′)
k′,k , α

(u)
k,k′

)

between any two users

allocated with subcarrier0 in cells0 and2.

users 32 33 36 41

0 0.136, 0.004 0.624, 0.002 0.049, 0.007 0.218, 0.008

3 0.054, 0.031 0.102, 0.101 0.012, 0.146 0.064, 0.201

6 0.167, 0.033 0.013, 0.14 0.228, 0.464 0.13, 0.019

7 2.243, 0.034 0.656, 0.127 0.089, 0.058 0.063, 0.139

Table 6.3: An example showing the InterCI factors
(

α
(u′)
k′,k , α

(u)
k,k′

)

between any two users

allocated with subcarrier0 in cells1 and2.

users 32 33 36 41

18 0.095, 0.052 0.057, 0.125 0.04, 0.23 0.098, 0.017

21 0.129, 0.229 0.215, 0.024 1.127, 0.166 0.144, 0.044

22 0.009, 0.045 0.096, 0.912 0.077, 0.47 0.011, 0.133

26 0.245, 0.014 0.729, 0.015 0.18, 0.623 0.041, 0.068

Tables 6.1-6.3. Specifically,Θ
(0,1)
0 is given by

Θ
(0,1)
0 =













U18 U21 U22 U26

U0 0.018 0.108 0.117 0.143

U3 0.126 0.131 1.958 1.199

U6 0.165 0.137 0.3680.3680.368 0.205

U7 0.065 0.167 0.177 0.5710.5710.571













4©
1©
3©
2©

(6.11)

where Ui is for useri, the circled numbers denote the allocation iterations, andthe element value is

obtained as

α̃k,k′ = max
{

α
(u′)
k′,k , α

(u)
k,k′

}

, k ∈ F (0)
0 , k′ ∈ F (1)

0 . (6.12)

Similar to (6.11), we can obtain the other two matricesΘ
(0,2)
0 and Θ

(1,2)
0 . For example, we can

expressΘ(0,2)
0 as

Θ
(0,2)
0 =













U32 U33 U36 U41

U0 0.136 0.624 0.049 0.218

U3 0.054 0.102 0.146 0.201

U6 0.167 0.14 0.464 0.13

U7 2.243 0.656 0.089 0.139













. (6.13)

Since for the cases of the InterCI factor being greater than 1, such asα(u′)
k′,k > 1.0, the InterCI

signal is amplified. As shown in (6.6), we define the users generating the elements{α̃k,k′ > 1.0}
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in the matrices of (6.11) and (6.13) as ‘undesirable’ users.Furthermore, once a user is allocated a

code, this user is referred to as ‘unavailable’ user. In the SSIA algorithm, each allocation iteration

first identifies the row user, which has the maximum number of the ‘unavailable’ plus ‘undesirable’

users. Specifically, for the example considered, as shown in(6.11), the circled numbers indicate

the allocation iterations. During the first allocation iteration, among the four users of cell0, user

3 has the maximum number of ‘undesirable’ users in cell1, which are user22 corresponding to

α̃3,22 = 1.958, and user26 corresponding tõα3,26 = 1.199. By contrast, the minimum value on

this row is0.126, which corresponds to user3 in cell 0 and user18 in cell 1. Therefore, user18

in cell 1 is identified as the ‘co-code’ user of user3 in cell 0, as the underlined element indicates.

Consequently, during the first iteration, we allocate users3 and 18 code0. During iteration2,

we can see that, in (6.11), each of the rest three users in cell0 has one ‘unavailable’ user ofU18

but no ‘undesirable’ users. In this case, we first allocate a code to the user having the the largest

“maximum InterCI factor”, which hence avoids the assignment of strong InterCI. As shown in

(6.11),α̃7,26 = 0.571 is the largest one, which corresponds to user7 in cell 0 and user26 in cell 1.

Therefore, like the procedure in iteration1, we make user21 in cell 1 as the ‘co-code’ user of user7

in cell 0, and allocate them code1. Similarly, we can identify the other ‘co-code’ users and allocate

them codes. In the end, as the underlined elements in (6.11) show, during iterations3 and4, we

allocate code2 to users6 and26, and code3 to users0 and22. Hence, from allocation iterations

1-4 we derive the code-allocation results, which are expressedasV (0)
0 = {3}, V (1)

0 = {18},
V (0)

1 = {7}, V (1)
1 = {21}, V (0)

2 = {6}, V (1)
2 = {26}, V (0)

3 = {0}, V (1)
3 = {22}.

After the code-allocation to the users in cells0 and1, we can now start allocating codes to the

four users in cell2. The allocation can be carried out based either on the matrixΘ
(0,2)
0 or on the

matrix Θ
(1,2)
0 , which results in the same performance. For example, let us use the InterCI factor

matrix Θ
(0,2)
0 to illustrate the allocation principle, which is expressedas (6.13). After considering

the allocation results from iterations1-4, we modifyΘ
(0,2)
0 to

Θ
(0,2)
0 =













U32 U33 U36 U41

U0 0.136 0.624→ 0.9120.9120.912 0.049→ 0.47 0.218

U3 0.054→ 0.095 0.102→ 0.125 0.146→ 0.23 0.201

U6 0.167→ 0.245 0.14→ 0.7290.7290.729 0.464→ 0.623 0.13

U7 2.243 0.656 0.089→ 1.127 0.139→ 0.144













6©
8©
7©
5©

(6.14)

where the element ‘a → b’ means updating ‘a’ in (6.13) to ‘b’. For example, users0 and 22

are a pair of ‘co-code’ users, theñα0,33 in the above matrix is updated to0.912, as 0.912 =

max {α̃0,33, α̃22,33}. Similarly, each element in the matrixΘ(0;2)
0 can be updated as

α̃k,k′′ = max {α̃k,k′′ , α̃k′ ,k′′} , k ∈ V (0)
n , k′ ∈ V (1)

n , k′′ ∈ F (2)
0 (6.15)

where we assume that usersk andk′ are a pair of ‘co-code’ users sharing coden.

For the users in cell2, the code-allocations are carried out based on the matrix of(6.14), where

the InterCI factors have been updated. Similar to the allocations for the users in cells0 and1, we
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can identify user7 during iteration5, which has the maximum number of ‘unavailable’ InterCI

factor, asα̃7,32 = 2.243 and α̃7,36 = 1.127. Therefore, we could find its ‘co-code’ user in cell2,

which is user41, since the underlined value ofα̃7,41 = 0.144 is the minimum available InterCI

factor for user7. As user7 has been allocated code1 at iteration2, user41 is therefore allocated

code1. By a similar way, the code-allocations for the rest users incell 2 can be done at iterations

6, 7 and8. Finally, as indicated by the underlined elements in (6.14), we have the code-allocation

results given byV (2)
0 = {33}, V (2)

1 = {41}, V (2)
2 = {36}, V (2)

3 = {32}.

For the example considered, the code-allocation results for the users sharing subcarrier0 are:

users7, 21 and41 sharing code0, users3, 18 and33 sharing code1, users6, 26 and36 sharing

code2, users0, 22 and32 sharing code3. Furthermore, with the aid of Table 6.3, we can know that

the maximum InterCI factor after the SSIA assisted code-allocation isα(max) = α
(1)
26,36 = 0.623,

while the average shadowing effect isα(ave) = 0.145.

In summary, the SSIA assisted code-allocation algorithm can be stated as follows.

Algorithm 12. (Simplified Strong InterCI Avoiding Code−Allocation Algorithm)

SetV (u)
n = ∅, ∀n ∈ N , ∀u ∈ {0, 1, 2}.

For subcarrierm = 0, 1, . . . , M− 1:

Initialization :

Form the InterCI factor matricesΘ(u,u′)
m according to (6.11),∀u, u′; SetÑ = N , F̃ (u)

m = F (u)
m ,

F̃ (u′)
m = F (u′)

m , ∀u, u′; Setu = 0, u′ = 1 andu′′ = 2.

Code-allocation:

For allocation iterationss = 1, . . . , 2N, carry out the operations:

Step 1 User identification:

(a) Find the user/users̃Ks in cell u with the maximum number of the ‘unavailable’ plus

‘undesirable’ users in cellu′.

(b) Find the user inK̃s, which has the largest InterCI factor:k̂ = arg maxk∈K̃s

{

α̃
(max)
k

}

,

whereα̃
(max)
k = arg max

{

α̃k,k′ , k′ ∈ F̃ (u′)
m

}

.

Step 2 Allocating the code:

Allocate userŝk andk̂′ coden: V (u)
n = {k̂},V (u′)

n = {k̂′}, wherek̂′ = arg min
k′∈F̃ (u′)

m

{

α̃k̂,k′

}

.

n = j if k̂ ∈ V (u)
j or k̂′ ∈ V (u′)

j ; otherwisen = Ñ(0).

Step 3 Update:

UpdateΘ
(u,u′′)
m by (6.15), if s ≤ N; SetF̃ (u)

m ← F̃ (u)
m − {k̂}, F̃ (u′)

m ← F̃ (u′)
m − {k̂′}; Set

Ñ ← Ñ − n; Setu′ = 2 if s = N.

Step 4 Repeat Steps1− 3 until Ñ = ∅.
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6.5 Enhanced Strong InterCI Avoiding Code-Allocation

The SSIA algorithm has a main advantage of low-complexity, as it operates based on the (N × N)

InterCI factor matrices. However, the SSIA also has one shortcoming. During each allocation

iteration, the SSIA code-allocation algorithm only considers the InterCI between the users in the

two neighboring cells of being considered, but ignores the InterCI from the users in the other cell

not considered at moment. This may cause that the users allocated in later iterations obtain the

codes with strong InterCI. In order to improve the SSIA algorithm, but not to increase too much

complexity, in this section, we design a code-allocation algorithm called as the ESIA algorithm,

which also aims at minimizing the maximum InterCI factor of the users in the downlink multicell

MC DS-CDMA systems. Let us below illustrate the principles of the ESIA algorithm with the aid

of the example shown in Tables 6.1-6.3.

For the considered example, our ESIA algorithm is operated by simultaneously considering

the three InterCI factor matrices,Θ
(0,1)
0 , Θ

(0,2)
0 andΘ

(1,2)
0 . The elements in the matrixΘ(1,2)

0 are

obtained from (6.12). Based on the three matrices, the ESIA algorithm can be explained in detail

as follows, in association with (6.16)-(6.18).

Θ
(0,1)
0 =













U18 U21 U22 U26

U0 0.018 0.108→ 0.229 0.117 0.143→ 0.245

U3 0.126 0.131 1.958 1.199

U6 0.165 0.137→ 0.215 0.368→ 0.912 0.205→ 0.729

U7 0.065 0.167 0.177 0.571













1© (6.16)

8©

Θ
(0,2)
0 =













U32 U33 U36 U41

U0 0.136 0.624 0.049 0.218

U3 0.054→ 0.095 0.102→ 0.125 0.146→ 0.23 0.201

U6 0.167 0.14 0.464 0.13

U7 2.243 0.656 0.089 0.139













4©

5©
3©

(6.17)

Θ
(1,2)
0 =













U32 U33 U36 U41

U18 0.095 0.125 0.23 0.098→ 0.201

U21 0.229 0.215 1.127 0.144→ 0.167

U22 0.045→ 0.117 0.912 0.47 0.133→ 0.177

U26 0.245 0.729 0.623 0.068→ 0.571













7©
(6.18)

6© 2©

The difference between the SSIA and the ESIA algorithms is that the ESIA algorithm identifies

the user having the maximum number of ‘unavailable’ plus ‘undesirable’ users simultaneously
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from all the three InterCI factor matrices, in order to exploit higher diversity. By contrast, the SSIA

algorithm finds the user having the maximum number of ‘unavailable’ plus ‘undesirable’ users in

one InterCI factor matrix, as shown in Section 6.4. Furthermore, the ESIA algorithm searches for

the user having the above characteristics from both the row and column directions.

As shown in (6.16), (6.17) and (6.18), the ESIA algorithm needs eight allocation iterations to

implement the code-allocation for the twelve users in the three cells. During iteration1, we can

readily find that among all the12 users, user3 in Θ
(0,1)
0 has the maximum number of ‘unavailable’

plus ‘undesirable’ users, asα̃3,22 = 1.958, α̃3,26 = 1.199. Therefore, user18 in cell 2 is identified

as the ‘co-code’ user of user3 in cell 1, owing to α̃3,18 = 0.126 is the minimum available InterCI

factor. As, at this allocation iteration, neither of the twousers has been assigned a code yet, we can

allocate an available code to both of them. Hence, we allocate code0 to users3 and18. After the

code-allocation for these two users, the algorithm updatesthe corresponding InterCI factors in the

other two matrices,Θ(0,2)
0 andΘ

(1,2)
0 , based on the same principles of (6.15). After the updating,

we can observe thatα̃3,k′′ = α̃18,k′′ , ∀k′′ ∈ F (2)
0 in (6.17) and (6.18).

During the second allocation iteration of the ESIA algorithm, we identify the user with the max-

imum number of ‘unavailable’ plus ‘undesirable’ users. However, as known from (6.17) and (6.18),

all the ten users without allocated codes have the same number of ‘unavailable’ plus ‘undesirable’

users, which is one. For this sake, we propose a method named as the InterCI Scoring (IS) to iden-

tify which one of the ten users is first allocated a code, in order to further minimize the maximum

InterCI factor for the allocated users. In detail, the IS method can be described as follows.

InterCI Scoring (IS) : The InterCI factor̃αk,k′ is mapped to a corresponding InterCI scoreek,k′

defined as

ek,k′ = i, if α̃k,k′ ∈ Bi, i = 0, 1, . . . , Nb + 1 (6.19)

whereBi denotes theith InterCI factor bin and there are in total(Nb + 2) number of InterCI factor

bins. Here,Bi can be defined as

Bi =







[1,+∞), if i = 0,

(1− 0.9i/Nb , 1− 0.9(i− 1)/Nb], if i = 1, . . . , Nb,

(0, 0.1), if i = Nb + 1.

(6.20)

According to (6.19) and (6.20), with the IS method, the InterCI factors are mapped to the integer

scores, higher InterCI factors are awarded lower scores. Roughly, the InterCI is classified into three

types: a) ignorable InterCI, if0 < α̃k,k′ < 0.1; b) moderate InterCI, if0.1 ≥ α̃k,k′ < 1; and c)

strong InterCI, ifα̃k,k′ ≥ 1. Their corresponding scores areek,k′ = Nb + 1 for ignorable InterCI,

ek,k′ = 0 for strong InterCI, whileek,k′ = 1, . . . , Nb for moderate InterCI. Therefore, when the IS

of a user is relatively low, it means that it suffers from relatively strong InterCI.

With the aid of the IS method, during iteration2 of the ESIA algorithm, we can identify the

user from the ten options via finding the one having the minimum sum of the IS. For the example
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considered, we assumed that the number of bins isNb + 2 = 4. In this case, we can identify

user 36 in cell 2 for code-allocation, as the sum of its IS ise18,36 + e21,36 + e22,36 + e26,36 =

2+ 0+ 2+ 1 = 5, which is the smallest IS among the ten users. From (6.18), wecan find that user

18 in cell 1 is user36’s ‘co-code’ user, as, corresponding to user36, α̃18,36 = 0.23 is the minimum

available InterCI factor, as shown inΘ(1,2)
0 . Consequently, users3, 18 and36 from the three cells

form a group of ‘co-code’ users, which are allocated code0. Note that, as shown in (6.17), the

InterCI factorα̃3,36 has also been changed to an underlined element, due to the fact that user36 in

cell 3 becomes the ‘co-code’ user of user3. In the following six iterations, code-allocation to the

remaining users can be carried out in the same way as iterations 1 and2 described above. Note

furthermore that, during iteration5, users6 and33 directly become a pair of ‘co-code’ users, as

they are the only users having not been allocated a code in cell 0 and2.

Finally, as the underlined elements in (6.16), (6.17) and (6.18) show, the code-allocation results

are: users3, 18 and 36 sharing code0, users7, 22 and 41 sharing code1, users0, 26 and 32

sharing code2, users6, 21 and33 sharing code3. In comparison with the SSIA algorithm, the

maximum InterCI factor achieved by the ESIA is much smaller,which isα(max) = α
(2)
32,26 = 0.245.

Furthermore, the average InterCI factor also becomes smaller, which isα(ave.) = 0.093. The above

improvement is achieved because the ESIA algorithm is capable of exploiting a higher order of

diversity during the code-allocation.

The ESIA code-allocation algorithm is summarized as follows.

Algorithm 13. (Enhanced Strong InterCI Avoiding Code−Allocation Algorithm)

SetV (u)
n = ∅, ∀n ∈ N , ∀u ∈ {0, 1, 2}.

For subcarrierm = 0, 1, . . . , M− 1:

Initialization :

Form the InterCI factor matricesΘ(0,1)
m , Θ

(0,2)
m , Θ

(1,2)
m according to (6.11); Set̃N = N , F̃ (u)

m =

F (u)
m , F̃ (u′)

m = F (u′)
m , F̃ (u′′)

m = F (u′′)
m . Setu 6= u′ 6= u′′ andu, u′, u′′ ∈ {0, 1, 2};

Code-allocation:

For allocation iterations = 1, . . . , 2N, carry out the operations:

Step 1 User identification:

(a) By searching from the three InterCI factor matrices, findthe user/users of̃Ks related to the

specified InterCI factor matrices, which has/have the maximum number of the ‘unavailable’

plus ‘undesirable’ users in a cell.

(b) Find the user̂k ∈ K̃s
⋂K(u), which has the minimum sum of InterCI score.

k̂ = arg maxk∈K̃s
{Ek}, whereEk = ∑

k′∈F̃ (u′)
m

ek,k′ if user k in K̃s is related toΘ
(u,u′)
m , or

Ek = ∑
k′∈F̃ (u′)

m
ek′,k if userk in K̃s is related toΘ(u′,u)

m .

Step 2 Allocating code:

Allocate userŝk and k̂′ coden: V (u)
n = {k̂}, V (u′)

n = {k̂′}, wheren = j if k̂ ∈ V (u)
j or
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k̂′ ∈ V (u′)
j ; otherwisen = Ñ(0).

k̂′ = arg min
k′∈F̃ (u′)

m

{

α̃k̂,k′

}

if user k̂ is related toΘ
(u,u′)
m , or k̂′ = arg min

k′∈F̃ (u′)
m

{

α̃k′,k̂

}

if user k̂ is related toΘ(u′,u)
m .

Step 3 Update:

UpdateΘ
(0,1)
m and/orΘ

(0,2)
m and/orΘ

(1,2)
m by (6.15); SetF̃ (u)

m ← F̃ (u)
m − {k̂}, F̃ (u′)

m ←
F̃ (u′)

m − {k̂′}; SetÑ ← Ñ − n.

Step 4 Repeat Steps1− 3 until Ñ = ∅.

6.6 Characteristics of Code-Allocation

When operated in the multicell downlink MC DS-CDMA systems,our code-allocation algorithms

employ a range of characteristics and advantages.

First, both the SSIA and the ESIA code-allocation algorithms aim to minimize the maximum

InterCI factor, i.e.,min
{

maxk∈K(u),k′∈K(u′) α̃k,k′
}

, in order to reduce the InterCI to the value as

small as possible, so as to improve the SINR in (6.6) of the multicell MC DS-CDMA system. As

shown in Section 6.3, our code-allocations are operated based on the results of subcarrier-allocation.

For each of the subcarriers, both of the proposed code-allocation algorithms deal with3N users,

which may be significantly smaller than the total3MN users, if the system employs a relatively

big number of subcarriers. Hence, the SSIA and ESIA code-allocation algorithms are guaranteed

to have a low complexity for implementation. From the above,we know that the complexity is

mainly dependent on the lengthN of the DS spreading codes.

Second, the SSIA algorithm can be operated with a lower complexity than the ESIA algorithm.

As shown in Section 6.4, when the SSIA algorithm is employed,code-allocation is carried out first

for the users in two adjacent cells. Then, it allocates the codes to the users in the other cell. This

design ensures that the SSIA algorithm can be easily extended to the multicell systems with more

than three cells.

Third, during an allocation iteration, the SSIA algorithm selects the users for code-allocation

based only on one of the three InterCI factor matrices. By contrast, during an iteration, the ESIA

algorithm allocates the users a code by simultaneously considering all the three InterCI factor matri-

ces. Therefore, the ESIA algorithm can exploit a higher diversity for code-allocation than the SSIA

algorithm. Consequently, in comparison with the SSIA algorithm, the ESIA algorithm may achieve

a higher SINR for the users, and, hence has better BER performance or higher spectrum-efficiency.

Furthermore, in the ESIA algorithm, the IS method is proposed to identify which users should

be first allocated a code. From (6.19) and (6.20), we can know that the performance of the IS

method is affected by the number of bins, i.e.,Nb + 2. In Fig. 6.3, we show the impact ofNb

on the BER performance of the multicell MC DS-CDMA systems employing the ESIA-assisted
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Figure 6.3: BER comparison, when the ESIA algorithm is applied with different number

of bins, i.e., different values ofNb, for the IS method.

code-allocation. Note that, the number of bins for the IS isNb + 2. From Fig. 6.3, we observe

that, in general, the BER performance first improves and, then, converges to a constant value, as

the number of bins used by the ESIA increases. When the numberof DS spreading codes per

subcarrier is increased fromN = 4 to N = 8, more bins are required by the IS approach to achieve

the minimum BER. However, in general and in practice when we consider the implementation

complexity, we may chooseNb + 2 = 5− 6 bins for the IS. Additionally, as seen in this figure

and Fig. 6.3, the number of DS spreading codes per subcarrierhas a big impact on the achievable

BER performance of the multicell MC DS-CDMA system. Using more DS spreading codes per

subcarrier yields better BER performance, as the result of higher multiuser diversity available for

InterCI mitigation.

6.7 Performance Results

In this section, we provide a range of simulation results, inorder to demonstrate and compare

the achievable error rate performance and spectrum-efficiency performance of the multicell down-

link MC DS-CDMA systems employing various subcarrier-allocation in Chapter 4 and the code-

allocation algorithms proposed in this chapter. In all the simulations for error rate performance,

we assume that quadrature phase-shift keying (QPSK) is employed for baseband modulation. For

both error rate and spectrum-efficiency, we assume that all subcarriers experience independent flat

Rayleigh fading. Furthermore, we assume that, in each of thethree cells, the number of users sup-

ported by the MC DS-CDMA isK = M × N, with M being the number of subcarriers andN



6.7. Performance Results 197

Multicell MC DS-CDMA, K=M N, M=8, N=4
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Figure 6.4: BER performance of the multicell downlink MC DS-CDMA systems employ-

ing various of subcarrier-allocation algorithms and the SSIA code-allocation algorithm.

being the length of the orthogonal DS spreading codes. Signals received at all users are assumed

to experience the AWGN with the same noise variance. For modelling of large-scale fading, we

assume that the pathloss exponent isµ = 4.0, while the standard deviation for the shadowing effect

is Υ = 8 dB. Additionally, When the ESIA algorithm is employed, we assume that the number of

bins for the IS method isNb + 2 = 6.

Figure 6.4 demonstrates the BER performance of the multicell downlink MC DS-CDMA sys-

tems employing various subcarrier-allocation algorithmsand the SSIA code-allocation algorithm.

In the figure, the subcarrier-allocation algorithms considered are the WCA, WCF and the IWE-

WCF algorithms, which were proposed in [208] and Chapter 4. The solid curves in Figure 6.4

give the BER performance of the multicell MC DS-CDMA systemsemploying the SSIA code-

allocation algorithm, while the dashed curves are that, when the multicell MC DS-CDMA em-

ploys the random code-allocation algorithm. Here, the random code-allocation means that codes

are randomly assigned to the users after subcarrier-allocation, which we sometimes refer to as

“non code-allocation”. From the results shown in the figure,we observe that the proposed SSIA

algorithm is capable of achieving significant SNR gains overthe random code-allocation, when

considering different subcarrier-allocation algorithms. As shown in Figure 6.4, regardless of the

code-allocation algorithms employed, the best BER performance is always achieved, when the

multicell MC DS-CDMA systems use the Hungarian subcarrier-allocation algorithm, while the

worst BER performance given by the systems employing the Greedy algorithm. When the random

code-allocation algorithm is employed, the BER results of the multicell MC DS-CDMA systems

employing different subcarrier-allocation algorithms are close to each other. This is because, in
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Figure 6.5: BER performance of the multicell downlink MC DS-CDMA systems employ-

ing various subcarrier-allocation algorithms and the ESIAcode-allocation algorithm.

these cases, the BER performance difference between any twosubcarrier-allocation algorithms is

overwhelmed by strong InterCI, as the result of no code-allocation. By contrast, when the SSIA

code-allocation algorithm is used, the subcarrier-allocation algorithms proposed in Chapter 4, in-

cluding the WCA, WCF and the IWE-WCF algorithms, significantly outperform the other two

sub-optimum subcarrier-allocation algorithms, namely, the greedy and WSA algorithms, owing to

the InterCI mitigation capability of the SSIA algorithm. The performance difference between any

two subcarrier-allocation algorithms considered agrees with that observed in Chapter 4.

Figure 6.5 shows the BER performance of the downlink multicell MC DS-CDMA systems em-

ploying various subcarrier-allocation algorithms and theESIA code-allocation algorithm. The re-

sults can provide us some important observations. First, incomparison with the BER of the system

using the random code-allocation algorithm, which is shownin Figures 6.4, the BER performance

achieved by using either the ESIA or the SSIA code-allocation is clearly improved. Second, by

comparing Figures 6.5 with Figure 6.4, we can find that the ESIA algorithm outperforms the SSIA

algorithm, in terms of the BER performance. Furthermore, when the WSA subcarrier-allocation

algorithm is employed, the ESIA algorithm slightly outperforms the SSIA algorithm. By contrast,

when the three subcarrier-allocation algorithms, including the WCA, the WCF and the IWE-WCF

algorithms proposed in Chapter 4, are employed, the ESIA algorithm significantly outperforms

the SSIA algorithm, typically the SNR gain is about2− 4 dB. This observation implies that, in

the multicell MC DS-CDMA systems, both subcarrier-allocation and code-allocation have a strong

impact on the achievable BER performance.
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Figure 6.6: BER performance of the downlink single-cell MC DS-CDMA systems em-

ploying various subcarrier-allocation algorithms.

For the sake of comparison, Figure 6.6 gives the BER versus SNR performance of the downlink

single-cell MC DS-CDMA systems employing various subcarrier-allocation algorithms, which can

be viewed and thought of as the lower bounds of BER of the multicell scenarios in Figures 6.4 and

6.5. By comparing Figure 6.6 with Figures 6.4 and 6.5, we can see that the relationship between

the BER of two subcarrier-allocation algorithms is the same. However, the BER performance

of the multicell downlink MC DS-CDMA systems shown in Figures 6.4 and 6.5 is worse than

the corresponding ones of the single-cell systems. Furthermore, in the multicell MC DS-CDMA

systems, error floors appear in the high SNR region. This is because, although the proposed code-

allocation algorithm is capable of reducing the InterCI, they are unable to fully remove the InterCI.

This residual InterCI yields the observed error floors. Additionally, when comparing Figure 6.5

with Figure 6.4, we can see that the BER floors generated by theESIA algorithm is lower than the

corresponding ones given by the SSIA algorithm.

In Figure 6.7, we compare the BER performance of the ESIA and SSIA algorithms, when the

multicell MC DS-CDMA systems employ the WCF subcarrier-allocation algorithm. First, when

either the ESIA or the SSIA algorithm is employed, the BER performance of the multicell MC DS-

CDMA systems becomes better as the number of subcarriersM increases, or as the DS spreading

factorN increases. This is because the diversity order increases, as M and/orN increases. Second,

for all the cases considered, the ESIA algorithm outperforms the SSIA algorithm, and the BER

performance gap becomes larger, as the result that the ESIA algorithm exploits higher diversity

from three cells than the SSIA algorithm, which only makes use of the diversity from two cells.

Furthermore, it is worthy of noting that a better BER performance is achieved in the case ofM = 8
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Figure 6.7: Comparison of BER performance of the multicell downlink MC DS-

CDMA systems employing the ESIA and SSIA code-allocation algorithms, and the WCF

subcarrier-allocation algorithm.

Multicell MC DS-CDMA, MLD aid, K=M N, M=8, N=4

10
-5

2

5

10
-4

2

5

10
-3

2

5

10
-2

2

5

10
-1

B
it

E
rr

or
R

at
e

0 2 4 6 8 10 12 14 16

Average SNR per bit (dB)

ESIA
SSIA
Random
Greedy
WSA
WCA
WCF

Figure 6.8: BER performance of the multicell downlink MC DS-CDMA systems employ-

ing various subcarrier- and code-allocation algorithms.

and N = 8 than the case ofM = 16 and N = 4. This observation implies that, the InterCI

imposes a big impact on the error performance of the multicell MC DS-CDMA systems and, when

N is larger, code-allocation is capable of making more contribution to suppress the InterCI.
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Figure 6.9: Spectrum-efficiency performance of the multicell downlink MC DS-CDMA

systems employing the SSIA or random code-allocation, and various subcarrier-allocation

algorithms.

In the considered multicell downlink MC DS-CDMA systems, a user receives the InterCI only

from two users, which are allocated the same subcarrier and the same spreading code as the con-

sidered user, as shown in (6.6). In order to further mitigatethe InterCI, a mobile user may employ

the advanced detectors, such as the maximum likelihood detector (MLD). Explicitly, doing this

does not impose much added complexity on the receiver, as there are just three users to consider,

when we only consider three cells. Therefore, in Figure 6.8 we show the BER performance of

the multicell downlink MC DS-CDMA systems employing various subcarrier- and code-allocation

algorithms, where the MLD is used. Explicitly, the MLD efficiently suppresses the InterCI, and,

as shown in the figure, there are no error floors anymore. However, we still see that the SSIA and

ESIA code-allocation algorithms outperform the random code-allocation, with a typical gain of

about2− 4 dB. In comparison with the results shown in Figures 6.4 and 6.5, all the corresponding

BER performance shown in Figure 6.8 becomes better. However, the BER performance gap be-

tween the ESIA and the SSIA algorithms becomes smaller, owing to the contribution made by the

MLD. In addition to employing MLD at the users side, the errorfloors in Figures 6.4, 6.5 and 6.7

may be reduced by using a class of good spreading codes for downlink transmission.

In Figures 6.9 and 6.10, we study the spectrum-efficiency performance of the multicell down-

link MC DS-CDMA systems employing the proposed code-allocation algorithms, and various

subcarrier-allocation algorithms. The results show that the ESIA and the SSIA code-allocation

algorithms are capable of achieving better spectrum-efficiency performance than the random code-

allocation. However, when comparing Figure 6.9 with Figure6.10, the ESIA algorithm only has
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Figure 6.10: Spectrum-efficiency performance of the multicell downlink MC DS-CDMA

systems employing the ELSA code-allocation, and various subcarrier-allocation algo-

rithms.

a very small spectrum-efficiency gain over the SSIA algorithm. Considering both the error rate

and spectrum-efficiency, we can conclude that our proposed code-allocation algorithms cannot

only achieve better BER performance, but also yield higher spectrum-efficiency. Furthermore,

Figures 6.9 and 6.10 once again demonstrate that the three proposed subcarrier-allocation algo-

rithms outperform the other considered sub-optimum subcarrier-allocation algorithms in terms of

the spectrum-efficiency.

6.8 Conclusions

In this chapter, we have studied the resource allocation in the multicell downlink MC DS-CDMA

systems. Motivating to minimize the complexity for resource allocation in the multicell downlink

MC DS-CDMA systems, we have proposed a novel resource allocation scheme. In this resource

allocation scheme, each BS first independently carries out the subcarrier-allocation, based on a

subcarrier-allocation algorithm considered in Chapter 4.Then, spreading codes are jointly allocated

on the basis of the subcarrier-allocation. In this chapter,we have proposed two low-complexity and

high-efficiency code-allocation algorithms, namely, the SSIA and the ESIA algorithms, respec-

tively, by making use of only the information about large-scale fading, i.e., propagation pathloss

shadowing effect. To be more specific, both code-allocationalgorithms are motivated to minimize

the maximum InterCI factor of the users sharing the same subcarrier and the same spreading code,

when assuming that only the InterCI factors are shared amongthe BSs. Specifically, the ESIA al-
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gorithm operates the code-allocation for each of the users based on the full knowledge of the three

InterCI factor matrices. By contrast, the SSIA algorithm allocates each of the users a code by con-

sidering only one InterCI factor matrix. Therefore, the SSIA algorithm enjoys a lower complexity

than the ESIA algorithm. However, the ESIA algorithm can exploit a higher diversity for code-

allocation than the SSIA algorithm. Therefore, the ESIA algorithm is capable of achieving a better

error performance than the SSIA algorithm, although its spectrum-efficiency performance is only

slightly higher than that of the SSIA algorithm. Furthermore, our BER and spectrum-efficiency

performance results show that the proposed subcarrier-allocation algorithms proposed in Chapter 4

outperform all the other existing sub-optimum algorithms,when they are operated in the multicell

MC DS-CDMA systems, in general, and, they retain all the characteristics as shown in the con-

text of the single-cell MC DS-CDMA systems. Additionally, our studies show that both the SSIA

and the ESIA code-allocation algorithms significantly outperform the random code-allocation al-

gorithm. Therefore, considering the multicell communication environments, if the number of users

per cell is relatively high, and if the backhaul resources are limited, our proposed code-allocation

algorithms can be very promising candidates, which are efficient for practical implementation.



Chapter 7
Conclusions and Future Work

In this chapter, a summary of the thesis and main conclusionsare first provided in Section 7.1.

Then, some recommendations for future research are provided and discussed in Section 7.2.

7.1 Summary and Conclusions

In this thesis, we have investigated the cooperation and resource allocation issues in relay and multi-

carrier communication systems. In detail, we have proposeda novel relay aided cooperative system,

namely the THCL system, and analyzed its error performance,when the system employs various re-

lay processing schemes. In contrast to the most existing references on relay communications, which

typically assume that relay cooperation does not consume energy, in our studies, we have put the

emphasis on analyzing the cost of carrying out the cooperation among the relays by studying the

effect of the power-allocation to the different hops on the achievable performance of the THCL sys-

tem. In the context of the resource allocation in multicarrier communications, we have first consid-

ered the single-cell downlink OFDMA and MC DS-CDMA systems,and designed and investigated

various power- and subcarrier-allocation algorithms. A range of sub-optimum subcarrier-allocation

algorithms have been designed, with the objectives to attain the near-optimum performance, but

not to make a performance trade-off between reliability andspectrum-efficiency. Then, we have

designed and studied the high-efficiency low-complexity resource allocation algorithms for the

multicell downlink OFDMA and MC DS-CDMA systems. Typically, in our considered multicell

systems, subcarriers are allocated in a distributed way, while InterCI is mitigated with our proposed

approaches. Specifically, two high-efficiency low backhaulcost InterCI mitigation algorithms have

been proposed for the multicell OFDMA systems, and two novellow-complexity code-allocation

algorithms have been designed for the multicell MC DS-CDMA systems.

In more detail, the studies and contributions of the thesis can be summarized as follows, chapter

by chapter.
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In Chapter 2, we have introduced and studied a so-called THCLsystem, which aims to accom-

plish a communication between a source node and a destination node with the aid of a cluster of

relays. Using this two-hop relay link, we motivate to demonstrate the cost for relay cooperation

and the challenges for error performance analysis of this type of systems. As shown in Chapter 2,

we have studied three main RP schemes as detailed in Section 2.3, which include the distributed

RP, ideal cooperative RP and the cooperative RP. When the distributed RP is employed, the relays

simply forward their received signals to the destination. In the context of the ideal cooperative RP,

we assume that information exchange among relays can be accomplished without energy consump-

tion, which is also a typical assumption used in many existing reference, e.g., [46–49]. For the sake

of investigating the cost of cooperation among relays, we have studied a more practical cooperative

RP scheme, i.e., the cooperative RP, which assumes energy consumption for information exchange

among relays. In the cooperative RP, information exchange among relays is implemented with the

aid of MA and BC transmissions by invoking an IECU. In Section2.4, we have provided the anal-

yses for the BER of the THCL systems employing various RP schemes over Nakagmi-m fading

channels, when BPSK baseband modulation is assumed. A rangeof closed-form BER expressions

have been obtained for the systems employing the ideal cooperative RP schemes. Two novel ap-

proximation approaches, namely, the Nakagami-TAp and the Nakagami-SAp, have been proposed

for obtaining the PDF of the sum of Nakagami-m variables. With the aid of these two approaches,

we have obtained the approximated average BER expressions of the THCL systems employing the

TEGC-DRP and the CMVC-TEGC-RP, when the first and second hopsare assumed to experience

flat Nakagami-m fading, while the communications for information exchangeamong relays suffer

from the flat Nakagami-m fading or only AWGN. Furthermore, when the CMRC scheme is used

at the IECU, we have proposed the Gamma-Ap approach for finding the approximate PDF of the

instantaneous SNR of the detection at the IECU, and derived the average BER of the THCL sys-

tems employing the CMRC-TEGC-RP scheme. From our studies inChapter 2, we can have the

following observations. When the distributed RP or the cooperative RP is employed, as shown in

Section 2.5, the approximated average BER of the THCL systems has some small deviations from

that obtained by simulations, when the fading of communication channels is severe, whereas, they

agree with each other very well, as the channel conditions become better. As shown in Figures

2.16-2.19, we have studied the impact of power-allocation on the error performance of the THCL

systems employing various RP schemes. Clearly, we have observed that, the cooperation among

the relays for information exchange requires 30% ∼70% of the total system transmission power,

in order to achieve the best BER performance. Our performance results in Section 2.5 have shown

that using the ideal cooperative RP assumption always overestimates the BER performance of the

THCL system. In practice, the cooperative RP scheme may evenachieve worse BER performance

than the distributed RP, when the MA/BC links for information exchange experience flat Rayleigh

fading. By considering both the BER performance and complexity, we may conclude that the

TEGC-DRP constitutes a desirable and practical RP scheme, which demands the lowest complex-

ity for implementation, but is capable of achieving the required BER performance, especially, when
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the number of relays is relatively high.

In Chapter 3, we have studied and investigated the resource allocation in the single-cell down-

link OFDMA systems, where various subcarrier- and power-allocation algorithms are considered.

As discussed in Section 3.3, our resource allocation aims tominimize the average BER of the

downlink OFDMA systems without making the trade-off with the spectrum-efficiency (or through-

put). We aim to design the subcarrier- and power-allocationalgorithms that can be carried out

separately with low-complexity but without loss of much performance [83, 84]. In this chapter,

we have designed two low-complexity subcarrier-allocation algorithms for downlink OFDMA sys-

tems, namely, the BWSA and BSS algorithms, which, respectively, motivate to avoid assigning

users the worst subchannels as many as possible, or to assignusers the best possible subchannels.

As detailed in Section 3.6, the BWSA algorithm represents a two-dimensional extension of the ex-

isting one-dimensional WSA algorithm. The BWSA algorithm can avoid the worst subchannels and

allocate the best subcarriers in both subcarrier-orientedmode and user-oriented mode. In contrast

to the BWSA algorithm considering the subcarrier-allocation starting from the worst subchannels,

the BSS algorithm starts its operations from the best subchannels. Specifically, the BSS algorithm

is operated in two stages: 1) a search stage to find the best possible candidate subchannels, and 2)

an allocation stage to assign users the subchannels chosen from the candidate subchannels. Our

studies illustrate that the search stage can usually be completed within a relatively small number

of iterations, especially, when large OFDMA systems supporting a big number of users are con-

sidered. This property guarantees the BSS to have low-complexity. We have analyzed the upper-

and lower-bound of error rate for the subcarrier-allocation in the downlink OFDMA systems in

Section 3.9, when assuming square QAM baseband modulation.Furthermore, we have summa-

rized and compared the complexity of the proposed BWSA and BSS algorithms and some other

subcarrier-allocation algorithms in Table 3.3. Our simulation results have shown that, as the com-

munication channels become more frequency-selective, theBSS algorithm’s performance becomes

closer to that of the optimum Hungarian algorithm. As the number of users involved increases, the

achievable BER and spectrum-efficiency performance move close to that achieved by the Hungar-

ian algorithm. However, the BSS algorithm may be outperformed by the BWSA or WSA algorithm,

when the OFDMA systems are very small, such as, of usingM = 4 subcarriers to supportK = 4

users, which are usually not the cases in practice. In practice, the OFDMA systems are usually

large, using e.g.,64 - 2048 subcarriers, in the LTE/LTE-A OFDMA systems. By contrast, the

BWSA algorithm is efficient, regardless of the size of the OFDMA systems. In Figure 3.15, the

PDFs of the spectrum-efficiency show that our proposed BWSA and BSS algorithms are capable

of providing users fairer data rates than the other sub-optimum algorithms, in addition to providing

the relatively higher throughput.

In Chapter 4, we have investigated the resource allocation,including both power- and subcarrier-

allocation, in the single-cell downlink MC DS-CDMA systems. Similar to Chapter 3, the resource

allocation in the MC DS-CDMA system aims to maximize the system reliability without mak-
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ing the trade-off with the spectrum-efficiency. We also seekthe low-complexity schemes, and,

hence, the power- and subcarrier-allocation have been assumed to be operated separately. In this

chapter, a range of subcarrier-allocation algorithms havebeen proposed, which include the parallel

Hungarian algorithm, WCA, WCF and the IWE algorithms. Specifically, in comparison with the

optimum Hungarian algorithm, the parallel Hungarian algorithm is capable of reducing the com-

plexity fromO(M3N3) toO(NM3), by processingN number of (M × M) cost matrices in the

principles of the Hungarian algorithm, instead of operating on a (MN ×MN) matrix. Besides the

parallel Hungarian algorithm, all the other sub-optimum subcarrier-allocation algorithms proposed

in Section 4.4 motivate to avoid assigning users the worst subchannels as many as possible. We

have generalized the WSA algorithm to the WCA algorithm, which is suitable for operation in any

multicarrier systems and is capable of achieving better BERperformance and higher spectrum-

efficiency than the WSA algorithm. We have proposed the WCF algorithm, which can be operated

more efficiently and reliably than the WCA algorithm, while retains all the advantages of the WCA

algorithm. Finally, in Section 4.5, we have proposed a low-complexity iterative algorithm, namely

the IWE algorithm, for further improving the performance ofthe WSA, WCA and the WCF algo-

rithms, resulting in the IWE-WSA, IWE-WCA and the IWE-WCF algorithms, respectively. In this

chapter, we have also analyzed and compared the complexity of the proposed subcarrier-allocation

algorithms and some existing subcarrier-allocation algorithms considered, which are summarized

in Table 4.3. The results show that all our proposed subcarrier-allocation algorithms have the merit

of low-complexity. Our simulation results have shown that the proposed subcarrier-allocation al-

gorithms are capable of attaining better BER and spectrum-efficiency performance than the other

existing sub-optimum algorithms considered. They do not make a trade-off between the achievable

BER and the spectrum-efficiency of the downlink MC DS-CDMA systems. Furthermore, invoking

an IWE-assisted algorithm always improves the reliabilityand spectrum-efficiency of the original

subcarrier-allocation algorithm. Additionally, our results have also demonstrated that the reliabil-

ity attained by the IWE-WCF algorithm is close to that achieved by the high-complexity optimum

Hungarian algorithm.

In Chapter 5, we have studied the subcarrier-allocation in multicell downlink OFDMA systems,

which aims to maximize the spectrum-efficiency of the system, while does not make a trade-off with

the reliability. Our subcarrier-allocation procedure is described in Figure 5.2, showing that the BSs

first independently carry out the subcarrier-allocation and, then, InterCI mitigation is attempted

with the aid of minimum BS cooperation, in order to guaranteethat all users attain the required

communication quality. In this chapter, the subcarrier-allocation algorithms are assumed the same

as those in previous chapters. By contrast, we have proposedtwo efficient InterCI mitigation algo-

rithms, namely the DDMC and the CDMC algorithms, in order to maximize the spectrum-efficiency

of the cell-edge users whose SIRs are lower than the SIR threshold ηt, which is determined by the

required quality of communication. Our DDMC algorithm is a distributed decision-making algo-

rithm, in which the BSs individually make their InterCI mitigation decisions. After the decisions, a
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BS may ask help from another BS to set up a STBC-aided cooperative transmission to a user with

poor SIR. This is in contrast to the existing OOP algorithm, which simply turns off the transmis-

sion to a user with poor SIR. By introducing this light BS cooperation, our studies show that the

proposed DDMC algorithm outperforms the OOP algorithm. With the motivation to maximize the

pay-off from the cooperation while simultaneously at the minimum cost caused, in this chapter, we

have proposed the CDMC algorithm, which makes the InterCI mitigation decisions in a centralized

approach via sharing limited InterCI information among theBSs. As our studies show, the CDMC

algorithm cannot only attempt to maximize the spectrum-efficiency of the system, but also improve

the frequency reuse factor of the subcarriers. Specifically, the CDMC algorithm makes the deci-

sions for the users sharing a subcarrier based on a (3× 3) dimensional matrix with its elements

taking only three values determined by the corresponding InterCI. From this we can know that, in

our CDMC algorithm, BSs only share very limited informationfor decision making. The princi-

ples of the CDMC algorithm have been detailed associated with the three cases in Figures 5.3-5.5.

Specifically, in Case1, the CDMC algorithm sets up a cooperation for a user with poorSIR; In

Case2, it may establish a cooperation for a poor user; Finally, in Case3, the CDMC algorithm sim-

ply switches off the transmission to one or more users with poor SIRs, in order to benefit system’s

overall performance. In Section 5.7, we have shown that boththe proposed DDMC and CDMC

algorithms achieve higher spectrum-efficiency than the OOPalgorithm, and than the case without

employing any InterCI mitigation. In comparison with the DDMC algorithm, the CDMC algorithm

can always find a better joint InterCI mitigation strategy, which results in better performance than

that attained by the DDMC algorithm. Furthermore, the spectrum-efficiency performance gain of

the CDMC over the DDMC becomes bigger, as the SIR thresholdηt increases. Moreover, we

have shown that the CDMC algorithm always attains the highest frequency reuse factor, while the

DDMC algorithm can obtain a higher frequency reuse factor than the OOP algorithm.

Finally, in Chapter 6, we have extended the resource allocation problems studied in Chapter 4 in

the context of the single-cell downlink MC DS-CDMA systems to the multicell scenarios. Again,

our motivation is to minimize the average BER of the multicell downlink MC DS-CDMA system,

while remembering to make the cost for resource allocation and BS cooperation as low as possi-

ble. Specifically, in this chapter, we have proposed a novel resource allocation scheme, in which

each BS first independently carries out the subcarrier-allocation. Then, the DS spreading codes

are jointly allocated on the basis of the subcarrier-allocation with the aid of information exchange

among the BSs. We have proposed two low-complexity and high-efficiency code-allocation algo-

rithms, namely the SSIA and the ESIA algorithms, by making use of only the information about the

large-scale fading, i.e., propagation pathloss and shadowing effect, experienced by the users. The

principles of the SSIA and ESIA algorithms have been detailed in Sections 6.4 and 6.5, respectively.

To be more specific, both the SSIA and the ESIA algorithms are motivated to minimize the max-

imum InterCI factor of the users sharing the same subcarrierand the same spreading code, when

assuming that only the InterCI factors, which are determined by the large-scale fading, are shared
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among the BSs. Specifically, the SSIA algorithm allocates each of the users a code by considering

only one InterCI factor matrix at a time, while the ESIA algorithm allocates a code to three users

in three cells by simultaneously considering three InterCIfactor matrices. Hence, the ESIA algo-

rithm achieves better performance than the SSIA algorithm,but has the cost of slightly increased

complexity. According to our simulation results shown in Section 6.7, both the SSIA and the ESIA

code-allocation algorithms significantly outperform the random code-allocation algorithm in terms

of both the error rate and the spectrum-efficiency performance. The ESIA algorithm is capable

of achieving a better error performance than the SSIA algorithm, although its spectrum-efficiency

performance is only slightly higher than that of the SSIA algorithm. Furthermore, our BER and

spectrum-efficiency performance results show that the proposed subcarrier-allocation algorithms

proposed in Chapter 4 also outperform all the other existingsub-optimum algorithms, when they

are operated in the multicell MC DS-CDMA systems. In general, when operated in the multicell

scenarios, our proposed subcarrier-allocation algorithms retain all the characteristics observed in

the context of the single-cell MC DS-CDMA systems.

7.2 Recommendations for Future Research

In this thesis, we have mainly focused our attention on the resource allocation and cooperation,

as well as on the various multicarrier communication systems. In this section, we provide some

suggestions for potential future research.

• In this thesis, we have studied and analyzed the error performance of the relay aided coopera-

tive system, i.e., the THCL, which only considers the two-hop transmission. We may extend

our THCL system to the multihop scenarios, where a source node transmits to a destination

node via several hops with the aid of multiple relays. Duringa hop, the information-carrying

signal is forwarded by a portion of the relays, and information exchange among these relays

can be carried out in the principles of multiway relay. In this multihop relay aided coop-

erative system, energy consumption by the cooperation among relays may be investigated

via error performance or spectrum-efficiency. Studying this type of multihop transmission

systems may give us the observation whether the cooperationamong relays is desirable.

• Joint resource allocation in the multicell multicarrier systems constitutes one of the important

future research areas. In this thesis, the resource allocation algorithms proposed in multicell

systems are carried out in a separate way, due to our motivation of low-complexity implemen-

tation. When increased complexity is available, we may design the joint resource allocation

algorithms, and simultaneously consider the power- and subcarrier-allocation, as well as In-

terCI mitigation.

• In Chapter 6, we have proposed the code-allocation algorithms in the multicell MC DS-

CDMA systems, when assuming that all the subcarriers and spreading codes have to be allo-
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cated to the users in each of the cells. In our future work, we may design the code-allocation

algorithms by assuming that not all the subcarriers and spreading codes have to be allocated

to the users in one cell, which is actually a practical assumption. In this case, some users may

not be assigned subcarriers and/or codes and, hence, these users do not transmit, forming the

OOP scheme studied in Chapter 5. Furthermore, for the sake ofmitigating InterCI, as the

InterCI mitigation algorithms suggested in Chapter 5, our code-allocation algorithms may

be jointly designed with the InterCI mitigation algorithms, so that cooperative transmissions

can be set up for the users suffering from strong InterCI.

• In this thesis, when we consider the multicell systems, onlythree-cell scenarios have been

considered. In our future research, we may extend our resource allocation to the scenarios

that more than three cells are considered. In this case, our resource allocation algorithms

can still be motivated to maximize the system throughput as well as minimize the complex-

ity. Certainly, it is more promising for us to design the high-efficiency distributed resource

allocation algorithms, which do not require to share the InterCI information among BSs.

In addition, the DDMC and CDMC algorithms proposed in Chapter 5 may be revised and

extended to the multicell scenarios having more than three cells.

• Our algorithms proposed in this thesis may be extended for both the user association and re-

source allocation in downlink multi-tier heterogeneous wireless networks (HetNets), which

have emerged as a competitive technology to achieve high-rate, high-quality and diverse

communication demands in the future fifth generation (5G) wireless cellular networks. Aim-

ing at obtaining the best trade-off between energy- and spectrum-efficiency, we may first

focus on the user association and, then, implementation theresource allocation on the basis

of the derived user association. Furthermore, the joint design of user association and resource

allocation is another very interesting research area.

As an interesting future research area, in the following part of this section, we provide some deeper

discussion about the user association and resource allocation in the downlink HetNets, and explain

how high-efficiency algorithms may be designed for the purposes.

In contrast to the resource allocation in the homogeneous cellular networks, as what considered

in this thesis, resource allocation in HetNets is much more challenging, due to their infrastruc-

ture configurations. In literature, a range of centralized resource allocation schemes for downlink

HetNets have been investigated [209–215]. To be a little more specific, the authors of [209] have

studied the centralized resource allocation in the contextof the HetNets without considering fair-

ness among users, which first distributes the radio frequency resources and, then, allocates the

power. By contrast, the authors in [210, 211] have investigated the centralized resource allocation

in HetNets with considering the proportional fairness, andthe resource allocation in [211] assumes

InterCI-free. Furthermore, Lertwiramet al. [212] have studied the trade-off between resource al-

location and interference alignment in a two-tier HetNet, when assuming that InterCI only exists



7.2. Recommendations for Future Research 211

Internet

User
Pico BS

Pico BS

Femto BS

Backhaul

Macro BS

Femto BS

Relay

RF Backhaul

User

User

User

User

User

User

User

User

User

User

UserUser

Figure 7.1: System model of a downlink three-tier HetNet, where the Macro cell is over-

laid with relay, pico and femto cells.

between macro and femto BSs. To the best of our knowledge, in HetNets, all the references have

focused on the resource allocation in the two-tier HetNets.Resource allocation in multi-tier (≥
3 tiers) HetNets has rarely been studied. Due to the limits ofcomplexity and backhaul resources,

we can expect that distributed resource allocation algorithms will become more attractive in the

future HetNets, as distributed algorithms have the characteristics of low-complexity, robustness,

quick response to fast-varying wireless channels, etc. However, in HetNets, distributed resource

allocation has not received sufficient emphasis and only a very few researches, such as [216, 217],

can be found in this area.

Besides the resource allocation, in HetNets, user association is another important research as-

pect in HetNets. It can be shown that user association enjoysa lot of similarities with resource

allocation, if we view BSs and other access points (APs) as a type of resources. In user associa-

tion, the major challenge is that, maximizing the overall network throughput, while making a good

trade-off between load balancing and InterCI. Furthermore, we also need to consider the fairness.

So far, a range of references have investigated the user association in HetNets [215,218–221], with

the objective to maximize the spectrum-efficiency without the constraint on quality-of-services. As

suggested in [222, 223], it is highly desirable to design theenergy-efficient user association algo-

rithms, so as to make a compromise among received signal strength of mobile users, battery life of

users and uplink interference levels, etc. Correspondingly, energy-efficient resource allocation has

also been an important research branch, as shown by our overview in Chapter 1.



7.2. Recommendations for Future Research 212

Against the research background in HetNets, one important future research area is the user asso-

ciation and distributed resource allocation in downlink multi-tier HetNets. Specifically, Figure 7.1

shows on a HetNet system consisting of one macro BS, multiplepico and femto BSs, and some

relays acting as APs. In this HetNet, we may assume that pico BSs are connected with the macro

BS via backhaul links, femto BSs connect with the core network via broadband (such as ADSL),

while radio frequency (RF) backhaul links are assumed for the communication between the macro

BS and the APs. With the objective to obtain the best possibletrade-off between energy- and

spectrum-efficiency, we may first focus on the user association and, then, implement the distributed

resource allocation on the basis of the derived user association. Furthermore, high-efficiency joint

user association and distributed resource allocation algorithm is another important research topic.

For example and more specifically, in contrast to the existing studies, according to our stud-

ies in this thesis, user association algorithms may be designed by considering both the downlink

signal strength and the InterCI level, in association with diverse QoS requirements for different

wireless links. As in the future HetNets, dense deploymentsof low-power BSs will be popular,

low complexity and low energy consumption will be two critical factors for design of communi-

cation schemes. For this sake, user association decisions may be made mainly based on the CSI

about the large-scale fading and on a small amount of CSI about the InterCI that can be obtained

locally. Furthermore, while guaranteeing the required spectrum-efficiency, high energy-efficiency

user association algorithms are highly desirable.

Following the study of user association, distributed resource allocation algorithms will be de-

signed for the multi-tier HetNet. Following our studies, inorder to reduce the complexity and

enhance the robustness, resource allocation algorithms can be operated in a distributed way, so that

each BS is capable of efficiently distributing the resources, including transmission time slots, radio

frequency, power, etc., as well as performing precoding forsignal transmission to its own users.

When considering these issues, there is a major challenge from the InterCIs in the HetNet, which

exists among the cells of the same tiers and also among the cells from different tiers. Hence, in

the distributed resource allocation, each BS may allocate the resources either in a joint approach or

in a separate way based on the limited CSI. The optimization objectives may include maximizing

the utility of its own resources and minimizing the InterCI to the other cells. Moreover, after the

distributed resource allocation, InterCI may be handled with the aid of high-efficiency InterCI miti-

gation schemes. For example, the algorithms proposed in Chapter 5, may be extended to to mitigate

the InterCI in the HetNets. A BS may set up a cooperative transmission or stop transmission to the

users suffering strong InterCI. Additionally, in the HetNets scenario, in addition to the OFDMA,

we may consider the different multicarrier multiple accessschemes for the downlink transmissions.

For instance, the macro BS may employ the MC DS-CDMA scheme orpure DS-CDMA scheme,

so as to avoid problems generated from synchronization, frequency offset, Doppler frequency-shift,

etc. By contrast, OFDMA may be used for communication in small cells to provide high-rate. Fur-

thermore, we may investigate the inter-impact between userassociation and resource allocation
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with the aim to design the joint user association and distributed resource allocation algorithms,

in order to further improve the spectrum- and energy-efficiency of the HetNets, but at the cost of

complexity.
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