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Abstract

In recent years, adaptive modulation and coding (AMC) technologies,

resource allocation strategies and user scheduling for single-cell down-

link orthogonal frequency division multiplexing (OFDM) and orthog-

onal frequency division multiple access (OFDMA) systems have been

widely researched in order to ensure that capacity and throughput are

maximised. In terms of AMC technologies, the correlation between the

channel coefficients corresponding to the transmitted sub-carriers has

not been considered yet. In the literature of resource allocation and user

scheduling, either channel coding is not considered or only a fixed code

rate is specified. Consequently, with a fixed number of data sub-carriers

for each user, all these criteria restrict the flexibility of exploiting the

available channel capacity, which reflects negatively on system through-

put. At the same time, the presented scheduling algorithms so far man-

aged the data of each user regardless the fair services of all users. The

philosophy of this thesis is to maximise the average system through-

put by proposing novel AMC, resource allocation and user scheduling

strategies for OFDM and OFDMA systems based on developed soft-

ware engineering life cycle models. These models have been designed to

guarantee the scalability, extendibility and portability of the proposed

strategies. This thesis presents an AMC strategy that divides the trans-

mitted frame into sub-channels with an equal number of sub-carriers and

selects different modulation and coding schemes (MCSs) amongst them

rather than considering the same MCS for the entire frame. This strat-

egy has been combined with a pilot adjustment scheme that reduces the

pilots used for channel estimation in each sub-channel depending on the

measured coherence bandwidth, signal to noise ratio (SNR), and SNR

fluctuation values. The reduced pilots are replaced with additional data

sub-carriers in order to improve the throughput. Additionally, a novel



resource allocation strategy has been introduced in order to maximise

the system throughput by distributing the users, transmission power and

information bit streams over the employed sub-channels. The introduced

method utilises the proposed AMC strategy in combination with pilot

adjustment scheme to tackle the problem of channel capacity exploiting

efficiently. It presents the throughput as a new cost function in terms

of spectral efficiency and bit-error rate (BER), in which both convolu-

tional coding rates and modulation order can be varied. The investigated

throughput maximisation problem has been solved by producing two ap-

proaches. Firstly, optimised approach that solves the adopted problem

optimally using the well known Lagrange multipliers method. This ap-

proach requires a huge search processes to achieve the optimal allocation

of the resources, which yields a high computational complexity. To over-

come the complexity issue, the second approach decouples the considered

maximisation problem into two sub-problems based on the decomposi-

tion method on the cost of performance particularly for low SNR val-

ues. The proposed resource allocation strategy has been developed to

work with multi-input-multi-output (MIMO) based AMC-OFDMA sys-

tems. In this project, two MIMO transmission criteria are considered,

i.e. traditional and eigen-mode. In contrast, a user scheduling algorithm

combined with the proposed resource allocation and AMC strategies is

presented. The user scheduling algorithm aims to maximize the average

system throughput by arranging the users in distinct queues according

to their priorities and selecting the best user of each queue individually

in order to guarantee a fair user service amongst different priority levels.

When the involved users are scheduled, the scheduled users have been

passed to the resource allocation to implement the distribution of the

available resources. The proposed strategies have been tested over differ-

ent international telecommunication union (ITU) channel profiles. The

obtained simulation results show the superior performance of the intro-

duced approaches in comparison with the related conventional methods.

Furthermore, the gradually improvement in the throughput performance

of the AMC-OFDM/ODMA system throughout the combination of the

proposed strategies is clearly explained.
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Chapter 1

Introduction

Nowadays, modern communication systems are considered an important part of life.

These systems allow people around the world to talk, watch videos and exchange

distinct data independently, using telephones, cellular mobile phones and networks,

regardless of the distances and surrounding circumstances of the environment [1]. In

this context, large numbers of researchers and engineers work towards the designing

of efficient communication systems which can guarantee the delivery of the required

information packets from the sources to the destinations with a minimum number

of errors, through either wired or wireless transmission media. However, significant

challenges are faced which restrict the fast development of transmission techniques,

such as channel conditions, mobility speed of the transceivers and limited resources.

Most of these challenges have been addressed by developing traditional technologies

and introducing new techniques which can improve the performance efficiency [2].

1.1 Motivations for The Research

Over the past 60 years, there has been a dramatic progress in the hardware and soft-

ware development of communication systems over wired and wireless transmission

media mainly to exploit the available channel capacity and resources efficiently. The

basic digital communication system exhibits two main parts, which are transmitter

and receiver, as shown in Fig 1.1. The function of the transmitter is to send infor-

mation from the sources across different types of channel profiles to the receiver of

the destinations. The source binary information is optionally encoded with one of

the forward error correction (FEC) methods and modulated, utilising the commonly

used digital modulation approaches. On the other hand, the receiver is responsible
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Digital Demodulator

Information Source Optional Encoder Digital Modulator

Channel

Received Information Optional Decoder

Figure 1.1: Basic digital communication system.

for maintaining the information received by solving the expected transmission prob-

lems caused by the multipath channel fading, and performing the required demodu-

lation and decoding [3]. Recent research has focused on enhancing the performance

of the digital communication systems, in terms of high transmission rates with a

low number of errors, by inventing and developing new technologies and software

algorithms [4]. The improvement of such systems is restricted by many constraints,

for instance, the capacity, bandwidth and conditions of the channel, as well as the

available resources.

In order to overcome the restriction problem of severe channel conditions with

high transmission rates, multi-channel and multi-carrier techniques are introduced.

The multi-channel technique transmits the same source information several times

over different channels, to reduce the interference of transmitted signals. This ap-

proach offers a high channel diversity which can be exploited well by the receiver,

as shown in Fig 1.2 [3].

In contrast, the multi-carrier systems, such as orthogonal frequency division mul-

tiplexing (OFDM) shown in Fig 1.3, can increase the resilience of the transmitted

signal to frequency selective fading or narrowband interference. This is carried out

by splitting the considered frequency selective fading channel into multiple narrow-

band flat fading sub-channels and then sending the information bit streams over

these sub-channels in parallel. It is well known that in the single carrier systems, a

single fade can cause the entire link to fail, while in the multi-carrier systems, a low

ratio of the transmitted sub-carriers can be influenced. OFDM systems consider the

fast Fourier transform (FFT) to orthogonalise the sub-carriers. The orthogonality

represents the mathematical relationship between the frequencies of the carriers in

the OFDM systems. In a normal frequency-division multiplex system, sub-carriers
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are spaced by adding guards between them, in which the received signals can be

detected at the receiver using conventional filters and demodulators. However, the

sub-carriers of the transmitted OFDM frame can be arranged orthogonally, in which

the sidebands of the individual sub-carriers overlap and the signals are able to be

received without carrier interference problem. In addition, these systems are com-

monly used for multiuser transmission scenarios, due to the high efficiency of user

allocation and detection. Furthermore, wireless single and multiuser OFDM systems

can adapt to different transmission media environments with lower implementation

costs and a high quality of service (QoS), in comparison with other technologies.

They are shown to tackle one of the most important multipath fading channels

problems, which is inter symbol interference (ISI) [5], [6], [7]. A cyclic prefix (CP)

is added to the original OFDM symbol in order to reduce ISI. It is a repetition of

the first section of the OFDM frame that has been appended to the end of such

frame. It enables multi-path representations of the OFDM symbol to fade, in which

the subsequent transmitted symbols have not interfered. Although OFDM systems

have solved numerous transmition problems, they suffer from other issues, such as

inter carrier interference (ICI) and high peak to average power ratio (PAPR). ICI

is caused by the Doppler shift, which occurs as a result of the mobility, and oscil-

lator synchronisation of the transmitter and the receiver [8], [9]. In presence of ICI

problem, the orthogonality of the sub-carriers of the transmitted OFDM frame has

not been maintained. In multi-path channels, the complexity of ICI issue is become

worst and can influence the received signal negatively if it has not been compen-

sated. PAPR of OFDM systems is more than that of single carrier systems due to

multiple additions of the involved sub-carriers at the modulator represented by FFT

and the use of non-linear amplifiers in the power amplification stage. These addi-

tions and power amplifier increase the peak power magnitude. At the same time, the

average power value can be low due to destructive interference between the included

sinusoids. In communication systems, the high PAPR signals are undesirable due to

the exhaustive hardware complexity in practical implementation. Therefore, PAPR

problem of OFDM system should be solved by utilising the well known reduction

methods, for example selective level mapping (SLM) and partial transmit sequences

(PTS) [9].

OFDM systems combined with adaptive modulation and coding (AMC) have

been adopted in several modern radio transmission standards, including WiMAX
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Figure 1.3: Basic OFDM system.

IEEE 802.16 and WiMAX IEEE 802.16e. AMC technique adopts different modu-

lation types and FEC methods with distinct coding rates. This technique matches

the conditions of the underlying channels by selecting the suitable modulation and

coding scheme (MCS) in order to maximise the data rate depending on the com-

puted signal to noise ratio (SNR) [10]. In contrast, different pilot patterns have

been produced to improve the performance of the applied systems by enhancing the

accuracy of the channel estimation.

Although the AMC technique improves the performance of single and multiuser

OFDM systems, this approach suffers from significant distortion for sub-carriers

which are assigned to long distance destinations due to the severe effects of the mul-

tipath channels in terms of the delay spread. To overcome this drawback, resource

allocation strategies have been considered in order to optimally allocate the user,

information bit streams and transmission power amongst the sub-carriers of the

transmitted multiuser OFDM frame, called orthogonal frequency division multiple

access (OFDMA) frame. These strategies assign the optimal MCS and power value

for each group of sub-carriers, in which the adopted optimisation constraints and

channel conditions are satisfied.
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On the other hand, user scheduling algorithms are utilised to sort the information

of the involved users in queues. This information has been served according to

different conditions including the priority, the size of the transmitted data, queue

state, required time and arrival time of the considered users. The user scheduling

algorithms are combined with the AMC and resource allocation strategies in order

to exploit the available channel bandwidth efficiently and to enhance the throughput

performance of OFDMA systems. As a result, OFDMA systems based on AMC, user

scheduling and resource allocation strategies can achieve a significant performance

improvement for different transmission scenarios [11].

In contrast, software engineering life cycle methodologies has been defined nu-

merously in literature in the context of communications [12], [13], [14], [15], [16]. The

communication systems, designed based on life cycle methodologies, are scalable, ex-

tendible and portable. Scalability means that the same performance is obtained for

different traffic demands, i.e. the systems which are able to handle 100 destinations

simultaneously can also deal with 1000 or more efficiently. It is an important as-

pect of software engineering used for communication systems, due to the dynamic

change in the surrounding conditions and the number of destinations. Moreover,

extendibility is adopted to produce comprehensive systems which can include differ-

ent communication standards and protocols depending on the transmission media

conditions. Finally, the portability aspect allows the system to be used for a long

lifetime effectively, even with the rapid advances in terms of hardware and software.

These aspects are considered throughout the analysis, design, implementation, and

testing phases of the adopted software engineering life cycle models [17], [18].

1.2 Literature Survey

The focus of this Section is on the recent research publications which fall within

the considered areas of this thesis. It studies the up-to-date literature regarding

the presented AMC technologies for OFDM and OFDMA systems. In addition,

the research work so far of pilot based sub-channelling methods for the same trans-

mission systems are presented. In contrast, the literatures of the resource alloca-

tion strategies and scheduling algorithms for single-input-single-output (SISO) and

multi-input-multi-output (MIMO) techniques based OFDM and OFDMA systems

have been also highlighted in this Section.
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1.2.1 AMC Technology

Recently, AMC technologies have attracted substantial research attention. In [19],

optimal criterion for MCS selection was proposed in order to maximise the user

throughput in cellular systems. The incremental redundancy and chase combin-

ing methods of hybrid automatic repeat requests (HARQs) were adopted by the

presented criterion. The achieved simulation results proved that employing the

proposed method with HARQ can improve the system throughput for slow fading

channels. In [20], an AMC technology for bit-interleaved coded modulation based on

OFDM (BIC-OFDM) systems was introduced. This technology followed a pair-wise

error probability (PEP) analysis approach, to maximise the transmission bit rate by

selecting the optimal MCS and allocating the available power over the sub-carriers in

the frequency domain. In [21], the transmitted OFDM frame was divided into fixed

sub-channels with the same number of sub-carriers. The frequency coherence band-

width was considered as indicator to show the ability of implementing the AMC

technology. The authors of [22] presented a new spreading technique for OFDM

frame sub-banding to implement the adopted adaptive modulation method. In [23],

the performance analysis of a cross-layer design based approaches with hybrid ARQ

(HARQ) protocol for wireless system has been presented. This protocol employed

AMC in combination with adaptive cooperative diversity that was subject to fading

time correlated of the channels. The authors of [24] developed a general framework

in terms of the link delay and loss performance caused by channel fading. This

framework was used to design a cross-layer approach that optimised the physical

layer AMC and the link layer packet fragmentation.

For the employing of AMC technologies in resource allocation and scheduling

strategies, the authors of [25] used the link adaptation schemes, such as AMC and

HARQ, to transmit the resource allocation information to the destinations. In addi-

tion, the simulation results of the introduced system provided a notable improvement

in the spectral efficiency as a function of SNR, in comparison with the traditional

methods. In [26], a modified Fischer’s loading algorithm for sub-band bit and power

allocation has been introduced. The OFDM frame was divided into fixed sub-bands

depending on normal sub-carrier indices and sorting the sub-carriers based on chan-

nel gain. Additionally, in [27], the AMC and ARQ technologies were adopted to

develop a cross-layer strategy which guaranteed the required QoS at traffic trans-
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mission. Moreover, the AMC was employed to produce a user scheduling algorithm

for downlink wideband code division multiple access (WCDMA) networks in [28].

The analysis and results, in terms of system throughput, scheduling fairness and data

rate, proved that the proposed algorithm outperformed the existing approaches. In

[29], an efficient scheme based on AMC technology was proposed. Furthermore,

an upper bound analytical method was proposed, and the simulation results vali-

dated the outcome of this method, as well as showing a significant improvement in

throughput and bandwidth exploiting.

In contrast, the authors of [30] compared the performance of AMC based single

carrier transmission with frequency domain equalisation (AMC-SCFDE) and AMC-

OFDM systems over non-linear and time varying Rayleigh fading channels. The

simulation results showed that the performance of an AMC-OFDM system was

better if the distance between the transmitter and receiver was close, while the

AMC-SCFDE showed a superior performance for long transmission distances.

1.2.2 Pilot Pattern Design

The ability of the design of the optimal pilot pattern to efficiently improve the

accuracy of channel estimation has been researched thoroughly. In [31], two pilot

aspects were considered for OFDM systems. The analytical and simulation results

proved that the proposed pilot aspects improved the bit error rate (BER) perfor-

mance in comparison with the traditional methods. On the other hand, the problem

of data sub-carriers and pilot tones interference in data-pilot-multiplexing schemes

was solved by proposing a new scheme in [32]. This scheme was shown to achieve a

better performance in terms of mean square error (MSE) for channel and frequency

offset estimation. The authors of [33] presented a new channel estimation method

based on compressed sensing technology. It exploited the channel delay Doppler

sparsity to reduce the number of pilots. In [34], the number and positions of pilots

were optimised as well as the power of the pilots and data sub-carriers has been

optimally distributed in order to minimise the BER. In addition, a pilot reduction

method, presented as a trade-off criterion between the channel estimation accuracy

and bandwidth efficiency, was introduced in [35]. This method decided the optimal

number of pilots in OFDM transmission. In [36], the number of pilot tones used

for channel estimation of OFDM systems was minimised based on the prediction
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of the channel estimation errors and the required QoS. The authors of [37] im-

proved the throughput performance of the mobile IEEE 802.16e OFDMA systems

by introducing a dynamic sub-channelisation scheme. Simulation results of this

scheme appeared to show a superior throughput performance over the traditional

sub-channelisation approaches.

1.2.3 Resource Allocation for SISO Based Systems

In terms of the goodput maximisation problem, the authors of [38] presented a bit

and power allocation strategy for parallel sub-channels systems using the ARQ tech-

nique to maximise the number of delivered information bits without errors to the

destination. The simulation results showed the superior performance of the pro-

posed approach in comparison with the waterfilling based methods. In [39], the bit

and power allocation strategy presented by [38] was introduced for BICM-OFDM

systems. The goodput of the investigated BICM-OFDM for a wireless local area

network (WLAN) scenario was improved significantly, as demonstrated by the ana-

lytical and simulation results. On the other hand, the same strategy was expanded

to work over decode and forward relay based OFDM systems in [40].

The authors of [41] proposed an optimal power allocation for relayed transmis-

sions, in order to exploit the available power efficiently over all the stages of the

systems. Numerical results showed that the introduced strategy enhanced the sys-

tem performance for the links, with unbalanced average fading power and with a

high number of relay hops. Moreover, the bit loading and power allocation problem

for downlink multiuser OFDM systems was tackled by the authors of [42], who pre-

sented an iterative algorithm which removed all of the sub-carriers that needed more

power than was allowed from the transmitted frame. This algorithm caused an in-

sensible reduction in the average transmission bit rate, while the BER performance

was significantly improved.

In contrast, the bit rates obtained for many continuous and discrete bit loading

schemes for OFDMA systems were studied in [43]. Moreover, an efficient power

allocation algorithm for a fixed coding rate based coded OFDM was proposed by

[44], in order to minimise the BER and frame error rate (FER) under the constant

power constraint. Simulation results proved that the BER and FER were signifi-

cantly reduced. In [45], optimal and sub-optimal power allocation algorithms were
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introduced for multi-relay OFDM systems, with efficient exploiting of the coopera-

tion gain of distributed antenna array. The required feedback and results were also

analysed for a specific, desired accuracy. In [46], a low complexity optimal power

allocation algorithm for OFDM based ad-hoc networks was presented. It aimed to

maximise the weighted rate-sum of the involved users with full consideration to the

power constraint. The proposed idea was supported by the simulation results intro-

duced. Furthermore, another low complexity power allocation method for OFDM

based clustered multi-band ultra wideband networks was proposed by [47]. The key

contribution of this method was to allocate the optimal power value for each cluster,

in which the average system throughput was maximised.

Regarding the sub-carrier allocation strategies, two algorithms were presented

and analysed by [48], in order to overcome the problem of limited bandwidth as-

signment of the equal allocation of the sub-carriers for users in OFDMA systems.

In [49], the total transmitted power was minimised, while satisfying the required bit

rate of each user in OFDMA systems by proposing a sub-carrier allocation strategy.

Simulation results showed a superior performance of the proposed system in com-

parison with traditional methods. The authors of [50] developed the performance

upper bound and heuristic algorithms for sub-carrier and slot allocation. The per-

formance of the proposed algorithms was improved significantly, as demonstrated in

the simulation results.

The authors of [51] and [52] investigated the maximisation problem of continu-

ous and discrete ergodic weighted sum rates of OFDMA systems, subject to power

and BER constraints, with a partial channel state information (CSI). Numerical and

simulation results showed the achievement of the required bit rates by users in a high

percentage ratio. In addition, three strategies for OFDMA systems were proposed

by [53], [54] and [55], in order to tackle the resource allocation problem over multi-

cells, relay networks and WiMAX environments. The claim of authors has been

proved by the numerical and simulated results presented. In [56], the holes exit

between the frequency bands of multi-primary-user was studied, and a new user, bit

and power allocation algorithm, was introduced for OFDMA based cognitive radio

systems. Simulation results demonstrated that the performance of the investigated

algorithm outperformed the equal resource distributed methods. On the other hand,

the total transmit power was optimally minimised in [57], by presenting a multiuser

sub-carrier, bit and power allocation strategy for OFDMA systems which employed
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the adaptive modulation technology. In addition, a throughput maximisation prob-

lem subjected to packet error rate constraints was investigated in [58]. The proposed

algorithm which solved this problem was based on the varying data rate and pay-

load size. In [59], adaptive bit loading and power allocation algorithms based on

mutual information for coded OFDM systems were introduced, in order to max-

imise the average system throughput under the packet error rate constraint. In [60],

a developed resource allocation strategy was introduced. In one data stream, this

strategy considered multiple BER requirements for different types of packet to over-

come the channel estimation error caused by Doppler shift in the high speed train

environment. The authors of [61] investigated the problem of power assignment

and sub-carrier allocation in a two-cell downlink OFDMA system in presence of the

multi-cell interference. The proposed strategy considered the effects of multi-cell

interferences on the resource allocation.

It is observed that the maximisation and minimisation problems are often com-

plex and require high complexity algorithms to be solved. Therefore, numerous com-

plex issues have been tackled by decoupling the main problem into sub-problems, and

solving each one individually following the decomposition method [62]. The authors

of [63], [64] and [65] divided the complex maximisation problem into sub-problems

and solved each one individually, by proposing independent algorithms. In [66], a

resource allocation strategy was proposed to maximise the sum rate of homogeneous

OFDM systems under the constraints of delayed and non-delayed traffic. Numerical

results showed the performance of the proposed strategy in terms of service outage

probability, transmission rate and multiuser diversity for both constraint conditions.

The division of the transmitted OFDMA frame into chunks depending on the

frequency coherence bands of the channels was adopted by [67], to introduce a

resource allocation strategy for OFDMA systems subject to BER and SNR con-

straints. A comparison between the performance of BER-constraint algorithms and

SNR-constraints has been presented through the results. Additionally, a combi-

nation of cooperation and resource allocation strategies for OFDMA systems was

introduced by [68]. The complexity of these strategies increased linearly with the

increase in the number of sub-carriers.
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1.2.4 Resource Allocation for MIMO Based Systems

The authors of [69] and [70] have considered the ergodic capacity maximisation

problem for MIMO-OFDMA and MIMO-multi carrier(MC)-CDMA systems. In the

simulation results, the effect of the number of used antennas, path loss and differ-

ent user scenarios were studied. It was apparent that the MIMO-OFDMA system

outperformed the other scheme for delay sensitive applications. In [71], a dynamic

spatial sub-channel allocation strategy for MIMO-OFDMA systems was introduced.

This strategy selected the eigenvectors corresponding to the large value of spatial

sub-channel eigenvalues, to obtain the beamforming weight vector at the mobiles

and base stations. In [72], an efficient ordering approach for the detector of ordered

successive interference cancellation was presented. A BER minimisation problem

was adopted in the proposed approach, and was solved using the power control

methods. In contrast, three resource allocation algorithms for beamforming tech-

nology based on MIMO-OFDM systems were proposed and examined over multipath

fading channels, with perfect and imperfect CSI knowledge cases in [73]. In [74], the

maximisation of the sum rate in terms of performance, complexity, and fairness of

suboptimal resource allocation strategies was investigated. Two resource allocation

methods were introduced in sub-optimal models. In [75], a novel power alloca-

tion strategy for multiuser MIMO relay network was proposed. The interference is

cancelled by employing a combination of transmit-receive weights and Tomlinson

Harashima precoding. Additionally, the authors of [76] minimised the total trans-

mission power, while maintaining the required bit rate for each user. Simulation

results showed the superior performance of the proposed system over traditional

beamforming MIMO-OFDM schemes.

1.2.5 Scheduling for OFDMA Systems

In [77], a queue proportional scheduling (QPS) policy was adopted to achieve op-

timal throughput scheduling for OFDM systems over broadcasting channels. The

proposed algorithms were compared with different scheduling approaches, such as

maximum weight matching scheduling (MWMS). The authors of [78] presented a low

complexity QoS based proportional fairness policy for information packets schedul-

ing. The efficiency of the proposed scheduling algorithm was proven by the sim-

ulation results, which included the system throughput, queuing delay and packet
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dropping probability.

In [79], a combination of scheduling and resource allocation strategy for the

downlink of OFDM based mobile networks was introduced. Different scheduling

and resource allocation methods were compared with the proposed strategy in the

results presented. Moreover, a fair scheduling based resource allocation algorithm

was introduced for OFDMA systems in [80]. The optimality of the proposed algo-

rithm was shown in the provided simulation results. In [81], joint adaptive resource

allocation and cumulative density function (CDF) based scheduling strategies were

presented for OFDMA systems. The simulation results showed that the proposed

strategy outperformed the related conventional approaches. In contrast, a cross-

layer scheduling and resource allocation strategy for space time block coding based

MIMO-OFDMA systems with imperfect knowledge of CSI was proposed in [82]. The

aim of this strategy was to maximise the system throughput which had been verified

by the simulation results. Additionally, a low complexity scheduling strategy based

on genetic algorithms was extended to work with MIMO-OFDM systems, and devel-

oped to tackle the problem of exhaustive computations required for dirty paper cod-

ing in [83]. Simulation results demonstrated that the performance of the proposed

strategy was better than the conventional dirty paper coding based MIMO-OFDM

systems. In [84], the utility maximisation problem in the downlink mesh OFDMA

networks was investigated. This problem has been formulated as a cross-layer design

of rate control and OFDMA scheduling. It exhibited the rate-control problem at

the transport layer and the scheduling problem at the media access control/physical

layer. The authors of [85] formulated an optimisation problem for secure resource

allocation and scheduling in OFDMA decode and forward relay networks in terms

of artificial noise generation in slow fading. The investigated optimisation problem

has been solved in a highly scalable resource allocation algorithm based on dual

decomposition.

On the other hand, a scheduling and resource allocation strategy for uplink

OFDMA based broadband networks was proposed in [86]. Analysis of the complexity

and performance of the presented algorithms was provided in the results. In [87],

an advanced scheduling algorithm for AMC based systems was introduced, in order

to maximise the resulting throughput. In addition, the authors of [88] introduced a

combination of threshold based power allocation and multiuser scheduling schemes

for downlink transmissions, to maintain the unacceptable users. Simulation results,
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in terms of BER as a function of SNR, were provided to show the achieved gain of

the proposed strategy in comparison with the traditional approaches.

1.3 Research Gap

In terms of the AMC strategies in the literature [19]-[37], the same MCS for all

sub-carriers, different MCS for each sub-carrier and dividing the OFDM frame into

fixed sub-bands methods were adopted regardless the coherence bandwidth of the

experienced channels. These methods presented an enhancement in the performance

on the cost of bandwidth, capacity and high complexity. In contrast, most of the

introduced resource allocation strategies, [41]-[76], considered the Shannon capacity

formula, which provides inaccurate expectation to the real available channel capac-

ity. Additionally, these strategies have not adopted the changeable coding rates, yet

the uncoded or fixed coding rate systems. On the other hand, the presented user

scheduling algorithms, [77]-[87], focused on sorting the data packets and solving the

traffic problem and ignored the fairness in user data serving.

It is important to note that the research work so far, [19]-[87], focused on solving

the problems of the channel bandwidth exploiting, resource allocation and trans-

mission traffic. This was carried out by proposing different AMC, resource alloca-

tion and user scheduling strategies, in which the individual related problems were

solved. However, in practical systems all these issues, which can be changed from

transmission environment to other depending on the channel conditions and avail-

able resources, are existed at the same time. Therefore, the need for introducing

communication systems that are able to deal with the existing problems is increased.

The objective of this thesis is to introduce comprehensive OFDM and OFDMA

systems based on combining the proposed AMC, resource allocation and user schedul-

ing strategies that can solve the limitation problems of exploiting the channel band-

width and available resources efficiently. These strategies have been designed based

on developed software engineering life cycle models. In contrast, the modulation

types and coding rates of the proposed strategies can be changed for each group

of sub-carriers, i.e. sub-channel, individually based on the related channel con-

dition and resource constraints within each transmitted OFDM/OFDMA frame in

order to increase the channel adaptation flexibility. Additionally, the average system

throughput, presented as a new cost function, is maximised and the transmission
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user traffic problem with fairness service has been tackled.

1.4 Contributions

The aim of this thesis is to design OFDM and OFDMA based wireless communi-

cation systems, which adapt to different channel conditions for SISO and MIMO

technologies in order to maximise the average system throughput. This has been

accomplished by proposing different algorithms for the AMC techniques, resource

allocation and user scheduling. The target of these algorithms is to improve the

average throughput performance of such systems, in which the related channel con-

ditions and transmission power constraints are satisfied.

In terms of AMC for OFDM systems, numerous algorithms and methods have

been introduced by many researchers, such as [19], [20], [25], in order to improve the

throughput performance of these systems. The proposed AMC strategy is different

from the existing work, as it divides the transmitted OFDM frame into sub-channels,

which includes the same number of sub-carriers, depending on the measured fre-

quency coherence bandwidth. Each sub-channel selects the suitable MCS based on

the corresponding SNR value, in which the expected BER is achieved. The min-

imum SNR of the involved sub-carriers in each sub-channel is selected to be the

sub-channel SNR value. Additionally, a developed software engineering life cycle

model is considered to design the proposed AMC strategy. This strategy employs

two MCS scenarios. The first one utilises two digital mapping types of quadrature

phase shift keying (QPSK) and sixteen states of quadrature amplitude modulation

(16-QAM), combined with three low density parity check (LDPC) coding rates of

1/2, 3/2 and 3/4. The second scenario uses three modulation types of QPSK, 16-

QAM and 64-QAM, combined with three convolutional coding rates of 1/2, 3/2

and 3/4. These modulation types and coding methods are adopted following the

WiMAX standard of IEEE802.16e. In contrast, the proposed strategy is expanded

for SISO and spatial multiplexing MIMO based OFDMA technologies. It is also com-

bined with a novel pilot adjustment scheme which reduces the number of utilised

pilots for channel estimation in each sub-channel, and replaces the redundant pi-

lots with additional data sub-carriers in order to improve the average throughput

performance instead of designing a pilot pattern expressed by [31] and [32]. This is

carried out based on the measured frequency coherence bandwidth computed using
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the autocorrelation operation between the neighbouring sub-carriers, the variance

of the SNR fluctuation values and the minimum SNR for each sub-channel over the

involved sub-carriers. It is important to note that the OFDM and OFDMA which

use the full number of pilots are called fixed sub-channelling systems, while the rest

are dynamic sub-channelling systems.

On the other hand, the proposed resource allocation strategy for single-cell down-

link SISO/MIMO based OFDMA systems allocates the available resources including

users, power and information bits optimally amongst the transmitted sub-carriers.

This is to improve the average system throughput, in which the channel conditions

and power constraints are satisfied. A developed software engineering life cycle

model is introduced to design the proposed resource allocation strategy. This strat-

egy has been introduced as a throughput maximisation problem, which is solved by

providing two approaches. The first approach, called optimised, tackles the investi-

gated problem optimally using Lagrange multipliers method with high complexity.

Additionally, the second approach, called decoupled, divides the considered problem

into two sub-problems and presents a solution for each one individually based on

Lagrange multipliers method to reduce the computational complexity in expense of

performance. The proposed resource allocation strategy is motivated by the existing

work of [38], [44], [48], [51], [69], [70] and [76] by the following key points. Firstly,

it is combined with the AMC strategy and pilot adjustment scheme in order to in-

crease the flexibility and adaptivity of the system. Secondly, it aims to maximise the

average throughput as a new cost function of spectral efficiency and BER, subject

to the constraints of power and channel conditions. Both spectral efficiency and

BER are evaluated for different modulation types, combined with distinct coding

rates selected for the sub-channels within each transmitted OFDM and OFDMA

frame based on the employed AMC technique. As a result, the modulation type and

coding rate can be changed instead of using adaptive modulation with/without fixed

coding rate [38]. Finally, the approximated BER evaluation approach presented by

[89] is developed to incorporate the employed channel coding.

User scheduling has been widely researched in order to solve the problems of in-

formation management, transmission traffic and priorities [77], [83] and [88]. In this

thesis, the proposed user scheduling algorithm considers the user scheduling with

the proportional queuing method. It sorts the users into different queues depending

on their priority levels, and then selects the best user in each queue, in which the av-
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erage throughput of the applied system is maximised. In contrast, the empty queues

are employed to serve the users with high priority levels to offer more bandwidth for

them. The proposed scheduling algorithm differs from the literature work in three

aspects. Firstly, it has been combined with the proposed resource allocation, AMC

method and pilot adjustment scheme to produce a cross-layer strategy that works

through three different layers, which are data link, media access control (MAC) and

the physical layers. Secondly, it arranges different users within each queue based on

their priority levels instead of utilising a queue for the data of each user. Finally,

the proposed strategy is designed based on a developed life cycle model to provide

it with high scalability, extendibility and portability.

In summary, the contribution of the work can be listed as:

1. In Chapter two, a novel fixed and dynamic sub-channelling based AMC strat-

egy for OFDM and OFDMA systems has been introduced to improve the

system throughput.

2. In Chapter three, a new resource allocation strategy for SISO-OFDMA systems

was produced to maximise the average system throughput.

3. In Chapter four, the SISO based resource allocation strategy has been ex-

panded for spatial multiplexing MIMO-OFDMA systems to maximise the av-

erage system throughput by exploiting the available MIMO channel diversity

and resources.

4. In Chapter five, a user scheduling algorithm has been proposed to maximise

the throughput performance of OFDMA systems and solve the transmission

traffic problems.
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1.6 Thesis Outline

1.6 Thesis Outline

The thesis is organised as follows:

Chapter 2 presents the proposed AMC technology for OFDM and OFDMA sys-

tems based on a developed software engineering life cycle model. It also introduces

dynamic and fixed sub-channelling based on the proposed pilot adjustment scheme

for such systems. Simulation results are included and discussed for various channel

profiles.

Chapter 3 focuses on the proposed resource allocation strategy for SISO-OFDMA

systems. It includes the developed software life cycle model, used for designing

the proposed strategy. The related simulation results are provided to assess the

performance of the investigated systems over different channel conditions.

Chapter 4 introduces the expansion of the proposed resource allocation strategy

to MIMO technology based OFDMA systems, with a discussion of the corresponding

simulation results.

Chapter 5 provides the proposed developed software engineering life cycle model

based user scheduling algorithm, which is combined with the introduced AMC and

resource allocation strategies. All of the related simulation results and discussions

are included in the final part of this Chapter.

Chapter 6 conclusions and future work are drawn.
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Chapter 2

AMC Software Algorithms for

OFDM and OFDMA Systems

As highlighted earlier, the AMC technologies are considered for the modern com-

munication systems in order to efficiently exploit the channel capacity with high

transmission rates and low errors. This Chapter introduces the proposed AMC

strategy for downlink OFDM and OFDMA systems. It also describes the presented

pilot adjustment scheme that employs the measured frequency coherence bandwidth,

SNR and the variance of SNR fluctuation values of each sub-channel to reduce the

number of required pilots for channel estimation. Consequently, the reduced pilots

are replaced with additional data sub-carriers in order to increase the average sys-

tem throughput. It is important to note that the proposed methods are based on a

developed software engineering life cycle model. In this Chapter, two MCS scenarios

are adopted. The first one utilises the digital mapping methods of QPSK, 16-QAM

and 64-QAM combined with three LDPC based coding rates of 1/2, 2/3 and 3/4.

Furthermore, the second scenario uses three mapping methods of QPSK, 16-QAM

and 64-QAM associated with convolutional based coding rates of 1/2, 2/3 and 3/4

[90]. The provided simulation results investigate the performance of the introduced

AMC strategy for OFDM and OFDMA systems over different channel conditions.

The proposed AMC strategy and pilot adjustment scheme are different from ex-

isting research works of [19]-[37] in numerous aspects. Firstly, the proposed AMC

strategy exploits the detected frequency coherence bandwidth to divide the trans-

mitted OFDM frame into sub-channels with the same number of sub-carriers. Then

each sub-channel selects the optimal MCS option. Secondly, the pilot adjustment
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2.1 Developed Life Cycle Model for AMC
Algorithm

scheme reduces the number of pilots in each sub-channel depending on the mea-

sured coherence bandwidth, SNR, and the variance of the SNR fluctuation values.

Subsequently, the redundant pilots are replaced by additional data sub-carriers in

order to increase the data transmission rate.

2.1 Developed Life Cycle Model for AMC

Algorithm

The proposed AMC strategy is designed based on a developed software engineering

life cycle methodology. This life cycle methodology is structured based on a cyclic

evolutionary methodology [17], [18]. Moreover, it includes four phases, which are

requirements, design, implementation and testing.

Fig. 2.1 explains the block diagram of the considered software life cycle. At the

transmitter side, the collection of the system requirements, such as the transmitted

data and the required CSI, have been performed by the first block. Additionally, the

second block designs the optimal system structure, in which the requirements can

be satisfied. The designed structure is implemented using the available software.

Subsequently, the implemented algorithm is tested over different channel conditions

and the obtained results at the receiver side show the performance. Therefore, the

testing phase is included in two stages, which are the channel and receiver. In

contrast, the feedback information is returned from the receiver to the transmitter

using CSI that allows the first three phases of the transmitter to address the required

corrections and developments.

2.2 Fixed Sub-Channelling AMC-OFDM

The key contribution of the proposed AMC strategy for the fixed sub-channelling

based AMC-OFDM (FS-AMC-OFDM) systems is to exploit the detected frequency

coherence bands of the channel in order to divide the downlink single user OFDM

frame into sub-channels that include the same number of data and pilot sub-carriers.

Subsequently, each individual sub-channel chooses the suitable MCS. In order to

estimate the channel coefficients efficiently, pilots are inserted and interleaved across

the data sub-carriers using the well known comb method [11]. As mentioned before,
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 System Requirements: Collect the 
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           receiver
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Figure 2.1: The developed software life cycle for the proposed AMC algorithm.
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Figure 2.2: OFDM frame structure.

the AMC strategy employs two MCS scenarios, each of which exhibits ten MCS

options.

2.2.1 FS-AMC-OFDM System Model

This Section outlines the proposed FS-AMC-OFDM system. The transmitted OFDM

frame of the proposed system contains NFFT sub-carriers, which are divided into Np

pilots, Nd data, and Ng guard sub-carriers as shown in Fig. 2.2 [91], [92].

The data and pilot sub-carriers are distributed equally into groups, called sub-

channels, corresponding to the number of detected frequency coherence bands, Ncoh,

of the channel as explained in Fig. 2.3. Each sub-channel adopts a distinct MCS

and contains ξd(m) = Nd/Ncoh data and ξp(m) = Np/Ncoh pilot sub-carriers, where

m = {1, ..., Ncoh} is the index of the sub-channels. The utilised MCS options are
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Figure 2.3: OFDM frame sub-channelling.

numbered and the number of the selected MCS for each sub-channel is returned

to the transmitter via the feedback CSI instead of sending the entire channel co-

efficients, which leads to reduce the size of the feedback information. The CSI is

assumed to be sent using time division duplex (TDD) link. The process of sending

the feedback information over TDD link requires a limited time, which restricts the

continuous transmission. In this work, a Mobile WiMAX IEEE 802.16e system is

considered for downlink OFDM system with the parameters listed in Table 2.1.

Table 2.1: System parameters

No Parameter Value

1 Bandwidth 20 MHz

2 Number of FFT 2048

3 Number of data carrier 1440

4 Number of pilot carrier 240

5 Number of guard sub-carrier 368

6 Cyclic prefix 1/4

The transmitter comprises three main blocks as shown in Fig. 2.4. The first and

second blocks generates from the binary data different coded and mapped symbol

groups that are assigned to different sub-channels. The third block assembles the

OFDM frame from the mapped data and the pilots, which are modulated using

binary phase shift keying (BPSK) and inserted at uniform positions in a range of

ξd(m)
ξp(m)

using a comb approach. This type of modulation is selected to guarantee the

sensitivity to channel effects at both low and high SNR levels. The final part of the

transmitter implements the IFFT and CP insertion operations. The transmitted

OFDM frame can be mathematically represented as [3], [93]
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Figure 2.4: Transmitter block diagram of the proposed FS-AMC-OFDM system.

x(v) =
1√
NFFT

NFFT∑
n=1

X(n)e
j2πvn
NFFT , (2.1)

where x(v) are the transmitted OFDM waveform samples in time-domain, X(n) de-

notes the OFDM symbols assigned to each sub-carrier. In addition, v = {1, . . . , NFFT}

and n = {1, . . . , NFFT} are the time and frequency domain indices, respectively.

It is well known that there are many types of channels, such as time variant and

invariant channels for both fast and slow fading. The frequency response of these

channels can be more or less selective in terms of the corresponding sub-carriers

[2], [94], [95]. This selectivity can decrease the coherence bandwidth, which in turns

increases the utilised sub-channels in the proposed system. The frequency coherence

bandwidth of the channel can be evaluated either as a function of the root mean

square (RMS) delay value, Drms [10]

Bcoh =
1

50Drms

, (2.2)

or by measuring the correlation values between the channel coefficients correspond-

ing to the neighbour sub-carriers, in which these values should be over 0.9 [36]. It

is important to note that the correlation method is adopted in this thesis. Fig. 2.5

demonstrates the impulse and frequency response of the utilised channel with 20

MHz bandwidth suited to propagate one OFDM frame. This channel model is gen-

erated randomly to simulate an urban area channel under three conditions. Firstly,

the attenuation values are formed in Rayleigh distribution and the phase is uni-

formly distributed. Secondly, the frequency selectivity is low, in which this channel

should exhibit coherence bandwidth. Finally, this channel is varied slowly. There-

fore, the generated channels are time-varying but flat in terms of attenuation for all

sub-carriers within the same band and correlated between subsequent symbols

The receiver structure is illustrated in Fig. 2.6. After the CP has been removed
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Figure 2.5: Channel model.

and applying the FFT operation, the received OFDM frame can be mathematically

represented as

Y (n) = X(n)H(n) +W (n), (2.3)

where Y (n), X(n), H(n) and W (n) are the received, transmitted, corresponding

channel coefficients and additive white Gaussian noise (AWGN) samples, respec-

tively. Following the FFT operation, the pilots are extracted from the received

OFDM frame. These pilots are utilised in the Channel Estimation and CSI unit

to estimate the channel coefficients for each sub-channel using the well-known least

square (LS) method [96]. Moreover, the SNR value is evaluated and the decision of

suitable MCS for each sub-channel is taken for each sub-channel, individually. This

unit also measures the coherence bandwidth of the estimated channel to specify the

number of sub-channels for the next OFDM frame. Finally, the data are demod-

ulated and decoded according to the selected MCS at the transmitter using soft

maximum log-likelihood (ML) demapper and either Viterbi or LDPC decoder [4],

[5], [93]. The feedback CSI can reduce the available channel bandwidth due to the

waiting CSI delay. The overhead analysis of the feedback CSI has been considered.
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Figure 2.6: Receiver block diagram of the proposed FS-AMC-OFDM system.

2.2.2 Feedback CSI Analysis for FS-AMC-OFDM

The feedback CSI includes the numbers, which are set as a vector, of the optimal

MCSs selected for different sub-channels. It is important to note that the optimal

MCS for each sub-channel is selected based on the minimum SNR value among the

involved sub-carriers in such sub-channel. Then, this minimum SNR is selected to

be the sub-channel SNR value.

At the transmitter, the number of the detected coherence bands can be obtained

from the length of the returned MCS vector. As mentioned before, CSI is assumed

to be returned using TDD link. The use of a TDD link to feedback the CSI implies

that the required time for each feedback CSI transmission, TCSI , can reduce the

system effective bandwidth. This time is based on the bit rate and the size of CSI.

The bit rate for m-th sub-channel in (bit/s) can be calculated as

RB(m) = ρ(m)ξd(m)
BT

NFFT

, ∀m ∈ {1, ..., Ncoh}, (2.4)

where BT is the total channel bandwidth and ρk(m) is the spectral efficiency for the

m-th sub-channel in (bps/Hz) that is given as

ρ(m) = Rc(m) log2[M(m)], (2.5)

where Rc(m) and M(m) are the selected coding rate and modulation order for the

m-th sub-channel, respectively. Consequently, the required number of bits that

cover the feedback information for each sub-channel is NB,CSI(m) = 4 (bit) as there

are ten MCS levels. As a result, the required time for feeding back CSI of each
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sub-channel, TCSI(m), can be calculated as

TCSI(m) =
NB,CSI(m)

Rb(m)
. (2.6)

From (2.6), the effective channel bandwidth is evaluated as

Beff = Nd

BT −
∑Nsc

m=1
1

TCSI(m)

NFFT

, (2.7a)

= Nd

[BT −BCSI

NFFT

]
, (2.7b)

where BCSI , is the total bandwidth of the required feedback CSI for all sub-channels.

It should be noted that the channel is assumed to be constant for more than TCSI ,

which is the time required for sending back the CSI, to guarantee that the CSI is

still valid for the next OFDM frame.

2.2.3 Proposed AMC Strategy for OFDM

The key novelty of the proposed AMC strategy is the introduction of distinct MCSs

that correspond to the detected frequency coherent sub-channels. In other words, the

correlation between the channel coefficients is considered to allocate the frequency

bands and then selects the optimal MCS for each one independently. At the receiver,

channel and SNR estimation as well as the decision on MCS selection for each

sub-channel are performed. Additionally, the frequency coherence bandwidth is

measured. The channel estimation is implemented for each sub-channel individually

using the LS method as [96]

Ĥp =
Yp

Xp

, (2.8)

where Ĥp is the vector of the estimated channel values corresponding to the pilots,

Xp is the known transmitted pilot symbols, and Yp are the received pilot symbols

after the FFT operation. The final channel values are obtained by implementing

the 1st order interpolation methods as

Ĥd(r + s) =Ĥp(r) +
s Np

Nd

[Ĥp(r + 1)− Ĥp(r)], ∀s ∈ {1, ..., Nd

Np

}, (2.9)
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where Ĥd(r + s) represents the estimated channel values that corresponding to the

data sub-carriers between the pilots and r ∈ {1, ..., Np} is the pilot index. In this

work, the channel estimation error is considered as additional noise. Thus the re-

ceived signal of the data sub-carriers can be written as [36]

Yd = XdĤd +Xd[Hd − Ĥd] +Wd, (2.10)

where Xd and Yd are the transmitted and received data sub-carriers, respectively.

The term Wd is the corresponding AWGN samples.

On the other hand, the SNR value of the z-th data sub-carrier within the m-th

sub-channel in terms of the channel estimation error is evaluated as

γ(m, z) =
E{|Ĥd(m, z)|2|Xd(m, z)|2}

E{|Hd(m, z)− Ĥd(m, z)|2|Xd(m, z)|2 + |Wd(m, z)|2}
, (2.11a)

= Ps(m)
|Ĥd(m, z)|2

σ2
d(m)Ps(m) + σ2

Wd(m,z)(m)
, ∀z ∈ {1, ..., ξd(m)}, (2.11b)

where σ2
Wk,d(m,z) is the variance of AWGN samples, Ps(m) = E{|Xd(m, z)|2} is the

average symbol power and σ2
d(m) is the variance of the square error (SE) of the

estimated channel. In practice, E{|Ĥd(m, z)|2} can be replaced by its instantaneous

value of |Ĥd(m, z)|2. The minimum SNR of each sub-channel is selected to guarantee

that the required performance is maintained as

γmin(m) = min{γ(m, z)}. (2.12)

In literature, the selection of the best SNR is varied between minimum, mean and

maximum values. Each method deals with different design criterion and surrounding

conditions. In this work, the minimum value is selected to guarantee that the worst

case of the channel coefficients corresponding to sub-carriers included in each sub-

channel is tackled. In contrast, the coherence bandwidth, Bcoh, is measured by

computing the correlation values between the neighbour channel coefficients in the

frequency domain. By assuming that the correlation between the channel coefficients

with respect to the channel estimation error depends only on Bcoh, the correlation

values can be obtained as
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ΛBcoh
(β) =

E{[Ĥd(f) + ϱd(f)−ϖ[Ĥd(f)+ϱd(f)]
]

E{|Ĥd(f) + ϱd(f)|2}

· [Ĥd(f + β) + ϱd(f + β)−ϖ[Ĥd(f+β)+ϱd(f+β)]]
∗},

(2.13)

where ϖĤd(f)
and ϖĤd(f+β) are the mean values of the frequency response of the

channels. The terms ϱd(f) = Hd(f)− Ĥd(f) and ϱd(f +β) = Hd(f +β)− Ĥd(f +β)

are the estimation errors of the channel, f is the frequency index and β is the

correlation lag. The uniformly distributed phases of the Rayleigh fading channels

result in Ĥd(f) and Ĥd(f + β) to be zero-mean, thus, (2.13) can be rewritten as

ΛBcoh
(β) =

E{[Ĥd(f) + ϱd(f)][Ĥd(f + β) + ϱd(f + β)]∗}
σ2
Ĥd(f)+ϱd(f)

, (2.14)

where σ2
Ĥd(β)+ϱd(β)

= E{|Ĥd(β) + ϱd(β)|2} represents the channel variance within a

sub-band in terms of the channel estimation error. By varying β iteratively while

keeping the correlation value over 0.9, the coherence bandwidth can be obtained,

where the channel attenuation value for frequencies separated by Bcoh or less, are

nearly equal.

It is important to note that the coherent time of the channel is assumed to be

more than the time required for measuring the coherence bandwidth and sending

back the CSI, TCSI . In other words, the channel is assumed to be almost constant

for more than TCSI . After obtaining Bcoh, the number of sub-channels corresponding

to the detected coherence bands is evaluated as

Ncoh ≈ BT

Bcoh

. (2.15)

From (2.12) and the LDPC based MCS scenario, the suitable MSC of each sub-

channel in the next OFDM symbol is selected at the receiver according to Table 2.2.

The SNR threshold values shown in this table are achieved from the simulation

results of the utilised MCS levels over Rayleigh fading channel at BER level of 10−5

following [97].

It is important to note that this work follows the IEEE802.16e standard, which

includes the LDPC coding method with limited range of the allowed codewords sizes
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Table 2.2: SNR threshold values for different LDPC based MCS options

Modulation type Code rate Threshold SNR (dB)

No transmission γmin(m) < 2

QPSK 1/2 2 ≤ γmin(m) < 5.6

QPSK 2/3 5.6 ≤ γmin(m) < 8.2

QPSK 3/4 8.2 ≤ γmin(m) < 10.5

16-QAM 1/2 10.5 ≤ γmin(m) < 11.9

16-QAM 2/3 11.9 ≤ γmin(m) < 12.5

16-QAM 3/4 12.5 ≤ γmin(m) < 14.2

64-QAM 1/2 14.2 ≤ γmin(m) < 15.5

64-QAM 2/3 15.5 ≤ γmin(m) < 16.3

64-QAM 3/4 γmin(m) ≥ 16.3

of [576, 672, ...., 2304] in increment of 96. This limitation can restrict the flexibility

of utilising the available MCS options. Therefore, the second MCS scenario that is

established on the recommended convolutional coding method is adopted as there

are no specific sizes of the resulting codewords. The selection of the suitable con-

volutional based MCS for each sub-channel assigned to a coherence band based on

the corresponding minimum SNR value is based on Table 2.3 [98], [99].

Table 2.3: SNR threshold values for distinct convolutional based MCS options

Modulation type Code rate Threshold SNR (dB)

No transmission γmin(m) < 4

QPSK 1/2 4 ≤ γmin(m) < 10.25

QPSK 2/3 10.25 ≤ γmin(m) < 13.25

QPSK 3/4 13.25 ≤ γmin(m) < 14.52

16-QAM 1/2 14.52 ≤ γmin(m) < 16.1

16-QAM 2/3 16.1 ≤ γmin(m) < 20.25

16-QAM 3/4 20.25 ≤ γmin(m) < 22.5

64-QAM 1/2 22.5 ≤ γmin(m) < 28.5

64-QAM 2/3 28.5 ≤ γmin(m) < 39.1

64-QAM 3/4 γmin(m) ≥ 39.1

The diversity of the fading values for distinct sub-channels and MCS selection

is expected to improve the average system throughput, ψav. The term ψav is eval-

uated by averaging the throughput of Nfr transmitted OFDMA frames, ψg, where

g = 1, ..., Nfr, is the frame index. This enhancement is the result of increasing the
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average spectral efficiency, ρ(m), expressed by (2.5), for each sub-channel individu-

ally. The system throughput for the g-th OFDMA symbol can be mathematically

expressed as

ψg =

Ncoh∑
m=1

ξd(m)ρ(m)[1− Pe(m)], (2.16)

where Pe(m) denotes the BER value of each sub-channel. Additionally, the reduction

of Pe(m) can lead to an increase in the system throughput, as shown in (2.16).

2.3 Dynamic Sub-Channelling AMC-OFDM

A dynamic sub-channelling (DS) for downlink single user AMC based OFDM system,

called DS-AMC-OFDM, is provided in this Section. This is carried out by proposing

a pilot adjustment scheme that reduces the utilised pilots for channel estimation of

each sub-channel according to the measured channel coherence bandwidth and the

related SNR value. Furthermore, the unused pilots for each sub-channel are replaced

by additional data sub-carriers, in which the sum of data and pilot sub-carriers in

each band is kept the same. The number of the required pilots and optimal MCS

level of each sub-channel is returned to the transmitter utilising the feedback CSI.

As a result, the system throughput is improved by increasing the data transmission

for the sub-channels with stable profiles.

In order to describe the investigated system structure and the proposed algo-

rithm, this Section is divided into three parts.

2.3.1 DS-AMC-OFDMA System Model

This Section considers the developments applied to the receiver structure of the FS-

AMC-OFDM system shown in Fig. 2.6 [8], [100]. The transmitter block diagram of

the proposed FS-AMC-OFDM system is adopted by the DS-AMC-OFDM system.

The only difference is that the number of the pilot and data sub-carriers can be

reduced or increased for each sub-channel. The number of required pilots is included

in the feedback CSI.

Fig. 2.7 illustrates the receiver of the DS-AMC-OFDM system. From this figure,

the number of the pilot and data sub-carriers for each sub-channel is adjusted in the

Pilot Adjustment block. The main function of this block is to decide the optimal
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Figure 2.7: Receiver block diagram of the proposed DS-AMC-OFDM system.

number of the data and pilot sub-carriers across the sub-channels individually by

applying the proposed pilot adjustment scheme. Moreover, the other blocks of the

receiver have the same functions of the FS-AMC-OFDM system. For stable channel

profiles, the number of utilised pilots is reduced and the available size from this

reduction is filled with additional data symbols at the transmitter to increase the

system throughput. The selected number of the pilots of each sub-channel is included

in the feedback CSI.

2.3.2 Proposed Pilot Adjustment Scheme for DS-AMC

-OFDM

As mentioned earlier, the proposed DS-AMC-OFDM system is based on the intro-

duced pilot adjustment scheme. This scheme reduces the number of employed pilots

for channel estimation of each sub-channel assigned to a frequency coherence band

depending on the measured frequency coherence bandwidth and the related SNR

value. This technique can be divided into two parts to improve the readability of

the thesis as follows.

Problem Formulation

The proposed pilot adjustment scheme is based on the scalability of OFDM systems,

such as Mobile WiMAX, which endorses the variation of the number of pilots [92].

The throughput of the proposed system is improved by replacing unnecessary pilots
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within the sub-channels with additional information data streams. This reduction

in the number of pilots for each sub-channel depends on the measured coherence

bandwidth, Bcoh, and the minimum SNR, γmin(m), of the frequency bands. It is

important to note that the range of the pilot reduction value, Π(m), for each sub-

channel can be varied between zero and ξp(m)− 2. This value is evaluated as

Π(m) = ζ(m)Bcohγmin(m), (2.17)

where the terms δd(m) and δp(m) designate the new numbers of data and pilot

sub-carriers achieved after applying the proposed pilot adjustment scheme. These

values can be computed based on the pilot reduction value, Π(m), and the initial

numbers of the data and pilot sub-carriers for the m-th sub-channel, ξd(m) and

ξp(m), respectively, as

δd(m) = ξd(m) + Π(m), (2.18)

δp(m) = ξp(m)− Π(m). (2.19)

In addition, ζ(m) is a variable selected to satisfy the condition, mod [δd(m), δp(m)] =

0, that guarantees uniform distribution of new sets of pilot and data sub-carriers

within each sub-channel. The evaluation of ζ(m) is illustrated in Algorithm 1.

Step 1. Initialisation:
Set ζ(m) = 0.01
Step 2. New numbers of pilot and data sub-carriers evaluation:
foreach m do

Π(m) = ζ(m)Bcohγmin(m),
δd(m) = ξd(m) + Π(m),
δp(m) = ξp(m)− Π(m).

end
if mod [δd(m), δp(m)] = 0 then

Go to step 3
end
Increase ζ(m),
Go to step 2.
Step 3. End.
.

Algorithm 1: ζ(m) evaluation for DS-AMC-OFDM

Since the proposed strategy is locally implemented and the related information is

fedback to the transmitter via CSI, the receiver of each user is aware of the structure
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for the next OFDM frame in terms of the indices of the data and pilot sub-carrier for

each sub-channel. Therefore, there is no need for sending forward information from

the transmitter to the receiver regarding the structure of the transmitted OFDM

frame.

In contrast, the frequency coherence bandwidth, Bcoh, is evaluated following the

mathematical expressions of (2.13), (2.14) and the related explanations. Addition-

ally, γmin(m) can be computed based on (2.12).

Pilot Adjustment Algorithm

Algorithm 2 demonstrates the proposed pilot adjustment method. This algorithm

contains two levels of constraints. The constraints of the first level that can be

mathematically expressed as

Bcoh ≥ Beff

2Ncoh

, (2.20)

and

γmin(m) ≥ 10 dB, (2.21)

control the variation of the pilot and the data sub-carriers particularly at low SNR

levels, i.e. under 10 dB, where the channel estimation error is high due to noise

that effects the performance of the utilised LS method [101]. Therefore, the sys-

tem preferably uses the full number of pilots to recover the expected high channel

estimation error that influences the accuracy of the correlation operation of the co-

herence bandwidth measurements. Additionally, these constraints restrict the pilot

reduction for narrow frequency coherence bandwidth. It is important to note that

the two constraints values are selected empirically from simulations. This is accom-

plished by performing a huge number of simulation runs with a range of different

possible values and then selecting the optimal values. If the first level constraints are

satisfied, the proposed pilot adjustment algorithm continues to decrease or increase

the number of allocated pilots for the continuous transmitted OFDM frames. At

this stage, the pilot reduction value, Π(m), as well as the optimised new number of

data and pilot sub-carriers for each sub-channel are achieved following (2.17)-(2.19).

The acceptance of the refined number of the utilised pilots for each sub-channel

is controlled by the second level constraint of
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Υ(m) ≤ 0.001. (2.22)

This constraint, which is also evaluated empirically from simulations, can decide

either the new number of pilots is enough or not based on the channel estimation

error, Υ(m), between the MSE of full-use of pilots, MSE(full)(m), and the proposed

scheme, MSE(prop)(m). The Υ(m) can be evaluated as

Υ(m) =MSE(full)(m)−MSE(prop)(m). (2.23)

Step 1. Parameter Evaluations:
foreach m do

Compute Bcoh using (2.14).
Compute γ(m, z) using (2.11).
Compute γmin(m) using (2.12).

end
Step 2. First level constraints:
foreach m do

if Bcoh ≥ Beff

2Ncoh
,

γmin(m) ≥ 10 dB. then
Π(m) = ζ(m)Bcohγmin(m),
δp(m) = ξp(m)− Π(m),
δd(m) = ξd(m) + Π(m),
The second level constraint:
if Υ(m) ≤ 0.001. then

Go to step 3.
end
else

Transmit with full-use of pilots.
Go to step 3.

end

end
else

Transmit with full-use of pilots.
Go to step 3.

end

end
Step 3. Feedback CSI Generation:
Return δp(m) and the number of the selected MCS to the transmitter.
.

Algorithm 2: Pilot adjustment algorithm for DS-AMC-OFDM

The refined number of the pilots and the selected MCS number of each sub-

channel are included in the corresponding feedback CSI to enable the required ad-

justment at the transmitter.
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2.3.3 Feedback CSI Analysis for DS-AMC-OFDM

The same feedback CSI overhead analysis of FS-AMC-OFDM system is applied for

DS-AMC-OFDM with additional information bits that express the adjusted num-

ber of pilots of each sub-channel for performing the channel estimation efficiently.

Therefore, the required number of bits that cover the feedback information for the

m-th sub-channel is evaluated as

NB,CSI(m) = NB,MCS(m) +NB,ps(m), (2.24)

where NB,MCS(m) is the required number of bits to represent the selected MCS

for the m-th sub-channel. Additionally, NB,ps(m) denotes the maximum number

of bits required to transmit the optimal number of pilots used for efficient channel

estimation in each sub-channel. In this case, the consumed bandwidth for feedback

CSI is dramatically increased and, as a result, the performance of the proposed DS-

AMC-OFDM system is also affected. Additionally, the effective bandwidth can be

evaluated based on the refined number of data sub-carriers for each sub-channel,

δd(m), as

Beff =
[ M∑
m=1

δd(m)
][BT −

∑M
m=1

1
TCSI(m)

NFFT

]
, (2.25a)

=
[ M∑
m=1

δd(m)
][BT −BCSI

NFFT

]
. (2.25b)

2.4 Fixed Sub-Channelling AMC-OFDMA

The proposed AMC strategy applied for fixed sub-channelling based downlink single

user OFDM system has been expanded to accommodate the dimension of multiuser

transmission. In this case, the investigated system that employs such strategy is

called FS-AMC-OFDMA. Furthermore, the OFDMA frame is divided into sub-

channels and each sub-channel is assigned to a user. Therefore, the numbers of

sub-channels and users are identical and different MCS options are selected for the

involved users depending on the related SNR values.
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2.4.1 FS-AMC-OFDMA System Model

Fig. 2.8 illustrates the block diagram of FS-AMC-OFDMA system. Throughout

this work, the scenario of a downlink transmission from a base station (BS) to a

set of K users is adopted. The investigated system allocates each user to a single

sub-channel so that fair service is guaranteed for all users [67], [65], [70]. The mobile

WiMAX standard is also adopted as a reference.
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Figure 2.8: Block diagram of an FS-AMC-OFDMA system.

All M sub-channels contain the same number of data and pilot sub-carriers

according to the principle of fair service [65]. Thus, the number of data sub-carriers,

ξdk(m), allocated to user k over sub-channel m is given by ξdk(m) = Nd/K, for any

k ∈ {1, ..., K}, whereas the number of pilot sub-carriers, ξpk(m), allocated to user k

over sub-channel m is given by ξpk(m) = Np/K, for any k ∈ {1, ..., K}.

At the transmitter, the same sequence of blocks and functions adopted by FS-

AMC-OFDM system is considered. Thus, the resulting OFDMA frame is composed

of K sub-streams of symbols, each of which corresponds to the data symbols of a

particular user k ∈ {1, ..., K}. Each sub-stream is encoded and modulated depend-

ing on the selected MCS. The optimal selection of the MCS for each sub-channel

assigned to a user based on the related SNR value is achieved following Table 2.2

for the LDPC based MCS scenario and Table 2.3 for the convolutional based MCS

scenario.

The channel profiles of pedestrian international telecommunication union (ITU)-

B, vehicular ITU-A and ITU-B have been considered with different mobility speeds

in order to achieve a wide range of user categories in terms of physical location and

mobility speed. The parameters of the considered channel profiles in terms of the

spread delay, τl, and power, Pl, for the [l]l∈{0,...,L−1}-th channel path are listed in

table 2.4 [102].
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Table 2.4: ITU channel parameters

Path
Pedestrian ITU-B Vehicular ITU-A Vehicular ITU-B

τl (ns) Pl (dB) τl (ns) Pl (dB) τl (ns) Pl (dB)

1 0 0 0 0 0 -2.5

2 200 -0.9 310 -1 300 0

3 800- -4.9 710 -9.0 8900 -12.8

4 1200 -8.0 1090 -10.0 12900 -10.0

5 2300 -7.8 1730 -15.0 17100 -25.2

6 3700 -23.9 2510 -20.0 20000 -16.0

At the receiver of the user k, the frequency-domain data sample Yk(m, z), z ∈

{1, ..., ξdk(m)}, corresponding to the z-th data sub-carrier of sub-channel m in pre-

science of channel estimation error is given by

Yk(m, z) = Xk(m, z)Ĥk(m, z) +Xk(m, z)[Hk(m, z)− Ĥk(m, z)] +Wk(m, z), (2.26)

where Xk(m, z) designates the symbol of user k transmitted over the (z)-th data

sub-carrier of sub-channel m, whereas the sample Hk(m, z) and Ĥk(m, z) represents

the real and estimated fading experienced by this particular sub-carrier, respectively.

The term Wk(m, z) is a complex Gaussian noise sample with zero mean. The SNR

value for the user k assigned to the sub-channel m is selected to be the minimum

value over the data sub-carriers within such sub-channel based on (2.12) as

γk,min(m) = min[γk(m, z)] = min

[
Psk(m)|Ĥk(m, z)|2

σ2
d,k(m)Psk(m) + σ2

Wk(m,z)(m)

]
, (2.27)

where Psk(m) is the power value of the coded and modulated symbol of the k-th

user. The terms σ2
Wk(m,z)(m) and σ2

d,k(m) = E{|Hk(m, z)−Ĥk(m, z)|2} designate the

variance of the AWGN samples and that of the MSE of the fading sample estimate,

respectively.

In contrast, the channel estimation for each sub-carrier is performed using LS

method [103]. Finally, the information regarding the selected MCS, that can be

referred to as feedback CSI, is sent from each user to the base station (transmitter)

after each transmitted OFDMA frame using a TDD uplink in order to overcome the

problem of outdated CSI. The feedback CSI is received by the base station with a

37



2.4 Fixed Sub-Channelling AMC-OFDMA

delay of Tk,CSI(m) seconds. In this work, it is assumed that the channel remains

constant for more than TCSI seconds, which is the total required time for feeding

back the CSI.

The system throughput for g-th OFDMA frame can be mathematically expressed

based on (2.16) as a function of the BER, Pek(m), and spectral efficiency, ρk(m), as

ψg =
K∑
k=1

M∑
m=1

φ(k,m)ξdk(m)γk,min(m)[1− Pek(m)], (2.28)

where φ(k,m) is an element in the user allocation matrix. Each row in this matrix

represents a user, while each sub-channel is addressed by a column. In this Chapter,

the sequential user allocation is considered, i.e. the first user is allocated over the

first sub-channel and so on.

2.4.2 Feedback CSI Analysis for FS-AMC-OFDMA

As highlighted before, the delay Tk,CSI(m) can significantly degrade the effective

bandwidth used for the transmission of data sub-carriers. The feedback delay

Tk,CSI(m) for each user k ∈ {1, ..., K} can be expressed based on (2.6) as

Tk,CSI(m) =
N

(k)
B,CSI(m)

Rb,k(m)
, (2.29)

where Rb,k(m) is the bit rate of the corresponding feedback link and N
(k)
B,CSI(m)

designates the number of bits that are required to cover the feedback CSI associated

with sub-channel m. The bit rate Rb,k(m) is given by Rb,k(m) = ρk(m)Bk, where

ρk(m) denotes the spectral efficiency of the m-th sub-channel assigned to the k-th

user and Bk is the bandwidth available for the same user. It can be shown that the

bandwidth required for feedback CSI, BCSI , can be expressed as a function of the

feedback delays Tk,CSI(m), k ∈ {1, ..., K} and m ∈ {0, ...,M}, using

BCSI =
K∑
k=1

M∑
m=1

φ(k,m)

Tk,CSI(m)
, (2.30)

where the user allocation matrix element φ(k,m) = 1 if the signal of user k is

transmitted over sub-channel m, and φ(k,m) = 0 otherwise. Based on the fair

service that allocates one user for each sub-channel, the constraints of
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K∑
k=1

φ(k,m) = 1, m = 1, ...,M, (2.31)

and
M∑

m=1

φ(k,m) = 1, k = 1, ..., K, (2.32)

are employed [70]. These constraints can guarantee the occupation of one user per

sub-channel. In contrast, the effective bandwidth can be computed based on (2.7).

2.5 Dynamic Sub-Channelling AMC-OFDMA

The proposed dynamic sub-channelling strategy, based on the introduced pilot ad-

justment scheme, has been also expanded to work with multiuser OFDM system,

which is called DS-AMC-OFDMA. As mentioned earlier, the FS-AMC-OFDMA

system allocates one user per sub-channel and the same aspect is followed by the

DS-AMC-OFDMA. In contrast, the pilot adjustment scheme includes the variance

of the SNR fluctuation values as a selectivity metric of the channels corresponding

to different users to reduce or increase the number of utilised pilots.

2.5.1 DS-AMC-OFDMA System Model

The receiver of the FS-AMC-OFDMA system shown in Fig. 2.8 is developed by

adding a new function to the Channel Estimation and CSI block. This function is

the evaluation of the variance of the SNR fluctuation values in addition to measure

the frequency coherence bandwidth and SNR for the estimated fading coefficients of

the experienced channel. These values are employed to obtain the optimal number

of pilot and data sub-carriers for each sub-channel.

2.5.2 Proposed Pilot Adjustment Scheme for DS-AMC-

OFDMA

An additional parameter, which is the variance of the SNR fluctuation values, has

been included in the pilot adjustment scheme for DA-AMC-OFDMA to measure the

selectivity of the corresponding channels. This sub-Section is divided into two parts

to ease the understanding of the presented scheme as follows.
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Problem Formulation

As highlighted earlier, the reduction in the number of pilots considers the user

channel measured coherence bandwidth, Bk,coh, the variance of the SNR fluctuation

values, σ2
k,Ξk(m,z)(m), and the minimum SNR, γk,min(m), of each sub-channel assigned

to a user. For the DS-AMC-OFDMA system, the pilot reduction value, Πk(m), is

computed as

Πk(m) = ζk(m)
Bk,cohγk,min(m)

σ2
k,Ξk(m,z)(m)

. (2.33)

The Πk(m) value amends the initial number of data and pilot sub-carriers, ξkd(m)

and ξkp(m), of the m-th sub-channel assigned to the k-th user as

δpk(m) = ξpk(m)− Πk(m), (2.34)

and

δdk(m) = ξdk(m) + Πk(m). (2.35)

On the other hand, the correlation value of the channel coefficients, used to

evaluate Bk,coh, can be rewritten in terms of multiuser dimension based on (2.14) as

ΛBk,coh
(β) =

E{[Ĥd,k(f) + ϱd,k(f)][Ĥd,k(f + β) + ϱd,k(f + β)]∗}
σ2
Ĥd,k(f)+ϱd,k(f)

. (2.36)

In addition, the variance of SNR fluctuation values for each sub-channel, σ2
k,Ξk(m,z)(m),

is evaluated as

σ2
k,Ξk(m,z)(m) = var[Ξk(m, z)], (2.37)

where Ξk(m, z) is the fluctuation value of the channel coefficient of the z-th data

sub-carrier within m-th sub-channel assigned to k-th user that can be evaluated

depending on the related estimated SNR, γk(m, z), and the average SNR value,

Γk,av(m) = E{γk(m, z)}, as

Ξk(m, z) = γk(m, z)− Γk,av(m). (2.38)
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Pilot Adjustment Algorithm

The pilot adjustment algorithm for DS-AMC-OFDMA system is illustrated in Al-

gorithm 3. This algorithm is established on Algorithm 2 with the consideration of

multiuser dimension and the variance of the SNR fluctuations values.

Step 1. Parameter Evaluations:
foreach k do

foreach m do
Compute Bk,coh using (2.36).
Compute σ2

k,Ξk(m,z)(m) using (2.37).

Compute γk,min(m) using (2.27)
end

end
Step 2. First level constraints:
foreach k do

foreach m do

if Bk,coh ≥ Beff

2M
,

γk,min(m) ≥ 10 dB and
σ2
k,Ξk(m,z)(m) ≤ 0.2. then

Πk(m) = ζk(m)
Bk,cohγk,min(m)

σ2
k,Ξk(m,z)

(m)
,

δpk(m) = ξpk(m)− Πk(m),
δdk(m) = ξdk(m) + Πk(m),
The second level constraint:
if Υk(m) ≤ 0.001. then

Go to step 3.
end
else

Transmit with Full-use of pilots.
Go to step 3.

end

end
else

Transmit with Full-use of pilots.
Go to step 3.

end

end

end
Step 3. Feedback CSI Generation:
Return δpk(m) and the selected MCS to the transmitter.
.

Algorithm 3: The proposed pilot adjustment algorithm for DS-AMC-OFDMA

The constraints of the first level are reformulated as

Bk,coh ≥ Beff

2M
, (2.39)
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γk,min(m) ≥ 10 dB, (2.40)

and

σ2
k,Ξk(m,z)(m) ≤ 0.2, (2.41)

These constraints restrict the pilot reduction for the low SNR values, high selectivity

of the corresponding channel coefficients and narrow coherence bands. After satis-

fying these constraints, the main parameters are computed following the formulas

of (2.27), (2.36) and (2.37) in order to find the pilot reduction value, Πk(m), that

provides the new numbers of the data and pilot sub-carriers based on (2.33)-(2.35).

The second level constraint can be formulated as

Υk(m) ≤ 0.001, (2.42)

where Υk(m), which is the evaluated error between the channel estimation MSE of

full use and the adjusted value of pilots, can be computed as

Υk(m) =MSE
(full)
k (m)−MSE

(prop)
k (m). (2.43)

As mentioned earlier, the first and second level constraints are evaluated empir-

ically from simulations. In order to explain the proposed pilot adjustment scheme

in more detail, a channel with five users is selected as an example. Table 2.5 shows

the suggested Π(m) values per sub-channel in terms of the constraints described by

(2.39)-(2.41).

Table 2.5: The number of the data and pilot sub-carriers for each sub-channel

δkp(m) δkd(m) Πk(m) σ2
k,γk(m,z)(m) γk,min(m) Bk,coh

48 288 0 otherwise

28 308 20 [0.2, 0.15) ≥ 10 ≥ Beff

2M

8 328 40 [0.15, 0.1) ≥ 10 ≥ Beff

2M

4 332 44 [0.1, 0.05) ≥ 10 ≥ Beff

2M

2 334 46 ≤ 0.05 ≥ 10 ≥ Beff

2M

Based on Table 2.5, Fig. 2.9 shows the distribution of pilots over data sub-carriers

in the cases of using 48 and 28 pilots per sub-channel, respectively.
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(b) 28 pilots per sub−channel.

pilots

pilots

data

data (a) 48 pilots per sub−channel.

Figure 2.9: (a) Using 48 pilots and 288 data sub-carriers per sub-channel, (b) Using
28 pilots and 308 data sub-carriers per sub-channel.

2.5.3 Feedback CSI Analysis for DS-AMC-OFDMA

The feedback CSI analysis of DS-AMC-OFDM system is adopted for DS-AMC-

OFDMA with respect to the multiuser dimension. In addition, the effective band-

width can be rewritten based on (2.25) as

Beff =
[ K∑
k=1

M∑
m=1

φ(k,m)δdk(m)
][BT −

∑K
k=1

∑M
m=1

φ(k,m)
TCSI(m)

NFFT

]
, (2.44a)

=
[ K∑
k=1

M∑
m=1

φ(k,m)δdk(m)
][BT −BCSI

NFFT

]
. (2.44b)

2.6 Simulation Results and Discussion

This Section studies the performance of the proposed systems over different channel

profiles. Moreover, a detailed discussion, which shows the reason behind the supe-

rior performance of the proposed systems, is presented. The introduced two MCS

scenarios are employed to obtain these results. In order to make this Section more

readable, it has been divided into the following sub-Sections.

2.6.1 LDPC Based AMC-OFDM System

The simulation performance of the LDPC based FS-AMC-OFDM system has been

demonstrated and discussed in this sub-Section. The system parameters listed in
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Table 2.1 have been adopted. Additionally, two different systems are considered as

follows:

1. Conventional adaptive system which adopts the same MCS for the entire

OFDM frame based on the minimum SNR value amongst the included sub-

channels [20]. This system is called ‘Conventional AMC-OFDM’.

2. Proposed AMC-OFDM system that adopts the proposed AMC strategy.

These systems are tested over Rayleigh fading channel with five different frequency

coherence bands as shown in Fig. 2.5.

Fig. 2.10 shows the average system throughput comparison between the two

systems under investigation. Furthermore, the average throughput is evaluated for

Nfr = 1× 106 transmitted OFDMA frames, with respect to the real effective band-

width, Beff , expressed in (2.7) as

ψav =
Beff

Nd

1

Nfr

Nfr∑
g=1

ψg. (2.45)

It is observed from Fig. 2.10 that the proposed scheme provides a throughput

performance gain between 5-15 Mbps over the conventional adaptive system for a

SNR range between 5 and 35 dB. The enhancement in performance is due to the

fact that the proposed strategy exploits the channel conditions to construct the

transmitted OFDM frame by selecting different MCS options assigned to distinct

sub-channels. Therefore, the transmitted OFDM frame contains different types of

modulation and coding rates that are related to the status of the measured coherence

bands in the underlying channel. Moreover, the selection of different MCS options

based on the fading diversity of sub-channels can increase the spectral efficiency,

which in turn improves system performance by increasing the employed coding rate

and modulation level as indicated in (2.16). It is worth observing that at high SNR

levels above 30 dB the performance of the adaptive systems approximately converges

to the same value because they select the highest MCS for all sub-channels.

Fig. 2.11 presents a comparison of the throughput outage probability, Pout, ob-

tained with Conventional AMC-OFDM and Proposed AMC-OFDM systems. Note

that Pout is evaluated by taking the average, over Nfr transmitted OFDM frames,

of the outage probability achieved with the g-th frame as
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Figure 2.10: Average system throughput for conventional and proposed LDPC-
AMC-OFDM systems.

Pout = 1− E

{
ψg

ψUB

}
,∀g ∈ {0, ..., Nfr}, (2.46)

where the throughput upper bound, ψUB, represents the maximum average system

throughput that can be achieved. Furthermore, it can be evaluated as

ψUB = Beffρmax, (2.47)

where ρmax = 4.5 bps/Hz is the maximum spectral efficiency achieved by the highest

MCS option (64-QAM combined with 3/4 coding rate). It is observed from Fig.

2.11 that the performance of Proposed AMC-OFDM system is better than the other

approach. It is also remarked that the proposed AMC strategy adopted by Proposed

AMC-OFDM system can achieve the lowest outage probability at SNR values less

than the conventional method due to the high flexibility of considering different

MCS options throughout distinct ranges of SNR.

The usage probability of the utilised MCS options in terms of different SNR

ranges is measured in Fig. 2.12. It is obtained for the Conventional AMC-OFDM

and Proposed AMC-OFDM systems by considering four SNR values of 5, 15, 25

and 35 dB. In this figure, the ten MCSs are sorted from the lowest to the highest

level as: 1) null transmission, 2) QPSK and 1/2 coding rate, 3) QPSK and 2/3

coding rate, 4) QPSK and 3/4 coding rate, 5) 16-QAM and 1/2 coding rate, 6)
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Figure 2.11: Outage probability of conventional and proposed LDPC-AMC-OFDM
systems.

16-QAM and 2/3 coding rate, 7) 16-QAM and 3/4 coding rate, 8) 64-QAM and 1/2

coding rate, 9) 64-QAM and 2/3 coding rate and 10) 64-QAM and 3/4 coding rate.

Fig. 2.12(a) demonstrates the statistical evaluations for the investigated systems at

SNR = 5 dB. It can be observed that the Proposed AMC-OFDM system uses more

MCS options than the other approach and the no transmission option is utilised by

the Conventional AMC-OFDM scheme in a high usage probability in comparison

with the Proposed AMC-OFDM. Moreover, Fig. 2.12(b) illustrates the superior

diversity in MCS selection by the proposed AMC strategy for SNR=15 dB. This

strategy utilises the higher MCS options, while the conventional method is restricted

by the minimum SNR value of the transmitted OFDM frame. The result of Fig.

2.12(c) shows that the Proposed AMC-OFDM system selects the 64-QAM based

MCS options in high usage probability compared to the Conventional AMC-OFDM

approach for SNR value of 25 dB. In contrast, both investigated systems choose the

64-QAM associated with 3/4 LDPC coding rate for SNR=35 dB as expressed in

Fig. 2.12(d).

2.6.2 Convolutional Based AMC-OFDM System

As highlighted in sub-Section 2.2.3, the limited codeword size of the LDPC method

restricts the flexibility of considering channels with different frequency coherence
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Figure 2.12: Usage probability of the utilised MCS options for the conventional and
proposed LDPC-AMC-OFDM systems.
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bandwidth and the required MCS options as well as applying the proposed dynamic

sub-channelling. Therefore, the convolutional coding approach has been adopted to

accommodate different channel profiles and the proposed pilot adjustment scheme

that changes the number of data and pilot sub-carriers within each sub-channel

individually. The simulation results are achieved for three systems based on convo-

lutional coding method as follows:

1. Conventional FS-AMC-OFDM that adopts the same MCS option for all sub-

channels within the transmitted OFDM frame depending on the minimum

SNR value with fixed sub-channelling [20].

2. Proposed FS-AMC-OFDM, which employs the proposed AMC strategy with

fixed sub-channelling.

3. Proposed DS-AMC-OFDM that utilises the proposed AMC strategy with dy-

namic sub-channelling based on pilot adjustment scheme.

It is also important to note that the system parameters of Table 2.1 and the channel

model shown in Fig. 2.5 are considered by all investigated systems.

Fig. 2.13 demonstrates the throughput performance of the Conventional FS-

AMC-OFDM, Proposed FS-AMC-OFDM and Proposed DS-AMC-OFDM systems.

The average throughput values in terms of different SNR ranges are evaluated based

on (2.45). It is important to note that the throughput of Proposed DS-AMC-OFDM

system outperforms the Proposed FS-AMC-OFDM scheme by 1-7 Mbps over an

SNR range of 5-30 dB. At the same time, the Proposed FS-AMC-OFDM system can

achieve 5-15 Mbps gains over the Conventional FS-AMC-OFDM scheme across the

same SNR range. The improvement in the performance of the proposed dynamic

sub-channel allocation strategy over the fixed strategy is the result of increasing

the transmitted data size achieved by applying the pilot adjustment scheme. The

pilots number is reduced for the stable sub-channel profiles individually, followed by

replacing the unused pilot symbols with additional data symbols based on (2.17)-

(2.19). On the other hand, the throughput improvement of the Proposed FS-AMC-

OFDM and DS-AMC-OFDM schemes in comparison with the conventional AMC

method is due to the optimal MCS selection for each sub-channel. It is observed that

the obtained performance of the Proposed FS-AMC-OFDM and Conventional FS-

AMC-OFDM based on convolutional coding method is less than the same systems
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with the LDPC approach, shown in Fig. 2.10. This is due to the behaviour of the

LDPC method that can efficiently reduce the number of error bits at low SNR values

in comparison with the convolutional approach.
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Figure 2.13: Average system throughput for the fixed and dynamic sub-channelling
based conventional and proposed convolutional-AMC-OFDM systems.

The throughput outage probability, which is computed based on (2.46), of the

investigated systems is illustrated in Fig. 2.14. From this figure, the superior perfor-

mance of the Proposed FS-AMC-OFDM and DS-AMC-OFDM systems among the

conventional method is shown clearly. In contrast, these two systems achieve almost

the same performance over different SNR values, which means that both approaches

can be close to the related upper bound performance with the increase in the SNR.

Fig. 2.15 illustrates the difference in the channel estimation MSE between the

Proposed FS-AMC-OFDM and DS-AMC-OFDM approaches. The figure shows that

the reduction in the number of pilots for the sub-channels with stable profile affects

the estimation accuracy after 10 dB, in which the second level constraint as defined

by (2.22) has not been exceeded. However, the degradation in terms of data recovery

errors is acceptable, and hence the performance of the proposed system in terms of

average system throughput is improved significantly for the SNR values above 10

dB in comparison with the conventional approaches as demonstrated in Fig. 2.13.

Based on Fig. 2.15, the channel estimation error increases gradually after 10 dB

for the Proposed DS-AMC-OFDMA system with respect to the FS-AMC-OFDMA

scheme. However, since the pilot reduction is additionally constrained by (2.22), the
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Figure 2.14: Outage probability for the fixed and dynamic sub-channelling based
conventional and proposed convolutional-AMC-OFDM systems.

channel estimation error can be arbitrarily controlled.
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Figure 2.15: MSE for the conventional and proposed dynamic sub-channelling based
convolutional-AMC-OFDM systems.

The statistical evaluations in terms of the usage probability of the convolutional

based MCS options for the investigated systems is presented in Fig. 2.16. This figure

consider the MCS selection ratio for SNR values of 5, 15, 25 and 35 dB in order to

cover the behaviour of the considered systems over low and high SNR ranges. It is

important to note that the performance of the proposed systems is identical in most

cases except in SNR of 15 dB due to wide SNR threshold range of each MCS option.
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(b) SNR=15 dB.
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(c) SNR=25 dB.
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Figure 2.16: Usage probability of the utilised MCS options for the the fixed
and dynamic sub-channelling based conventional and proposed convolutional-AMC-
OFDM.

It is also observed that the selection of higher MCS options is less than the LDPC

based schemes as these options require more SNR threshold values to be addressed.

2.6.3 Convolutional Based AMC-OFDMA System

The simulation results for the OFDMA systems based on the proposed and conven-

tional methods is introduced in this sub-Section. The simulation model is adopted

from the Mobile WiMAX IEEE 802.16e standard with the parameters listed in Ta-

ble 2.1. Additionally, the simulation results are obtained for 30 users i.e. K = 30

over three users scenarios, which adopt the considered three ITU channel profiles
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expressed by Table 2.4. Three schemes are considered for comparison as follows:

1. Conventional FS-AMC-OFDMA, which adopts the same MCS for the entire

OFDMA frame with a full-use of pilots [19].

2. Proposed FS-AMC-OFDMA that considers different MCS for each sub-channel

based on Table 2.3 with the full-use of the pilots.

3. Proposed DS-AMC-OFDMA system that employs the AMC strategy associ-

ated with the proposed pilot adjustment scheme and selects the suitable MCS

for each sub-channel depending on Table 2.3.

Fig. 2.17 shows the throughput comparison between the investigated approaches.

This throughput is computed based on (2.45). It is observed that the throughput

performance of the Proposed DS-AMC-OFDMA scheme exhibits gains between 2-

30 Mbps over the proposed FS-AMC-OFDMA and Conventional FS-AMC-OFDMA

systems for the considered SNR range. In addition, the Proposed FS-AMC-OFDMA

scheme outperforms the conventional approach by 2-20 Mbps over the same SNR

range. It is noting that the Proposed DS-AMC-OFDMA exploits the diversity of the

channels conditions of distinct users more than other approaches. Furthermore, the

replacement of redundant pilots by additional data sub-carrier across the OFDMA

frame produces a significant improvement in the system throughput.
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Figure 2.17: Average system throughput for the fixed and dynamic sub-channelling
based conventional and proposed convolutional-AMC-OFDMA systems.
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In contrast, the average throughput outage probability, evaluated using (2.46),

of the three considered systems is demonstrated in Fig. 2.18. This figure shows

that the throughput outage probability of the Proposed FS-AMC-OFDMA and DS-

AMC-OFDMA systems is significantly less than the conventional approach. This

is the results of the high flexibility of MCS selection and the multiuser diversity

exploiting.
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Figure 2.18: Outage probability of the fixed and dynamic sub-channelling based
conventional and proposed convolutional-AMC-OFDMA systems.

Fig. 2.19 investigates the effect of the number of users on the average system

throughput performance of the considered systems at SNR value of 20 dB. It is

shown that the performance of the investigated systems is increased accordingly

with the number of users, while the same performance is achieved after 30 users

due to the user diversity saturation. This diversity allows the systems to select

higher MCS options for distinct users in the same transmitted OFDMA frame.

The selection of different MCSs within the same frame can increase the average

system throughput. Additionally, it should be noted that the Proposed DS-AMC-

OFDMA system outperforms the other systems for distinct number of users since

the employed pilot adjustment algorithm increases the number of data sub-carriers

exploiting the rich diversity of multi-user environments.

Fig. 2.20 shows the evaluated usage probability of the considered convolutional

based MCS options in terms of the three investigated systems. It is observed from

this figure that the multiuser channel diversity has been exploited efficiently by the
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Figure 2.19: Average system throughput vs. users for the fixed and dynamic sub-
channelling based conventional and proposed convolutional-AMC-OFDMA systems.

proposed systems in comparison with the conventional approach. In addition, Fig.

2.20(a) illustrates that these systems are able to select the medium levels of the

MCSs even for low SNR value of 5 dB. At the same time, the higher MCS options

are mostly selected in the SNR value of 35 dB as shown in Fig. 2.20(d).

2.7 Chapter Summary

This Chapter presented the proposed AMC strategy for fixed and dynamic sub-

channelling based single and multi-user downlink OFDM systems. The proposed

strategy was designed based on the developed software engineering life cycle model,

presented in this Chapter. The division of the transmitted OFDM frames into

sub-channels depending on the measured frequency coherence bandwidth for fixed

sub-channelling single user OFDM system was introduced. Moreover, each sub-

channel exhibited the same number of pilot and data sub-carriers. The selection of

the optimal MCS for each sub-channel was based on the related SNR value, which

has been selected to be the minimum over the involved sub-carriers. In addition,

the presented AMC strategy employed two MCS scenarios. The first scenario used

the modulation types of QPSK 16-QAM and 64-QAM combined with three LDPC

coding rates of 1/2, 2/3 and 3/4, while the second utilised the same modulation types

associated with convolutional coding rates of 1/2. 2/3 and 3/4. In contrast, the
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(b) SNR=15 dB.

1
2

31 2 3 4 5 6 7 8 9 10

0

0.1

0.2

0.3

0.4

 

SystemsMCS Options
 

U
sa

ge
 P

ro
ba

bi
lit

y

Conventional FS−AMC−OFDMA

Proposed FS−AMC−OFDMA

Proposed DS−AMC−OFDMA

(c) SNR=25 dB.
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Figure 2.20: Usage probability of the utilised MCS options for the fixed and dynamic
sub-channelling based conventional and proposed convolutional-AMC-OFDMA sys-
tems.
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dynamic sub-channelling AMC strategy based on a novel pilot adjustment scheme for

OFDM was provided. This technique reduced the number of used pilots for channel

estimation depending on the measured frequency coherence bandwidth, SNR and

the variance of the SNR fluctuation values of each sub-channel, individually. The

reduced pilots were replaced with additional data sub-carriers in order to increase the

performance of the entitled system in terms of throughput. The fixed and dynamic

sub-channelling approaches of the proposed AMC strategy have been expanded to

work with the multiuser OFDM systems, called OFDMA. It is important to note

that the information of the optimal selection of MCS for each sub-channel and

the number of the required pilots was fedback to the transmitter from the receiver

through the feedback CSI. The CSI feedback overhead analysis for both OFDM

and OFDMA systems was included in this Chapter. The simulation results showed

the superior performance of the proposed strategies over the related conventional

approaches.
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Chapter 3

Resource Allocation Software

Algorithms for

SISO-AMC-OFDMA systems

The cross-layer resource allocation strategies have been efficiently considered by the

research work after 1990s. The term resource includes the available users, transmis-

sion power and information bit streams that are distributed optimally, in which the

related system constraints and channel conditions can be satisfied. As mentioned

earlier, the using of the AMC technology by the OFDMA systems can improve the

performance, yet the available channel capacity is not exploited effectively. There-

fore, the resource allocation strategies are adopted in order to enhance the per-

formance of the investigated systems in terms of channel capacity, BER, spectral

efficiency and throughput. In this Chapter, an improvement in the average system

throughput is achieved by proposing a novel cross-layer resource allocation strategy

for single-cell downlink SISO based AMC-OFDMA systems. This strategy has been

designed based on a developed software engineering life cycle model in order pro-

vide it with high scalability, extendibility and portability. The proposed resource

allocation strategy can be called as user, bit and power allocation (UBPA). The

objective of the UBPA strategy is to maximise the average system throughput by

assigning the available users, information bits, and the total transmission power of a

base station over the sub-channels, in which the power constraints and the channel

conditions are satisfied. The average system throughput is presented as a function

of the spectral efficiency and BER for different MCSs within the same transmit-
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Allocation Algorithm

ted OFDMA frame. Additionally, the approximated BER values for the employed

MCS options are evaluated as a function of SNR instead of considering the uncoded

adaptive modulation approach presented in [89]. This strategy adopts the presented

AMC method and pilot adjustment scheme explained in Chapter 2 and the convo-

lutional coding based MCS scenario. UBPA considers a throughput maximisation

problem that has been solved by two approaches. Firstly, the optimised approach

that tackles the problem as a one piece with high computational complexity. Sec-

ondly, the decoupled approach that divides the complex problem into sub-problems

and then solves each of which individually. This approach allocates the available

resources with low computational complexity in expense of performance.

It is important to note that the proposed cross-layer resource allocation strategy

motivates from the related literatures of [38]-[68] by the following aspects. 1) This

strategy aims to maximise the system throughput. Additionally, the throughput

maximisation is expressed by a new convex optimisation problem as a function of

spectral efficiency and BER subject to power and fair user allocation constraints,

whilst most of [38]-[68] research tackled the capacity and power issues. 2) The trans-

mitted OFDMA frame exhibits different MCS options assigned to distinct users

using the presented AMC technology in Chapter 2. In contrast, the work in lit-

erature so far adopted adaptive modulation without or with fixed error correction

coding rate over all the sub-carriers within the same frame. In this work the cod-

ing rate is changed for each sub-channel included in the same transmitted OFDMA

frame depending on the related channel conditions and resource constraints. 3) The

introduced pilot adjustment scheme in Chapter 2 is also considered in order to im-

prove the throughput performance. 4) The proposed strategy is structured based

on a developed life cycle model, which is established on the cyclic type of software

engineering methodology.

3.1 Developed Life Cycle Model for Resource

Allocation Algorithm

A developed evolutionary methodology life cycle model is adopted in the design

of the proposed resource allocation strategy [17], [18]. This methodology model is

selected as the proposed strategy allocates the available resources in an iterative
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   System Requirements: Collect the 

      required information and the

            designed conditions

Test the system 

  over different 

      channels

Analyse the achieved

       results at the 

           receiver

System Test

Feedback Information (CSI)

  System Design and Implementation: 

           Search for the optimal 

             resource allocation

Resource Allocation Information

Figure 3.1: Developed life cycle model for the proposed resource allocation algo-
rithm.

way depending on different input variables, such as CSI, transmission power and

number of users.

Fig. 3.1 illustrates the developed life cycle model of proposed resource allocation

algorithm, that includes three parts. Firstly, system requirements that collect the

required information of the available resources, CSI, number of users,..., etc. In

addition, the requirements for designing a scheme that can satisfy the conditions

are also assembled in this part. Secondly, system design and implementation, which

searches over each transmitted OFDMA frame for the optimal user allocation as well

as assigning the suitable power value and MCS option for each user. This is carried

out by following an iterative method that is continued until the optimal allocation of

the resources is achieved. Finally, system test that exams the implemented system

over different channel conditions to verify the validity of such system.

3.2 SISO-AMC-OFDMA System Model

A Mobile WiMAX IEEE 802.16e system with the parameters shown in Table 2.1 is

considered. Additionally, the total transmission power is 50 W [92]. The downlink

transmission is based on a wireless OFDMA system from a BS to a number of

available users, K, which are allocated into M distinct sub-channels, in which there

is one user per sub-channel. The pilot and data sub-carriers are initially distributed

over the sub-channels equally in a range of ξpk(m) = Np/M and ξdk(m) = Nd/M

respectively for each sub-channel, where m = 1, ...,M is the sub-channel index and

k = 1, ..., K, denotes the user index. The assignment of each user to the same
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Figure 3.2: Block diagram of the proposed resource allocation strategy for SISO-
AMC-OFDMA system.

number of sub-carriers, i.e. sub-channel, can guarantee fair services [67], [70]. It is

assumed that there are no interference effects from the neighbouring BSs, i.e. single

cell system.

At the physical layer, the function of the first block of the transmitter, shown

in Fig. 3.2, is to divide the data of users into groups according to the number of

data sub-carriers, ξdk(m), within each sub-channel assigned to a user. Subsequently,

these groups are encoded and modulated based on the selected MCS options. At the

MAC layer, the Resource Allocation block implements the proposed UBPA strategy

based on the channel conditions of the considered users and the total transmission

power. It is important to highlight that the resource allocation information is fed

forward to the receivers of the individual users using the downlink control signals

[67]. TheMUX block of the Physical layer mixes the generated pilots with the coded

and modulated symbols using the comb-method. The last block of the transmitter

implements the IFFT and CP insertion operations.

To test the transmission reliability for the multipath fading channels of the pro-

posed system, the ITU channel profiles expressed in Table 2.4 are considered in this

work to present different user categories [102]. The average power values of the

channel paths, Plk , of each user are assumed to be constant across the transmitted

OFDMA frame, and are scaled so that E{|Hk(n)|2} =
∑Lk−1

lk=o Plk = 1 [10], where

Hk(n) is the frequency response of the simulated channel, Lk refers to the number

of paths for each user and n = 0, ..., NFFT − 1 denotes the frequency domain index.

At the physical layer of the receiver of each user, the DeMUX block shown in Fig.
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3.2, extracts the pilots from the assigned sub-channels of the OFDMA frame and

feeds them into Channel Estimator and CSI block. The latest block estimates the

related channel coefficients and implements the proposed pilot adjustment method.

These channel coefficients are estimated based on the corresponding pilots by em-

ploying a LS method as [10]

Ĥkp(m, zp) =
Ykp(m, zp)

Xkp(m, zp)
, (3.1)

where Xkp(m, zp), Ykp(m, zp) and zp ∈ {1, . . . , ξpk(m)} represent the transmitted

pilots, received pilots and their index of each sub-channel assigned to a user, respec-

tively. The channel coefficients that correspond to the data sub-carriers within m-th

sub-channel, Ĥkd(m, zd), are obtained by implementing 1st order linear interpola-

tion, where zd ∈ {1, . . . , ξdk(m)} is the index of data sub-carriers of such sub-channel.

The channel estimation error, which is caused by the channel estimation and the

feedback CSI delay, is considered as additional noise. Thus the received signal in

terms of z-th data sub-carriers in the m-th sub-channel assigned to the k-th user

can be written in terms of transmitted data sub-carriers, Xk,d(m, zd), the related

real and estimated channel coefficients, Hk,d(m, zd), Ĥk,d(m, zd), and the AWGN

samples, Wk,d(m, zd), as

Ykd(m, zd) =Xk,d(m, zd)Ĥk,d(m, zd)

+Xk,d(m, zd)[Hk,d(m, zd)− Ĥk,d(m, zd)] +Wk,d(m, zd).
(3.2)

Therefore, the SNR value of each data sub-carrier for the distinct sub-channels

in terms of the channel estimation error is evaluated as a function of sub-carrier

power, Psk(m), estimated channel values, Ĥk,d(m, zd), the variance of square error

of the related estimated channel, σ2
d,k(m), and the variance of AWGN samples,

σ2
Wk,d(m,zd)

(m), as

γk(m, zd) = Psk(m)
|Ĥk,d(m, zd)|2

σ2
d,k(m)Psk(m) + σ2

Wk,d(m,zd)
(m)

, (3.3)

In addition, the minimum SNR of each sub-channel is selected to guarantee that the

required performance is maintained for each user as
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γ∗k,min(m) = µk(m)γk,min(m), (3.4a)

= µk(m)min{γk(m, zd)}, k = 1, . . . , K, (3.4b)

where µk(m) adjusts the required power value for m-th sub-channel assigned to

k-th user and its initial value is determined in terms of equal power distribution

as µk(m) = PT

Mξdk (m)Psk
(m)

, where PT is the total considered power for a BS. The

estimated channel coefficients that correspond to data sub-carriers are fed to the final

block, which is Adaptive Decoder and Demodulator. In this block, the received data

symbols are demodulated according to the known selected MCS at the transmitter

utilising soft ML demapper [4], [5], [93]. Finally, the data is decoded for each sub-

channel, which is assigned to a user, using soft Viterbi decoder [90].

The multiuser channel diversity, which realises the resource allocation, is ex-

pected to improve the average system throughput, ψav, evaluated by computing

the average value of the throughput of Nfr transmitted OFDMA frames, ψg, where

g = 1, ..., Nfr is the frame index. This enhancement is the results of increasing the

average spectral efficiency, ρavk(m) = Rck(m)log2[Mk(m)], expressed by (bps/Hz) as

a function of the selected coding rate, Rck(m) ∈ {1/2, 2/3, 3/4}, and the modulation

order, Mk(m) ∈ {0, 4, 16, 64}.

The system throughput for each OFDMA symbol can be mathematically ex-

pressed as

ψg =
K∑
k=1

M∑
m=1

φ(k,m)ξdk(m)ρavk(m)[1− Pek(m)], (3.5)

where Pek(m) denotes the approximated BER of each sub-channel, φ(k,m) denotes

the user allocation matrix, which guarantees fairness in user allocation over the

OFDMA frame with dimensions of K × M [70]. Additionally, the reduction of

Pek(m) based on the selection of the suitable MCS option for each sub-channel

leads to an increase in the system throughput, as shown in (3.5). The evaluation of

the approximated BER values for different sub-channels assign to distinct users is

illustrated in the next Section.
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3.3 Approximated BER Evaluation

The BER of each sub-channel is formulated as a function of the minimum sub-

channel SNR value, γ∗k,min(m). In order to evaluate the BER for each sub-channel,

the users are assumed to be assigned to the considered sub-channels sequentially,

while the bit and power are allocated equally.

The approximated BER evaluation is based on the simulation performance of the

utilised MCSs, whilst most of the published work so far has considered the upper

expected bound of the BER [10], [90], [98]. In order to obtain the suggested BER

mathematical expression, the approximated formula for the BER of [89]

Pek(m) = c1k(m) exp[−c2k(m)γ∗k,min(m)], (3.6)

has been adopted, where c1k(m) and c2k(m) are selected variables for fitting the

theoretical BER to practical values for all employed MCS options. The fitting

accuracy for these options depends on the proper evaluation of these variables. It can

be noted that the BER, expressed by (3.6), is a function of γ∗k,min(m), which is based

on µk(m) of each channel. Thus, the evaluated µk(m) affects the BER value of the

m-th sub-channel and the throughput function expressed by (3.5). It is important

to note that the presented method of the approximated BER evaluation is different

from the approach presented in [89] by considering numerous modulation types

combined with different convolutional coding rates amongst distinct SNR intervals.

In this work, the value of the c1k(m) is assumed to be a constant equal to 0.5,

whilst the value of c2k(m) is evaluated based on (3.6) as

ln[Pek(m)] = ln[c1k(m) exp{−c2k(m)γ∗k,min(m)}], (3.7a)

= ln[c1k(m)] + ln{exp[−c2k(m)γ∗k,min(m)]}, (3.7b)

= ln[c1k(m)]− [c2k(m)γ∗k,min(m)]. (3.7c)

From (3.7), c2k(m) can be evaluated as

c2k(m) =
ln[c1k(m)]− ln[Pek(m)]

γ∗k,min(m)
. (3.8)
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Table 3.1: Approximated values of the c2k(m) vs. SNR for QPSK and 16-QAM
based MCS options

QPSK 16-QAM

γk,min(m) 1/2 2/3 3/4 1/2 2/3 3/4

c2k(m)

< 2 0.911 0.492 0.135 0.494 0.0910 0.094

[2, 4) 0.859 0.707 0.334 0.476 0.164 0.169

[4, 6) 0.927 0.844 0.491 0.476 0.223 0.176

[6, 8) 1.600 1.023 0.706 0.578 0.336 0.204

[8, 10) 1.540 1.082 0.729 0.642 0.451 0.277

[10, 12) 1.322 0.968 0.701 0.609 0.471 0.304

[12, 14) - 0.778 0.581 0.503 0.419 0.284

[14, 16) - 595 0.476 0.397 0.339 0.236

[16, 18) - - 0.380 0.300 0.271 0.179

[18, 20) - - - - 0.210 0.140

≥ 20 - - - - 0.154 0.105

For example, the simulated BER values of different SNR values for each MCS

based on modulation types of QPSK and 16-QAM over frequency selective Rayleigh

fading channel of [98] are considered to obtain the related c2k(m) values according to

(3.8). Thus, the evaluated c2k(m) values for the considered MCS options are listed

in Table 3.1.

Based on the c1k(m) and c2k(m) values and (3.6), the theoretical BER values as

a function of the average SNR for different MCSs in terms of QPSK and 16-QAM

modulation types are evaluated and compared with the relevant simulated plots as

shown in Fig. 3.3. From these figures, it is observed that the theoretical BER

plots are almost identical to the relevant simulated curves particularly for high SNR

values. Moreover, the slopes of these plots are in agreement with related published

work in [98]. It is worth pointing out that these results do not exceeded the upper

bounds of the the underlying MCSs in all cases [10], [90], [98].

3.4 Dynamic Sub-Channelling for SISO-AMC-

OFDMA

At the physical layer of the receiver, the Channel Estimator and CSI block achieves

the optimal number of the required pilots for an efficient channel estimation using the
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Figure 3.3: Practical and theoretical BER for different QPSK and 16-QAM based
MCSs over Rayleigh fading channel.

proposed pilot adjustment scheme. The same concepts of dynamic sub-channelling

explained in Chapter 2 are considered for the investigated SISO-AMC-OFDMA

system. Moreover, the presented pilot adjustment scheme has been combined with

the proposed resource allocation strategy. The reduction value of required pilots for

each user, Πk(m), assigned to a sub-channel is formulated as a function of frequency

coherence bandwidth, Bk,coh, SNR , γk,min(m), and the variance of SNR fluctuation,

σ2
k,Ξk(m,z)(m) as expressed by (2.33).

It should be noted that the refined number of data and pilot sub-carriers, δdk(m)

and δdk(m), respectively are adopted throughout this Chapter.

3.5 Feedback CSI Analysis for SISO-AMC-

OFDMA

The information regarding the minimum SNR values and the number of required

pilots for each user that can be referred to as feedback CSI is sent to the BS, i.e.

the transmitter, after each transmitted OFDMA frame using a TDD uplink in order

to overcome the problem of outdated CSI. The feedback CSI is received by the BS

with a delay of Tk,CSI(m) seconds. In this work, it is assumed that the channel is

remaining constant for more than Tk,CSI(m). The feedback delay, Tk,CSI(m), for the

m-th sub-channel of the user k ∈ {1, ..., K} can be computed following (2.29).
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The feedback CSI is covered by sending N
(k)
B,CSI(m) ≈ {log2[εk(m)]+log2[νk(m)]}

bits, where εk(m) and νk(m) designate the full range of possible SNR values and the

number of required pilots respectively. The total effective channel bandwidth, Beff ,

available for the downlink transmission of all users is evaluated based on (2.44).

3.6 Proposed UBPA Strategy for SISO-AMC-

OFDMA

The proposed UBPA distributes the users, total transmission power and informa-

tion data bits amongst the sub-channels, according to the channel conditions and

the power constraints, in order to maximise the average system throughput. As

mentioned earlier, this strategy solves a throughput maximisation problem that can

be mathematically outlined as

Maximise ψg =
K∑
k=1

M∑
m=1

φ(k,m)δdk(m)ρavk(m)[1− Pek(m)],

subject to :

(3.9)

K∑
k=1

M∑
m=1

φ(k,m)µk(m)Psck(m) = PT , (3.10)

µk(m) ≥ 0, (3.11)

K∑
k=1

φ(k,m) = 1, m = 1, ...,M, (3.12)

M∑
m=1

φ(k,m) = 1, k = 1, ..., K, (3.13)

where (3.10) and (3.11) refer to the total power constraints, whilst (3.12) and (3.13)

are the users distribution fairness constraints, which guarantee the allocation of one

user for each sub-channel following [70]. Moreover, Psck(m) = δdk(m)Psk(m) denotes

the sub-channel power as a function of Psk(m). The term µk(m) refines the power

value assigned to each sub-channel as P ∗
sck

(m) = µk(m)Psck(m) = µk(m)δdk(m)Psk(m).

It is important to note that the constraint of (3.13) controls the number of sub-

channels allocated to k-th user. In order to increase the number of the assigned sub-

channel to a user, Numax , the constraint of (3.13) can be changed to be
∑M

m=1 φ(k,m) =
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Numax . Based on (3.6), the BER of each sub-channel is formulated as a function of

γ∗k,min(m). Thus, the evaluated µk(m) affects the BER value of each sub-channel

and the objective function expressed by (3.9).

The considered problem expressed in (3.9)-(3.13) have been solved by two ap-

proaches utilising the Lagrange multipliers method as follows.

3.6.1 Optimised Approach

The optimised solution of the proposed problem is computed using the Lagrange

multipliers optimisation method and the Karush-Kuhn-Tuker (KKT) conditions

[62], [104]. In order to formulate the considered problem expressed in (3.9)-(3.13) as

a convex optimisation problem that satisfies the Hessian conditions [62], the BER

equation of (3.6) can be rewritten as

P ∗
ek
(m) = c1k(m) exp[

−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
], (3.14)

where P ∗
ek
(m) = Pek(m) for all sub-channels that are allocated to distinct users.

Thus, the Lagrangian function of the problem expressed in (3.9)-(3.13) is formulated

as

L

[
φ(k,m), µk(m)

]
=

K∑
k=1

M∑
m=1

φ(k,m)δdk(m)ρavk(m)

−
K∑
k=1

M∑
m=1

{
φ(k,m)δdk(m)ρavk(m)c1k(m)

· exp[−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
]
}

− Ω
[ K∑
k=1

M∑
m=1

φ(k,m)µk(m)Psck(m)− PT

]
−

K∑
k=1

ηm(k)
[ M∑
m=1

φ(k,m)− 1
]
−

M∑
m=1

ηk(m)
[ K∑
k=1

φ(k,m)− 1
]

(3.15)

where Ω, ηk(m) and ηm(k) are the Lagrange multipliers. It should be noted that

the optimal allocation of the k-th user over the m-th sub-channel, expressed by the

matrix element of φ(k,m), can be achieved within the relaxed continuous domain of

the closed interval [0, 1] corresponding to each user over M sub-channels. To solve
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this problem, the following steps are considered. The first step is done by evaluating

a partial derivative of (3.15) in terms of φ(k,m) as

∂L

[
φ(k,m), µk(m)

]
∂φ(k,m)

=ΓA(k,m)−

[(
φ(k,m)ΓA(k,m)c1k(m)

· exp{−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
}

· {−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)2

+
φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)2
}
)

+ ΓA(k,m)c1k(m) exp{−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
}

]
− Ωµk(m)Psck(m)− ηm(k)

− ηk(m) =


> 0, φ(k,m) = 1,

= 0, φ(k,m) ∈ (0, 1),

< 0, φ(k,m) = 0,

(3.16)

where ΓA(k,m) = δdk(m)ρavk(m). From (3.16), it is obtained that

ΓA(k,m)− ΓA(k,m)c1k(m) exp{−c2k(m)µk(m)γk,min(m)}

− Ωµk(m)Psck(m)− ηm(k)− ηk(m) = 0.
(3.17)

Based on (3.17), ηm(k) is the active Lagrange multiplier that controls the user

allocation process. Therefore, ηm(k) is evaluated as follows

ηm(k) =ΓA(k,m)− ΓA(k,m)c1k(m) exp[−c2k(m)µk(m)γk,min(m)]

− Ωµk(m)Psck(m)− ηk(m).
(3.18)

The ηk(m) multiplier, which can be referred to as the allocation value, is used to

prevent any selection of the same sub-channel by two or more users. It is initialised

by a zero value when the user k has not been allocated to the suitable sub-channel

yet. Moreover, ηk(m) can be maximised based on (3.18) to be ηk(m) = ΓA(k,m)−
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ΓA(k,m)c1k(m) exp[−c2k(m)µk(m)γk,min(m) − Ωµk(m)Psck(m)] when the user k is

assigned to a suitable sub-channel to achieve ηm(k) = 0 for the same user over other

sub-channels.

In contrast, the second step is performed by obtaining a partial derivative of

(3.15) in terms of µk(m) as

∂L

[
φ(k,m), µk(m)

]
∂µk(m)

=φ(k,m)ΓA(k,m)c1k(m)c2k(m)γk,min(m)

· exp[−c2k(m)µk(m)γk,min(m)]

− Ωφ(k,m)Psck(m) =

 = 0, µk(m) ∈ (0,∞),

< 0, µk(m) ∈ (−∞, 0].

(3.19)

If

ΓB(k,m) = ΓA(k,m)c1k(m) exp[−c2k(m)µk(m)γk,min(m)], (3.20)

then (3.19) can be rewritten as

∂L

[
φ(k,m), µk(m)

]
∂µk(m)

=φ(k,m)ΓB(k,m)c2k(m)γk,min(m)

− Ωφ(k,m)Psck(m) =

 = 0, µk(m) ∈ (0,∞),

< 0, µk(m) ∈ (−∞, 0].

(3.21)

From (3.21), it is obtained that

ΓB(k,m) =
Ωφ(k,m)Psck(m)

φ(k,m)c2k(m)γk,min(m)
=

ΩPsck(m)

c2k(m)γk,min(m)
. (3.22)

Based on (3.20) and (3.22), the formula of (3.18) can be rewritten as

ηm(k) = ΓA(k,m)− ΩPsck(m)

c2k(m)γk,min(m)
− Ωµk(m)Psck(m)− ηk(m). (3.23)

The maximum achieved performance of k-th user at m-th sub-channel can be

evaluated based on (3.23) as

kopt(m) = argmax
k

ηm(k), k = 1, ..., K. (3.24)
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The user allocation problem is solved in the fixed domain, i.e. φ(k,m) ∈ {0, 1}.

Therefore, the m-th sub-channel is allocated to the k-th user with maximum ηm(k)

based on (3.23), i.e.

φ(k, i) =

 1, if k = kopt(m),

0, otherwise.
∀m = 1, ...,M. (3.25)

The Lagrange multiplier Ω, shown in (3.23), can be re-expressed in term of water

filling level λ as [70]

Ω =
1

λ ln 2
. (3.26)

Additionally, the desired power value that adjusts the optimal power for m-th sub-

channel can be evaluated based on the water filling approach as

µ∗
k(m) =

Ω− Psck
(m)

γk,min(m)

Psck(m)
. (3.27)

The optimised approach of the proposed user, bit and power allocation algorithm

is illustrated in Algorithm 4. It is observed from this algorithm that the proposed

solution of the investigated problem, expressed in (3.9)-(3.13), requires an exhaustive

search among all the available options of the utilised MCS levels and the possible

power and user assignment for each sub-channel accordingly.

3.6.2 Decoupled approach

The other investigated solution approach decouples the considered problem, ex-

pressed in (3.9)-(3.13), into two sub-problems (1. user allocation, 2. Bit and power

allocation) based on the decomposition method [62]. This solution avoids the ex-

haustive search of the optimised approach, presented earlier, which leads to a sig-

nificant reduction in the computational complexity.

User allocation

The user allocation sub-problem has been tackled here under the assumption of allo-

cating the highest MCS option for all sub-channels and distributing the transmission

power equally amongst the involved sub-channels. In other words, the power con-

straints shown in (3.10) and (3.11) are removed. Thus, the Lagrangian function of
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Step 1. MCS initialisation:
Set all bands into highest MCS options
Step 2. Psck(m) initialisation:
Initialisation:
foreach k do

foreach m do
Psck(m) = δdk(m)Psk(m).
µk(m) = PT

MPsck
(m)

.

end

end
Step 3. λ initialisation:
initialise λ = 0.001.
Step 4. Optimal user allocation:
while λ < 10 do

foreach k do
foreach m do

implementing of (3.23), (3.25) and (3.26)
end

end
Step 5. Power evaluation in terms of λ:
if
∑K

k=1

∑M
m=1 φ(k,m)µ∗

k(m)Psck(m) ̸= PT then

λ = λ+ λ
2
, µ∗

k(m) =
Ω−

Psck
(m)

γk,min(m)

Psck
(m)

.

end
else

λ is the optimal value and µ∗
k(m) =

Ω−
Psck

(m)

γk,min(m)

Psck
(m)

.

Go to step 6
end

end
Reduce the MCS option for the bands with low SNR values. Go to step 2.
Step 6. Adjustment of the optimal power value P ∗

sck
(m) for each

sub-channel in terms of λ:
foreach k do

foreach m do
P ∗
sck

(m) = µ∗
k(m)Psck(m).

end

end
Algorithm 4: The proposed algorithm of the optimised UBPA strategy for SISO-
AMC-OFDMA system.
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the considered problem can be formulated in terms of P ∗
ek
(m), expressed by (3.14),

as

L[φ(k,m)] =
K∑
k=1

M∑
m=1

φ(k,m)δdk(m)ρavk(m)

−
K∑
k=1

M∑
m=1

{
φ(k,m)δdk(m)ρavk(m)c1k(m)

· exp[−φ(k, i)c2k(m)µk(m)γk,min(m)

φ(k,m)
]
}

−
K∑
k=1

ηm(k)[
M∑

m=1

φ(k,m)− 1]

−
M∑

m=1

ηk(m)[
K∑
k=1

φ(k,m)− 1].

(3.28)

As highlighted before, the φ(k,m) value, which refers to the allocation of the

k-th user over the m-th sub-channel, can be achieved within the relaxed continuous

domain of the closed interval [0, 1] corresponding to each user over M sub-channels.

In order to obtain φ(k, i), a partial derivative of L[φ(k,m)] with respect to φ(k,m)

is computed as

∂L[φ(k,m)]

∂φ(k,m)
=ΓA(k,m)−

[(
φ(k,m)ΓA(k,m)c1k(m)

· exp{−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
}

· {−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)2

+
φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)2
}
)

+ ΓA(k,m)c1k(m) exp{−φ(k,m)c2k(m)µk(m)γk,min(m)

φ(k,m)
}

]

− ηm(k)− ηk(m) =


> 0, φ(k,m) = 1,

= 0, φ(k,m) ∈ (0, 1),

< 0, φ(k,m) = 0.

(3.29)

Based on (3.29),
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ΓA(k,m)− ΓA(k,m)c1k(m) exp{−c2k(m)µk(m)γk,min(m)} − ηm(k)

− ηk(m) = 0.
(3.30)

Based on (3.30), ηm(k) is the Lagrange multiplier that manages the user alloca-

tion process. Therefore, ηm(k) is evaluated as follows

ηm(k) =ΓA(k,m)− ΓA(k,m)c1k(m) exp[−c2k(m)µk(m)γk,min(m)]− ηk(m). (3.31)

In this work, the user allocation problem is solved in the fixed domain, i.e.

φ(k,m) ∈ {0, 1}. In this domain, the m-th sub-channel is allocated to the k-th user

based on the maximum achieved performance as

φ(k,m) =

 1, if k = kopt(m),

0, otherwise,
∀m = 1, ...,M, (3.32)

where

kopt(m) = argmax
k

ηm(k), k = 1, ..., K. (3.33)

Algorithm 5 illustrates the proposed user allocation scheme. Initially, all sub-

channels of each user are set to the highest MCS level, which is 64-QAM modulation

order and 3/4 convolutional coding rate. Subsequently, a zero value is set for all

ηk(m). The next step is the evaluation of the elements φ(k,m) of the user allocation

matrix that corresponds to the first user, following (3.32) and (3.33). At the same

time, the index of the allocated user, ηk(m), is maximised as explained above to

prevent choosing the same user over other sub-channels. This process is repeated

until all users are allocated.

Bit and Power allocation

The bit and power allocation problem, which is the second sub-problem of the

proposed UBPA strategy, is considered after allocating the users across the sub-

channels. At this stage, the fairness allocation constraints expressed in (3.12) and

(3.13) are removed since the users have already been allocated as shown in (3.32).
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Step 1. MCS initialisation:
Set all bands into highest MCS options
Step 2. Psck(m) initialisation:
Initialisation:
foreach k do

foreach m do
Psck(m) = δdk(m)Psk(m).
µk(m) = PT

MPsck
(m)

.

end

end
Step 4. User allocation:
ηk(m) = 0
foreach k do

foreach m do
Implement (3.31).
Implement (3.32) and (3.33).
Maximise ηk(m).

end

end
Algorithm 5: The proposed user allocation algorithm of the decoupled UBPA
strategy for SISO-AMC-OFDMA system

The power allocation is expected to minimise the BER for each sub-channel in which

the throughput is maximised. To obtain the value of µk(m) that refines the power

value of each sub-channel, a Lagrange multipliers method is employed. In addition,

the Lagrangian function is formulated as

L[µk(m)] =
K∑
k=1

M∑
m=1

φ(k,m)ΓA(k,m)[1− Pek(m)]

− Ω{[
K∑
k=1

M∑
m=1

φ(k,m)µk(m)Psck(m)]− PT}.

(3.34)

The Pek(m), which is mathematically expressed in (3.6), is substituted into (3.34)

as
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L[µk(m)] =
K∑
k=1

M∑
m=1

φ(k,m)ΓA(k,m)

−
K∑
k=1

M∑
m=1

{
φ(k,m)ΓA(k,m)c1k(m)

· exp[−c2k(m)µk(m)γk,min(m)]
}

− Ω{[
K∑
k=1

M∑
m=1

φ(k,m)µk(m)Psck(m)]− PT}.

(3.35)

To evaluate µk(m), a partial derivative for L[µk(m)] is computed with respect to

µk(m) as

∂L[µk(m)]

∂µk(m)
=φ(k,m)ΓA(k,m)c1k(m)c2k(m)γk,min(m)

· exp[−c2k(m)µk(m)γk,min(m)]

− Ωφ(k,m)Psck(m)

 = 0, µk(m) ∈ (0,∞),

< 0, µk(m) ∈ (−∞, 0],

(3.36)

which yields

ln

[
Ωφ(k,m)Psck(m)

]
=ln

[
φ(k,m)ΓA(k,m)c1k(m)c2k(m)γk,min(m)

]
+ ln

[
exp

{
− c2k(m)µk(m)γk,min(m)

}]
.

(3.37)

Let

ΓB(k,m) = ln

[
φ(k,m)ΓA(k,m)c1k(m)c2k(m)γk,min(m)

]
, (3.38)

then (3.37) can be rewritten as

ln

[
Ωφ(k,m)Psck(m)

]
=ΓB(k,m) + ln

[
exp

{
− c2k(m)µk(m)γk,min(m)

}]
. (3.39)

By removing the logarithm of the exponential expression, (3.39) can be rewritten

as
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ln[Ωφ(k,m)Psck(m)] = ΓB(k,m)− c2k(m)µk(m)γk,min(m), (3.40)

which yields,

µk(m) =

(
ΓB(k,m)− ln(Ω)− ln[φ(k,m)Psck(m)]

c2(m)γk,min(m)

)+

, (3.41)

where (b)+ indicates max(b, 0). To find Ω, (3.41) is substituted in (3.10) as shown

below

K∑
k=1

M∑
m=1

ΓB(k,m)Psck(m)φ(k,m)− ln(Ω)Psck(m)φ(k,m)

c2k(m)γk,min(m)

−
K∑
k=1

M∑
m=1

ln[φ(k,m)Psck(m)]Psck(m)φ(k,m)

c2k(m)γk,min(m)
= PT .

(3.42)

By assuming that

ΓC(k,m) = Psck(m)φ(k,m), (3.43)

and

ΓD(k,m) = ln[ΓC(k,m)]ΓC(k,m), (3.44)

(3.42) can be rewritten as

K∑
k=1

M∑
m=1

ΓB(k,m)ΓC(k,m)− ln(Ω)ΓC(k,m)− ΓD(k,m)

c2k(m)γk,min(m)
= PT . (3.45)

Equivalently, (3.45) is reformulated as

ln(Ω)
K∑
k=1

M∑
m=1

ΓC(k,m)

c2k(m)γk,min(m)

=
K∑
k=1

M∑
m=1

ΓB(k,m)ΓC(k,m)− ΓD(k,m)

c2k(m)γk,min(m)
− PT .

(3.46)

From (3.46), ln(Ω) is evaluated as

ln(Ω) =
ΓE(k,m)

ΓF (k,m)
, (3.47)
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where

ΓE(k,m) =
K∑
k=1

M∑
m=1

ΓB(k,m)ΓC(k,m)− ΓD(k,m)

c2k(m)γk,min(m)
− PT , (3.48)

and

ΓF (k,m) =
K∑
k=1

M∑
m=1

ΓC(k,m)

c2k(m)γk,min(m)
. (3.49)

The power value, µk(m), for each sub-channel assigned to a user is evaluated

by substituting (3.47) into (3.41). The Lagrange multiplier, Ω, controls the total

transmission power allocation amongst the sub-channels. The distribution criteria

depend on the assigned sub-channel gain; for instance, (3.41) allocates more power

to the sub-channel with a deep fade, while it reduces the power value for the high

SNR sub-channels.

After obtaining the user and power allocation according to (3.32) and (3.41)

respectively, the proposed bit allocation algorithm is considered depending on the

channel conditions and the power constraints, which are expressed in (3.10) and

(3.11). The proposed UBPA strategy avoids any transmission over the sub-channels

with SNR value lower than 4 dB due to high BER values for the other MCS levels.

Algorithm 6 explains the proposed bit and power allocation of UBPA strategy.

Firstly, the sub-channels are set to the highest MCS order. Secondly, the power

is allocated over the utilised sub-channels, which adopt the given MCS options,

based on (3.41). Thirdly, the system checks if the power constraints shown in (3.10)

and (3.11) are satisfied. A positive response indicates that the two constraints

are satisfied, therefore, the transmission is allowed to continue, while a negative

response leads to implementing a reduction in the MCS order for the sub-channels

that require more power to satisfy the relevant channel conditions. In addition, the

option of no transmission is directly chosen for the sub-channels with SNR values

less than 4 dB. The sub-carriers of these sub-channels are distributed among the

other utilised sub-channels. In other words, the users with SNR values below 4

dB are discarded. Finally, iterative reduction of the MCS options for the selected

sub-channels continues until the system conditions are satisfied, or the lowest MCS

is reached, which implies no transmission on the corresponding sub-channels.

77



3.6 Proposed UBPA Strategy for SISO-AMC-
OFDMA

Step 1. MCS initialisation:
Set all bands into highest MCS options
Step 2. Power evaluation:
Initialisation:
foreach k do

foreach m do
Psck(m) = δdk(m)Psk(m).

µk(m) =

(
ΓB(k,m)−ln(Ω)−ln[φ(k,m)Psck

(m)]

c2(m)γk,min(m)

)+

.

end

end
Step 3. Power constraints check:
if
∑K

k=1

∑M
m=1 φ(k,m)µk(m)Psck(m) = PT and µk(m) ≥ 0 then

Go to step 4.
end
else

foreach k do
foreach m do

if γk,min(m) 6 4 then
Set this sub-channel to no transmission option.

end
else

Reduce the MCS option levels for the sub-channels with lower
γk,min(m).
Go to step 2

end

end

end

end
Step 4. Transmission:
Transmit the OFDMA frame.
.

Algorithm 6: The proposed bit and power allocation algorithm of the decoupled
UBPA strategy for SISO-AMC-OFDMA system
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3.7 Simulation Results and Discussion

The performance of the investigated SISO-AMC-OFDMA system based on both ap-

proaches of the proposed UBPA strategy and pilot adjustment scheme is compared

with conventional methods. This system adopts the Mobile WiMAX IEEE 802.16e

standard with the parameters listed in Table 2.1. The simulation results are ob-

tained using different ITU channel profiles that represent distinct criteria in terms

of mobility speed and channel conditions for K = 30 users. The considered SNR

values in the simulation results represent the average SNR for all users as

γavg = E{γ∗k,min(m)}. (3.50)

In the simulation results, eight systems are compared, which divide the OFDMA

frame into sub-channels and assign one user per sub-channel as follows:

1. FS-AMC-OFDMA-conventional bit and power allocation (CBPA) system that

adopts the bit and power allocation algorithm presented in [38] for convolu-

tional coding rate of 3/4 without considering the ARQ retransmission protocol

for fair comparison and with fixed number of pilots.

2. DS-AMC-OFDMA-CBPA system, which utilises the resource allocation algo-

rithm presented in [38] for coding rate of 3/4 with dynamic number of pilots.

3. FS-AMC-OFDMA-optimised user, bit and power allocation (OUBPA) system

that considers the optimised approach of the proposed UBPA strategy with

fixed number of pilots.

4. DS-AMC-OFDMA-OUBPA system that is based on the optimised approach

of the proposed UBPA strategy with dynamic number of pilots.

5. FS-AMC-OFDMA-decoupled user, bit and power allocation (DUBPA) system,

which uses the decoupled approach of the proposed UBPA strategy with fixed

number of pilots.

6. DS-AMC-OFDMA-DUBPA system that employs the decoupled approach of

the proposed UBPA strategy with dynamic number of pilots.

7. FS-AMC-OFDMA, which uses the proposed AMC strategy explained in Chap-

ter 2 with full-use of pilots.
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8. DS-AMC-OFDMA that employs the proposed dynamic sub-channelling AMC

strategy presented in Chapter 2.

It is important to note that the systems, which consider the fixed number of

pilots, use the full number of the available pilots. Moreover, the proposed pilots

adjusting technique is utilised by the schemes, which adopt the dynamic number of

pilots.

Fig. 3.4 demonstrates the average throughput performance of the eight systems

under investigation. The simulated average system throughput is evaluated for

Nfr = 1×106 transmitted OFDMA frames, with respect to the effective bandwidth,

Beff , based on (2.45). It is important to note that the effective bandwidth, Beff ,

is based on the number of data sub-carriers, δdk(m), revised by the proposed pilot

adjustment scheme, within each transmitted frame as shown in (2.44).
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Figure 3.4: Average system throughput for the investigated SISO-AMC-OFDMA
systems.

From Fig. 3.4, it is evident that the DS-AMC-OFDMA-OUBPA system out-

performs the other investigated schemes that adopt the proposed pilot adjustment

scheme, while the FS-AMC-OFDMA-OUBPA shows a superior performance in com-

parison with the systems, which consider the fixed number of pilots. Additionally,

performance of the FS-AMC-OFDMA-DUBPA and DS-AMC-OFDMA-DUBPA is

significantly improved in comparison to FS-AMC-OFDMA-CBPA and DS-AMC-

OFDMA-CBPA, respectively. Furthermore, the systems adopted the proposed pi-

lot adjustment scheme outperform such related schemes that consider the full-use
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of pilot sub-carriers. In contrast, the performance of the systems of FS-AMC-

OFDMA-DUBPA, DS-AMC-OFDMA-DUBPA, FS-AMC-OFDMA-CBPA and DS-

AMC-OFDMA-CBPA is better than both FS-AMC-OFDMA and DS-AMC-OFDMA

due to the utilisation of different resource allocation strategies.

The enhancement in the performance of both investigated schemes based on

UBPA strategy for fixed and dynamic number of pilots is due to the behaviour

of the adopted resource allocation strategy. This strategy exploits the multiuser

channel diversity to allocate the users amongst the sub-channels of the transmitted

OFDMA frame rather than using sequential assignment as in [38]. Additionally, the

transmission power value is utilised to counteract the channel fading effects on the

sub-carriers in the presence of sufficient MCS options. Moreover, the proposed bit

allocation algorithm of the UBPA strategy selects higher MCS orders for most of

the sub-channels in order to guarantee successful high transmission rate of the data

with the lowest number of errors in comparison with method of [38]. In addition,

the proposed strategy provides a low power value for the high SNR sub-channels

and more power for the deep fade channel to increase the resilience and reliability

of the involved sub-carriers against channel fading. The UBPA can decide to avoid

transmission over sub-channels with worst conditions in order to save more power

for other sub-channels. On the other hand, the systems that adopts the proposed

pilot adjustment scheme outperform the related schemes with fixed number of pilot

since this technique increases the transmission data rate and throughput by adding

additional data sub-carriers instead of the unused pilots.

It should be noted that the performance of the AMC-OFDMA-OUBPA systems

that employ the optimised approach of UBPA strategy for both fixed and dynamic

number of pilots is improved compared to AMC-OFDMA-DUBPA due to the opti-

mal solution of the presented optimisation problem. In other words, the decoupling

of the problem into sub-problems considered by AMC-OFDMA-DUBPA systems af-

fects the optimal solution particularly for low SNR values. The major drawback of

the optimised approach is the computational complexity that comes from exhaustive

search for the optimal solution in terms of user, bit and power allocation amongst

the utilised sub-channels that assigned to different users. On the other hand, the de-

coupled approach produces a low computational complexity solution since it divides

the complex optimisation problem into sub-problems and solves each one individ-

ually under the assumption of perfect tackling for others. It is evident from Fig.
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3.4 that the optimised and decoupled approaches of the proposed UBPA strategy

provide the same performance after SNR value of 15 dB.

Fig. 3.5 presents a comparison of the throughput outage probability, Pout, ob-

tained with the investigated systems. Note that Pout is evaluated based on (2.46).

It is worthy to note that Fig. 3.5 shows the superior performance of AMC-OFDMA-

OUBPA system for both fixed and dynamic pilots in comparison with the other

approaches. Additionally, both approaches of the proposed strategy can achieve the

lowest outage probability at SNR values in comparison with the other approaches.

At the other hand, the AMC-OFDMA-DUBPA with both pilot assignment meth-

ods shows a low throughput outage probability in comparison with the conventional

approaches due to the utilisation of the proposed decoupled approach of UBPA.
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Figure 3.5: Throughput outage probability for the investigated SISO-AMC-OFDMA
systems.

Fig. 3.6 illustrates the average throughput performance of the considered sys-

tem in terms of the number of users at the assigned BS for average SNR value of

5, 15, 25 and 35 dB. This figure is presented to test the performance efficiency of

the underlying systems for different numbers of users. Although the performance

of the AMC-OFDMA-OUBPA and AMC-OFDMA-DUBPA systems for both fixed

and dynamic number of pilots is increased accordingly with the number of users,

it remains the same after 30 users. Moreover, the enhancement in the throughput

of the FS-AMC-OFDMA-CBPA, DS-AMC-OFDMA-CBPA, FS-AMC-OFDMA and

DS-AMC-OFDMA is restricted to be the same after 30 users. This is due to reach-
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Figure 3.6: Average system throughput vs. number of users for the investigated
SISO-AMC-OFDMA systems.

ing the saturation of the channel diversity. The improvement in the performance of

the investigated systems with the increase of user’s number is the results of the mul-

tiuser channel diversity. This diversity allows the proposed UBPA strategy to select

different MCS options for distinct users in the same transmitted OFDMA frame.

In contrast, the performance of the fixed and dynamic sub-channelling systems is

identical for SNR value of 5 dB as shown in Fig. 3.6(a) due to the restriction of

implementing the proposed pilot adjustment scheme for SNR lower than 10 dB. In

addition, the performance of the systems that utilise both approaches of the pro-

posed UBPA strategy is identical for fixed and dynamic sub-channelling methods in

high SNR values as illustrated in Fig 3.6(c) and 3.6(d).
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Fig. 3.7 demonstrates the effect of the pilot reduction on the channel estimation.

It is shown that the effects of pilot reduction on the channel estimation MSE is noted

after SNR value of 10 dB. The same performance of Fig. 2.15 has been achieved,

which proves that the proposed pilot adjustment scheme can efficiently work with

different systems and environments.

0 5 10 15 20 25 30 35
10

−5

10
−4

10
−3

10
−2

10
−1

SNR (dB)

M
S

E

 

 
Fixed Sub−channelling

Dynamic Sub−channelling

Figure 3.7: MSE of the channel estimation for fixed and dynamic sub-channelling
SISO-AMC-OFDMA.

In order to study the systems employing each MCS, a statistical analysis in terms

of usage ratio is performed. Fig. 3.8 illustrates the usage ratio, which is computed for

a transmission time of 1.7 min, i.e. 1×106 OFDMA frame, of the MCSs for distinct

SNR levels of 5, 15, 23 and 35 dB, respectively. In these plots, the ten convolutional

based MCSs are sorted from the lowest to the highest level as explained in Fig. 2.16.

It is observed from Fig. 3.8(a) and Fig. 3.8(b) that the MCS options of 2-7 are widely

chosen by most systems. In contrast, the AMC-OFDMA-OUBPA scheme adopts

the highest transmission level of 64-QAM combined with 3/4 convolutional coding

rate throughout the simulations due to the use of the proposed strategy, which

distributes the power optimally to increase the resilience of the sub-channels to

the corresponding fading values. Additionally, the AMC-OFDMA-DUBPA system

considers the MCS option 10 more often than AMC-OFDMA-CBPA scheme. The

improved performance of AMC-OFDMA-OUBPA and AMC-OFDMA-DUBPA is

the result of employing the proposed UBPA strategy. This strategy aims to increase

the total throughput by selecting the higher MCS options and distributing the power
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Figure 3.8: Usage probability of the utilised MCS options for the investigated SISO-
AMC-OFDMA systems.

optimally amongst the sub-channels assigned to users, in which the power constraints

of the maximisation problem are satisfied. On the other hand, Fig. 3.8(c) and

Fig. 3.8(d) illustrate that AMC-OFDMA-OUBPA, AMC-OFDMA-DUBPA, AMC-

OFDMA-CBPA and AMC-OFDMA systems select the highest MCS with a high

usage ratio, while the remainder distributed over the other options. It is important

to note that the fixed and dynamic sub-channelling techniques for each system are

combined together due to the same achieved performance.
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3.8 Chapter Summary

The focus of this Chapter was on the proposed resource allocation strategies, which

were designed based on a developed software engineering life cycle model, for SISO

based AMC-OFDMA systems. The resource allocation strategy, called UBPA, for

SISO-AMC-OFDMA system has been firstly presented as a throughput maximisa-

tion problem. Then, the solution of this problem is introduced by two approaches,

optimised and decoupled. The optimised approach provided the optimal solution

for the investigated problem with a huge computational complexity. In contrast, the

decoupled approach presented a low complexity solution on the cost of performance

particularly at low SNR values. This was carried out by dividing the main problem

into two sub-problems based on the decomposition method. The proposed UBPA

strategy has been combined with the pilot adjustment scheme to produce two types

of systems based on fixed and dynamic sub-channelling methods. The simulation

results discussed the performance of the proposed strategies for distinct systems.
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Chapter 4

Resource Allocation Software

Algorithms for

MIMO-AMC-OFDMA systems

A resource allocation (RA) strategy, called UBPA, for SISO-AMC-OFDMA system

expressed in Chapter 3 has been expanded to work with single-cell spatial multi-

plexing MIMO technique based downlink AMC-OFDMA systems. This strategy is

also designed based on cyclic type of software engineering life cycle model. In this

Chapter, two RA strategies for MIMO-OFDMA system are presented. The first

strategy allocates the available resources amongst the sub-carriers included in indi-

vidual sub-channels based on the best SISO link between each transmit antenna and

the related received antennas. In contrast, the second strategy employs the eigen

mode transmission to distribute the resources optimally over the sub-channels.

4.1 Developed Life Cycle Model for MIMO Based

Resource Allocation Algorithm

As mentioned earlier, the software engineering life cycle models are utilised in de-

signing the proposed strategies. This is to produce strategies with more flexibility

in dealing with the communication traffic problem and the updated system models.

In this Chapter, the same developed life cycle model of resource allocation algo-

rithm for SISO-AMC-OFDMA, expressed in Fig. 3.1 of Chapter 3, is adopted. The

only difference is the number if transmit and receive antennas.
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4.2 RA for MIMO-AMC-OFDMA

This strategy aims to maximise the average system throughput by allocating the

users, related bit streams and total transmission power among the considered sub-

channels at each transmit antenna based on the best channel between such antenna

and the receive antennas. It has not considered the interference, caused by the

transmitted signals from other transmit antennas, at each received antenna. Ad-

ditionally, RA strategy exploits the different transmission domains as well as the

multiuser and channel diversities in order to achieve the optimal allocation for the

available resources. The average system throughput is formulated as a trade-off cri-

terion between the spectral efficiency and BER based on selected MCS levels. The

MCS scenario based on convolutional coding method with ten options is employed.

It is important to note that the fixed sub-channelling method has been adopted for

MIMO based systems with a perfect channel knowledge at both transmitter and

receivers.

4.2.1 MIMO-AMC-OFDMA System Model

A single-cell MIMO downlink channel to transmit a wireless OFDMA signal from an

assigned BS into K mobile users is adopted. The BS is equipped with Nt transmit

antennas, whilst each user hasNr receive antennas, whereNt ≥ Nr. The transmitted

OFDMA frame at each transmit antenna is divided into M sub-channels and each

sub-channel has been assigned to a user. Moreover, the utilised Nd data sub-carriers

are distributed uniformly over M sub-channels that assigned to K users at t-th

transmit antenna in terms of r-th receive antenna in a range of ξ
(t,r)
k (m) = Nd/M .

Therefore, the considered channel between the BS and k-th user,Hk, is characterised

to be of Nt × Nr × ξ
(t,r)
k (m) corresponding to the data sub–carriers. Moreover,

m ∈ {1, ...,M}, k ∈ {1, ..., K}, t ∈ {1, ..., Nt} and r ∈ {1, ..., Nr} are the index of

utilised sub-channels, users, transmit antennas and receive antennas, respectively.

As highlighted earlier, the CSI further to resource allocation information (RAI) are

assumed to be perfectly known at the transceivers of both BS and mobile users.

Fig. 4.1 illustrates the block digram of the investigated MIMO-AMC-OFDMA

system based on the proposed RA strategy. From this figure, the transmitter en-

codes and modulates the assigned information of M sub-channels at each transmit

antenna according to the selected MCS options, which satisfy the total transmission
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Figure 4.1: Block diagram of the proposed RA strategy based MIMO-AMC-OFDMA
system.

power constraints and corresponding channel conditions. The RA block allocates

the users among the utilised sub-channels and selects the suitable MCS for them

at each transmit antenna individually by implementing the proposed strategy. It

also distributes the total transmission power over the sub-channels of all transmit

antennas. The block, IFFT and CP Adding, performs the IFFT operation and CP

adding.

Different ITU channel profiles, explained in Chapter 2, are considered to generate

distinct time varying MIMO multipath fading channels that realise the physical lo-

cation of each user with different mobility speed [102]. The utilised channel between

the k-th user and the assigned BS in terms of the transmit and receive antennas for

them-th sub-channel and the d-th data sub-carrier can be mathematically expressed

as

H
(m,d)
k =



Hm,d
k1,1

Hm,d
k1,2

... Hm,d
k1,Nr

Hm,d
k2,1

Hm,d
k2,2

... Hm,d
k2,Nr

. . ... .

. . ... .

. . ... .

Hm,d
kNt,1

Hm,d
kNt,2

... Hm,d
kNt,Nr


, (4.1)

where d = 1, ..., ξ
(t,r)
k (m) is the data sub-carrier index for the sub-channel m that

assigned to the user k at the transmit antenna t.

After the FFT operation and CP removal, the received signal for the k-th user

in terms of the d-th data sub-carrier at the m-th sub-channel can be formulated as
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Y
(m,d)
k = X

(m,d)
k [H

(m,d)
k ]T +W

(m,d)
k , (4.2)

where Y
(m,d)
k , X

(m,d)
k and W

(m,d)
k denotes the received Nr×1 signal, the transmitted

Nt×1 signal and the related AWGNNr×1 sample vectors respectively. Furthermore,

the received signal at antenna r for user k, Y m,d
kr

, is a combination of all transmitted

signals from Nt antenna as shown below

Y m,d
kr

=
Nt∑
t=1

X
(m,d)
kt,r

H
(m,d)
kt,r

+W
(m,d)
kt,r

, (4.3)

where Xm,d
kt,r

, Hm,d
kt,r

and Wm,d
kt,r

are the transmitted data sub-carriers, related channel

coefficients and AWGN samples, respectively. Additionally, the zero forcing (ZF)

receiver is utilised to detect the assigned data for the k-th user and to cancel the

interferences, caused by other transmitted signal from different transmit antennas,

[11]. The received data sub-carriers are demodulated and decoded according to the

known selected MCS of each sub-channel utilising soft ML demapper and Viterbi

decoder, respectively [90].

The throughput of the investigated MIMO-AMC-OFDMA system in terms of

the g-th OFDMA block that includes the transmitted OFDMA frames from the

transmit antennas can be formulated as

ψg =
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)ξ
(t,r)
k (m)ρ

(t,r)
k (m)[1− P (t,r)

ek
(m)], (4.4)

where φt,r(k,m) is an element in the user allocation matrix that assigns the user k

at the transmit antenna t to the sub-channel m in terms of the receive antenna r

[70]. Moreover, ρ
(t,r)
k (m) denotes the spectral efficiency of the user k over the sub-

channel m from the transmit antenna t to receive antenna r. Furthermore, P
(t,r)
ek (m)

is the BER of the transmitted k-th user signal over the m-th sub-channel from the

t-th transmit antenna to the r-th receive antenna. It should be noted the formula of

(4.4) represents the approximated system throughput evaluation as a combination of

numerous SISO transmissions. This is an approximated value since the interference

between the transmitted signal from the t-th antenna with the transmitted signals

from other antennas has not been considered.
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4.2.2 Proposed RA Strategy for MIMO-AMC-OFDMA

The objective of the proposed RA strategy is to maximise the throughput of the

investigated MIMO-AMC-OFDMA system. It is important to note that the RA

strategy allocates the available resources based on the best SISO link between each

transmit antenna and Nr receive antennas. In addition, it provides a solution to an

optimisation problem that can be mathematically formulated as

Maximise ψg =
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)ξ
(t,r)
k (m)ρ

(t,r)
k (m)[1− P (t,r)

ek
(m)],

subject to :

(4.5)

K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)µ
(t,r)
k (m)P (t,r)

sck
(m) = PT , (4.6)

µ
(t,r)
k (m) ≥ 0, (4.7)

Nr∑
r=1

K∑
k=1

φt,r(k,m) = 1, m = 1, ...,M,

t = 1, ..., Nt,

(4.8)

Nr∑
r=1

M∑
m=1

φt,r(k,m) = 1, k = 1, ..., K,

t = 1, ..., Nt,

(4.9)

where P
(t,r)
sck (m) = ξ

(t,r)
k (m)P

(t,r)
sk (m) is the power value of the m-th sub-channel that

assigned to the k-th user and transmitted from the t-th transmit antenna to the

r-th receive antenna in terms of the related coded and modulated symbol power,

P
(t,r)
sk (m). Additionally, (4.6) and (4.7) are the power constraints, while (4.8) and

(4.9) denote the fairness user allocation constraints, which guarantee the allocation

of one user per sub-channel at the transmit antenna t. Moreover, µ
(t,r)
k (m) is a power

value that optimises the required power value for each sub-channel. Finally, PT is

the total transmission power of the corresponding BS.
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From (4.5), the throughput evaluation is based on the related BER values. There-

fore, P
(t,r)
ek (m) can be obtained utilising the general approximated BER formula

following (3.6) as

P (t,r)
ek

(m) = c
(t,r)
1k

(m) exp[−c(t,r)2k
(m)γ

∗(t,r)
k,min(m)], (4.10)

It is important to note that the same method of evaluating c
(t,r)
1k

(m) and c
(t,r)
2k

(m)

values as used in SISO systems, presented in Chapter 3, is adopted here. Further-

more, γ
(t,r)
k,min(m), which is the minimum SNR value for the data sub-carriers within

each sub-channel, can be evaluated based on (3.4) as

γ
∗(t,r)
k,min(m) = µ

(t,r)
k (m)γ

(t,r)
k,min(m) = min{µ(t,r)

k (m)γ
(t,r)
k (m, d)}, (4.11)

where γ
(t,r)
k (m, d) is the SNR value for the d-th data sub-carriers in the m-th sub-

channel assigned to the k-th user transmitted from the t-th transmit antenna to the

r-th receive antenna. In order to achieve a practical solution to the investigated

complex problem expressed in (4.5)-(4.9), the problem has been decoupled into two

sub-problems and an algorithm is proposed to solve each one individually. These

proposed algorithm are combined together in the RA strategy.

User allocation

In this Section, the user allocation sub-problem is presented and solved by a proposed

algorithm. It is assumed that the information bits are allocated to highest MCS

level. Additionally, the total transmission power of the BS are distributed equally

over the transmit antennas and the power value of each antenna is allocated equally

over the corresponding sub-channels. Therefore, the power constraints expressed in

(4.6) and (4.7) are removed. Furthermore, the objective function shown in (4.5) is

reformulated to satisfy the Hessian matrix conditions [62] by rewriting (4.10) based

on (3.14) as

P ∗(t,r)
ek

(m) = c
(t,r)
1k

(m) exp[
−φt,r(k,m)c

(t,r)
2k

(m)γ
∗(t,r)
k,min(m)

φt,r(k,m)
]. (4.12)

The user allocation sub-problem expressed in (4.5), (mimocon3) and (4.9) can

be solved by applying the Lagrange optimisation method [62]. Therefore, the La-
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grangian function is written as

L

[
φt,r(k,m)

]
=

K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

[φt,r(k,m)ξ
(t,r)
k (m)ρ

(t,r)
k (m)]

−
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

{
φt,r(k, b)ξ

(t,r)
k (m)ρ

(t,r)
k (m)

· c(t,r)1k
(m) exp[

−φt,r(k,m)c
(t,r)
2k

(m)µ
(t,r)
k (m)γ

(t,r)
k,min(m)

φt,r(k,m)
]
}

−
Nt∑
t=1

M∑
m=1

ηr,k(t,m)[
Nr∑
r=1

K∑
k=1

φt,r(k,m)− 1]

−
Nt∑
t=1

K∑
k=1

ηr,m(t, k)[
Nr∑
r=1

M∑
m=1

φt,r(k,m)− 1],

(4.13)

where ηr,k(t,m) and ηr,m(t, k) are the Lagrange multipliers. Following the same

derivative procedure of the user allocation of the decoupled UBPA strategy for

SISO-AMC-OFDMA system expressed in Chapter 3, the φt,r(k,m) values can be

evaluated as

φt,r(k,m) =

 1, if k = k
(t,r)
opt (m),

0, otherwise,

 , ∀ m = 1, ...,M,

∀ t = 1, ..., Nt,

∀ r = 1, ..., Nr,

(4.14)

where

k
(t,r)
opt (m) = arg

k
max{ηr,m(t, k)}, k = 1, ..., K,

t = 1, ..., Nt

r = 1, ..., Nr,

(4.15)

ηr,m(t, k) =ΓAt,r(k,m)− ΓAt,r(k,m)c
(t,r)
1k

(m)

· exp[−c(t,r)2k
(m)µ

(t,r)
k (m)γ

(t,r)
k,min(m)]− ηr,k(t,m),

(4.16)
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and

ΓAt,r(k,m) = ξ
(t,r)
k (m)ρ

(t,r)
k (m). (4.17)

Algorithm 7 illustrates the proposed user allocation algorithm. From this algo-

rithm, all sub-channels of the available users at the considered transmit antenna are

set to the modulation order of 64-QAM and coding rate of 3/4. Then, ηr,k(t,m) for

all users are initialised by zero. After obtaining the performance of all users among

the sub-channels using (4.16), the φt,r(k,m) value for the k-th user is evaluated

following (4.14) and (4.15). In addition, in order to prevent choosing the same user

over other sub-channels, the ηr,k(t,m) for the selected user is maximised to be

ηr,k(t,m) =ΓAt,r(k,m)− βAt,r(k,m)c1k(m) exp[−c(t,r)2k
(m)µ

(t,r)
k (m)γ

(t,r)
k,min(m)].

(4.18)

The repetition of the algorithm is continued until allocating all users.

Bit and Power Allocation

The proposed bit and power allocation algorithm that tackles the second investigated

sub-problem is presented. Under the assumption of achieving the user allocation,

the fairness user allocation constraints of (4.8) and (4.9) are removed. In order to

solve this optimisation problem by calculating µ
(t,r)
k (m), a Lagrange optimisation

method is employed. Therefore, the Lagrangian function can be written in terms of

(4.10) as

L

[
µ
(t,r)
k (m)

]
=

K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)ΓAt,r(k,m)

−
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

{
φt,r(k,m)ΓAt,r(k,m)c

(t,r)
1k

(m)

· exp[−c(t,r)2k
(m)µ

(t,r)
k (m)γ

(t,r)
k,min(m)]

}
− Ω

[ K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)µ
(t,r)
k (m)P (t,r)

sck
(M)

]
− PT .

(4.19)
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Step 1. MCS initialisation:
Set all sub-channels at the transmit antennas into highest MCS option
Step 2. P

(t,r)
sck (m) initialisation:

Initialisation:
foreach k do

foreach t do
foreach r do

foreach m do

P
(t,r)
sck (m) = ξ

(t,r)
k (m)P

(t,r)
sk (m).

µ
(t,r)
k (m) = PT

NtMP
(t,r)
sck

(m)
.

ηr,k(t,m) = 0
end

end

end

end
Step 4. User allocation:
foreach k do

foreach t do
foreach r do

foreach m do
Implement (4.16) and (4.15).
Implement (4.14).
Implement (4.18)

end

end

end

end
.

Algorithm 7: The proposed user allocation algorithm of the RA strategy for
MIMO-AMC-OFDMA system
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where Ω is a Lagrange multiplier that controls the desired power values for the sub-

channels. The µ
(t,r)
k (m) values for different sub-channel are obtained from (4.19) by

implementing the partial derivative of L

[
µ
(t,r)
k (m)

]
in terms of µ

(t,r)
k (m) as

µ
(t,r)
k (m) =

(
ΓBt,r(k,m)− ln(Ω)− ln[φt,r(k,m)P

(t,r)
sck (m)]

c
(t,r)
2k

(m)γ
(t,r)
k,min(m)

)+

. (4.20)

After some mathematical operations, ln(Ω) can be formulated as

ln(Ω) =
ΓEt,r(k,m)

ΓFt,r(k,m)
, (4.21)

where

ΓEt,r(k,m) =
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

[
ΓBt,r(k,m)ΓCt,r(k,m)− ΓDt,r(k,m)

c
(t,r)
2k

(m)γ
(t,r)
k,min(m)

]− PT , (4.22)

ΓFt,r(k,m) =
K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

ΓCt,r(k,m)

c
(t,r)
2k

(m)γ
(t,r)
k,min(m)

, (4.23)

ΓBt,r(k,m) = ln[φt,r(k,m)ΓAt,r(k,m)c
(t,r)
1k

(m)c
(t,r)
2k

(m)γ
(t,r)
k,min(m)], (4.24)

ΓCt,r(k,m) = φt,r(k,m)P (t,r)
sck

(m), (4.25)

and

ΓDt,r(k,m) = ln[ΓCt,r(k,m)]ΓCt,r(k,m). (4.26)

Based on the achieved power distribution formula of (4.20), the bit allocation of

the information bit streams over the utilised sub-channels at each transmit antenna

can be achieved in an iterative way as shown in Algorithm 8. This algorithm follows

the same work steps of Algorithm 6 that explains the bit and power allocation

algorithm of the proposed decoupled UBPA strategy.
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Step 1. MCS initialisation:
Set all bands into highest MCS options
Step 2. Power evaluation:
Initialisation:
foreach k do

foreach t do
foreach r do

foreach m do

P
(t,r)
sck (m) = ξ

(t,r)
k (m)P

(t,r)
sk (m).

µ
(t,r)
k (m) =

(
ΓBt,r (k,m)−ln(Ω)−ln[φt,r(k,m)P

(t,r)
sck

(m)]

c
(t,r)
2k

(m)γ
(t,r)
k,min(m)

)+

.

end

end

end

end
Step 3. Power constraints check:
if
∑K

k=1

∑Nt

t=1

∑Nr

r=1

∑M
m=1 φt,r(k,M)µ

(t,r)
k (m)P

(t,r)
sck (m)] = PT and

µ
(t,r)
k (m) ≥ 0 then
Go to step 4.

end
else

foreach k do
foreach t do

foreach r do
foreach m do

if γ
(t,r)
k,min(m) 6 4 then
Set this sub-channel to no transmission option.

end
else

Reduce the MCS option levels for the sub-channels with
lower γ

(t,r)
k,min(m).

Go to step 2
end

end

end

end

end

end
Step 4. Transmission:
Transmit the OFDMA frame.
.

Algorithm 8: The proposed bit and power allocation algorithm of RA strategy
for the MIMO-AMC-OFDMA
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4.2.3 Simulation Results and Discussion

The performance of the investigated MIMO-AMC-OFDMA system based on the

proposed RA and conventional strategies has been studied. This system considers

the parameters of Table 2.1. The number of users, k = 15, and a spatial multiplexing

MIMO system equipped with different numbers of transmit and receive antennas are

considered. Most of the results are achieved in terms of the average SNR values of

all users, γav, as a function of the average SNR of g-th transmitted OFDMA block,

γavg = E{γ∗(t,r)k,min(m)}. The presented results compare the performance of three

systems as follows:

1. MIMO-OFDMA-conventional resource allocation (CRA) system that adopts

the bit and power allocation algorithm of [38], where this algorithm has been

developed to work with MIMO systems based on combining coding rate of 3/4

with QPSK, 16-QAM and 64-QAM modulation types.

2. MIMO-OFDMA-proposed resource allocation (PRA), which uses the proposed

bit and power allocation algorithms of the RA strategy.

3. MIMO-OFDMA-RA system, which considers the proposed user, bit and power

allocation of the RA strategy.

The average throughput performance of the investigated MIMO systems for dif-

ferent number of transmit and receive antennas is compared in Fig. 4.2. The achieved

average system throughput for Nfr = 1000 transmitted OFDMA block from all

transmit antennas are computed based on (2.45).

From Fig. 4.2, it is evident that the MIMO-OFDMA-RA system outperforms the

other MIMO schemes throughout the included sub-figures. In addition, the MIMO-

OFDMA-PRA system throughput is improved in comparison with the MIMO-OFDMA-

CRA scheme. The enhancement in the performance of the proposed MIMO-OFDMA-

RA scheme over other systems is due to the exploiting of the MIMO channel and

user diversities by the employed RA strategy. Additionally, the proposed user allo-

cation algorithm assigns the optimal sub-channel to each user at transmit antenna t

based on the best SISO link with the Nr receive antennas rather than the sequential

users distribution. The proposed power allocation algorithm distributes the total BS

transmission power over the utilised sub-channels of all transmit antennas optimally

to increase the resilience of them against the channel fade effects. Furthermore, the
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(c) Nt = 3, Nr = 3.
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Figure 4.2: Average system throughput for the investigated MIMO-AMC-OFDMA
systems.
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bit allocation algorithm of the proposed RA strategy raises the selected MCS levels

for each sub-channel assigned to a user, in which the related channel conditions

and the power constraints are satisfied. Otherwise, the MIMO-AMC-OFDMA-RA

system prevents any transmission over the sub-channels with worst conditions and

distributes the assigned sub-carriers across other sub-channels. Moreover, the im-

provement of the MIMO-OFDMA-PRA over MIMO-OFDMA-CRA is the results of

the utilising of the proposed bit and power allocation algorithms of the RA strategy.

Fig. 4.3 demonstrates the performance of the average spectral efficiency, ρav,

expressed in (bps/Hz) for the considered MIMO systems. In addition, ρav can be

evaluated in terms of the spectral efficiency of the m-th sub-channel that assigned to

the k-th user from the t-th transmit antenna to the r-th receive antenna, ρ
(t,r)
k (m),

for Nfr blocks as

ρav =
1

Nfr

Nfr∑
g=1

ρavg

=
1

Nfr

Nfr∑
g=1

1

K

K∑
k=1

Nt∑
t=1

Nr∑
r=1

M∑
m=1

φt,r(k,m)ρ
(t,r)
k (m).

(4.27)

where ρavg is the average spectral efficiency for each block transmitted from Nt

transmit antennas. From this figure, the performance of MIMO-OFDMA-RA system

is shown to exceed other compared schemes. Furthermore, the performance of the

MIMO-OFDMA-PRA is significantly increased over the conventional approach. It is

important to note that the enhancement of the proposed MIMO-OFDMA-RA over

other schemes is the result of exploiting the MIMO channel and multiuser diversities,

which allows the transmitter to select high MCS levels for the sub-channels over

the considered SNR values. Additionally, the throughput increasing of the MIMO-

OFDMA-PRA over the last approach is due to the optimal power distribution that

allows the sub-channels with worst conditions to select medium and high MCS levels.

The throughput outage probability as a function of the average system through-

put and the upper throughput bound, ψMIMO,UB, for the investigated approaches

is presented in Fig. (4.4). The throughput outage probability is evaluated following

(2.46). Additionally, ψMIMO,UB can be evaluated as

ψMIMO,UB = NtBeffρmax. (4.28)
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(c) Nt = 3, Nr = 3.
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Figure 4.3: Spectral efficiency for the investigated MIMO-AMC-OFDMA systems.
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(b) Nt = 2, Nr = 2.
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(c) Nt = 3, Nr = 3.
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Figure 4.4: Throughput outage probability for the investigated MIMO-AMC-
OFDMA systems.

This figure illustrates that the proposed RA strategy of the MIMO-OFDMA-RA

system achieves low outage probability in comparison with the other two schemes.

It is evident that the increasing in the number of transmit and receive antennas can

improve the performance for all investigated systems significantly.

4.3 RA for SVD Based MIMO-AMC-OFDMA

The introduced RA strategy for spatial multiplexing MIMO-AMC-OFDMA sys-

tem, expressed in the previous Section, has been modified to accommodate the

eigen mode or a singular value decomposition (SVD) transmission. In spatial mul-
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4.3 RA for SVD Based MIMO-AMC-OFDMA

tiplexing MIMO technique, the SVD transmission provides an accurate information

regarding the spacial mode channels in comparison with the selection of the best

channel profiles in each transmit antenna due to the consideration of the antenna

interferences. As mentioned earlier, the proposed RA strategy aims to maximise the

average system throughput as a function of spectral efficiency and BER.

4.3.1 SVD-MIMO-AMC-OFDMA System Model

SVD based MIMO downlink channel between an assigned BS to K mobile users has

been considered [70]. The system parameters of Table 2.1 are considered. Addition-

ally, the system block diagram, shown in Fig. 4.1, of the downlink MIMO-AMC-

OFDMA with the same functions of the included blocks is also considered.

In terms of the utilised channel profiles, the ITU channels are considered to

generate i.i.d time varying MIMO multipath fading channels [102]. The utilised

MIMO channel between k-th user and the assigned BS in terms of the d-th sub-

carrier within the m-th sub-channel is mathematically expressed by (4.1). The

considered channel can be formulated in terms of SVD as

H = UΣVH , (4.29)

where Σ is a Ψ × Ψ diagonal matrix containing the singular values ς1, ς1, ..., ςΨ as

diagonal elements, and Ψ is the number of obtained eigen values. The terms U

and V denote Nr × Ψ and Nt × Ψ complex unitary matrices, respectively. The

columns of these matrices are called the left and right singular vectors, respectively.

Additionally, bothU andV contain orthogonal columns, i.e. UHU = I andVHV =

I, where I is an identity matrix with dimensions Ψ × Ψ and (.)H is the Hermitian

operation. Based on SVD transmission concepts and Fig. 4.5, the transmitted signal

vector is reformulated as [3]

X = VX. (4.30)

Based on (4.30), the received signal can be mathematically written as

Y = HX+W = HVX+W. (4.31)

At the receiver side, the received signal vector is processed with UH , which yields
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OFDM ReceiverOFDM Transmitter U
HV

H

Figure 4.5: SVD approach of MIMO system.

to obtain the transmitted signal vector as

X = UHY, (4.32a)

= UHHVX+UHW, (4.32b)

= UHUΣVHVX+ΣUHW, (4.32c)

= ΣX+UHW. (4.32d)

It is important to note that the number of spatial channels, Nc, for each sub-

carrier in the m-th sub-channel is bounded by min(Nt, Nr). In other words, H
(m,d)
k is

a full rank matrix, i.e. Nc = min(Nt, Nr) for k ∈ {1, .., K} users and m ∈ {1, ..,M}

sub-channels for a rich scattering environment.

The MIMO channel diversity and the implementation of the proposed resource

allocation are expected to improve the throughput performance of the MIMO-AMC-

OFDMA system. The throughput of g-th OFDMA block, which includes different

transmitted OFDMA frames from Nt antennas over Nc channels can be formulated

as

ψg =
K∑
k=1

M∑
m=1

φ(k,m)
Nc∑
r=1

ξ
(r)
k (m)ρ

(r)
k (m)

−
K∑
k=1

M∑
m=1

φ(k, b)
Nc∑
r=1

ξ
(r)
k (m)ρ

(r)
k (m)P (r)

ek
(m),

(4.33)

where φ(k,m) ∈ {0, 1} is the value of the user allocation matrix that assigns the

user k to the sub-channel m [70]. The term ξ
(r)
k (m) denotes the number of data

sub-carriers of the sub-channel m assigned to the user k propagated over the spatial

channel r. Moreover, ρ
(r)
k (m) denotes the related spectral efficiency. Furthermore,

the BER, P
(r)
ek (m), is approximately evaluated based on (3.6) as
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P (r)
ek

(m) = c
(r)
1k
(m) exp[−c(r)2k

(m)γ
∗(r)
k,min(m)], (4.34)

where γ
∗(r)
k,min(m) is the minimum SNR value that can be computed as

γ
∗(r)
k,min(m) = µ

(r)
k (m)γ

(r)
k,min(m) = µ

(r)
k (m)min[γ(r)sk

(m, d)], (4.35)

where γ
(r)
sk (m, d) is the average SNR value for the d-th data sub-carriers of the m-th

sub-channel and d ∈ {1, ..., ξ(r)k (m)} denotes the data sub-carrier index. In addition,

γ
(r)
sk (m, d) is evaluated as

γ(r)sk
(m, d) =E{|X(m,d)

kr
|2}

α
(m,d)
kr

E{|W (m,d)
kr

|2}
, (4.36a)

= P (r)
sk

(m)
α
(m,d)
kr

σ2

W
(m,d)
kr

(m)
, (4.36b)

where P
(r)
sk (m) = E{|X(m,d)

kr
|2} is the average power value of the modulated and

coded symbols for each sub-channel. Additionally, σ2

W
(m,d)
kr

(m) = E{|W (m,d)
kr

|2} is

the variance of the AWGN coefficients. The term [α
(m,d)
kr

]r∈{1,...,Nc} denotes the r-th

eigenvalue of [H
(m,d)
k

(
H

(m,d)
k

)H
].

4.3.2 Proposed RA Strategy for SVD-MIMO-AMC-OFDMA

The throughput maximisation problem for MIMO-AMC-OFDMA system, expressed

in (4.5)-(4.9), can be rewritten in terms of eigen mode transmission as

Maximise ψg =
K∑
k=1

M∑
m=1

φ(k,m)
Nc∑
r=1

ξ
(r)
k (m)ρ

(r)
k (m)

−
K∑
k=1

M∑
m=1

φ(k, b)
Nc∑
r=1

ξ
(r)
k (m)ρ

(r)
k (m)P (r)

ek
(m),

(4.37)

subject to:
K∑
k=1

M∑
m=1

φ(k,m)
Nc∑
r=1

µ
(r)
k (m)P (r)

sck
(m) = PT , (4.38)
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µ
(r)
k (m) ≥ 0, (4.39)

K∑
k=1

φ(k,m) = 1, m = 1, ...,M, (4.40)

M∑
m=1

φ(k,m) = 1, k = 1, ..., K. (4.41)

In contrast, two approaches have been introduced to solve the investigated max-

imisation problem of (4.37)-(4.41) as below.

Optimised Approach

The optimised approach provides an optimal solution of the throughput maximisa-

tion problem using the Lagrange multiplier method and KKT conditions [62]. The

Lagrangian function of the investigated problem can be written as

L

[
φ(k,m), µ

(r)
k (m)

]
=

K∑
k=1

M∑
m=1

Nc∑
r=1

φ(k,m)ξ
(r)
k (m)ρ

(r)
k (m)

−
K∑
k=1

M∑
m=1

Nc∑
r=1

{
φ(k,m)ξ

(r)
k (m)ρ

(r)
k (m)c

(r)
1k
(m)

· exp[
−φ(k,m)c

(r)
2k
(m)µ

(r)
k (m)γ

(r)
k,min(m)

φ(k,m)
]
}

− Ω
[ K∑
k=1

M∑
m=1

Nc∑
r=1

φ(k,m)µ
(r)
k (m)P (r)

sck
(m)− PT

]
−

K∑
k=1

ηm(k)
[ M∑
m=1

φ(k,m)− 1
]

−
M∑

m=1

ηk(m)
[ K∑
k=1

φ(k,m)− 1
]
,

(4.42)

where the BER formula of (4.34) is rewritten based on (4.12) as

P ∗(r)
ek

(m) = c
(r)
1k
(m) exp[

−φ(k,m)c
(r)
2k
(m)γ

(r)
k,min(m)

φ(k,m)
]. (4.43)

The solution steps of the optimised approach of UBPA strategy for SISO-AMC -

OFDMA system are followed to achieve the optimal user, bit and power allocation.

Therefore, the Lagrange multiplier ηm(k) is obtained from (4.42) as
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ηm(k) =
Nc∑
r=1

ΓAr(k,m)− Ω
Nc∑
r=1

P
(r)
sck(m)

c
(r)
2k
(m)γ

(r)
k,min(m)

− Ω
Nc∑
r=1

µ
(r)
k (m)P (r)

sck
(m)− ηk(m),

(4.44)

where ΓAr(k,m) = ξ
(r)
k (m)ρ

(r)
k (m). Additionally, the optimal user for each sub-

channel that maximise the system throughput is obtained as

kopt(m) = argmax
k

ηm(k), k ∈ {1, ..., K}. (4.45)

Based on (4.45), the user allocation value φ(k,m) is evaluated as

φ(k,m) =

 1, if k = kopt(m),

0, otherwise,
∀m ∈ {1, ...,M}. (4.46)

Based on water filling level λ, the Lagrange multiplier Ω can be computed as

Ω =
1

λ ln 2
, (4.47)

thus, the desired power value that adjusts the optimal power for m-th sub-channel

can be evaluated as

µ
∗(r)
k (m) =

Ω− P
(r)
sck

(m)

γ
(r)
k,min(m)

P
(r)
sck(m)

. (4.48)

The proposed user and power allocation algorithm is illustrated in algorithm 9.

Decoupled Approach

As highlighted earlier, the decoupled approach can reduce the computational com-

plexity of the optimised one significantly. Thus, a practical solution to the investi-

gated complex problem expressed in (4.37)-(4.41) is introduced by decoupling the

problem into two sub-problems and propose an algorithm to solve each one based

on decomposition method as follows [62].

User allocation: The user allocation sub-problem is presented and solved by a

proposed algorithm. It is assumed that the information bits are allocated to highest

MCS option. Additionally, the total transmission power of the BS are distributed

equally over the employed M sub-channels that assigned to K users. Therefore,
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Step 1. MCS initialisation:
Set all sub-channels into highest MCS option
Step 2. P

(r)
sck(m) initialisation:

Initialisation:
foreach k do

foreach m do
foreach r do

P
(r)
sck(m) = ξ

(r)
k (m)P

(r)
sk (m).

µ
(r)
k (m) = PT

NcMP
(r)
sck

(m)
.

end

end

end
Step 3. λ initialisation:
initialise λ = 0.001.
Step 4. Optimal user allocation:
while λ < 10 do

foreach k do
foreach m do

implementing of (4.45) (4.46) and (4.47).
end

end
Step 5. Power evaluation in terms of λ:
if
∑K

k=1

∑M
m=1 φ(k,m)µ

∗(r)
k (m)P

(r)
sck(m) ̸= PT then

λ = λ+ λ
2
, µ

∗(r)
k (m) =

Ω−
P
(r)
sck

(m)

γ
(r)
k,min

(m)

P
(r)
sck

(m)
.

end
else

λ is the optimal value and µ
∗(r)
k (m) =

Ω−
P
(r)
sck

(m)

γ
(r)
k,min

(m)

P
(r)
sck

(m)
. Go to step 6

end

end
Reduce the MCS option level for the bands with minimum SNR values. Go to
step 2.
Step 6. Adjustment of the optimal power value P

∗(r)
sck (m) for each

sub-channel in terms of λ:
foreach k do

foreach m do
foreach r do

P
∗(r)
sck (m) = µ

∗(r)
k (m)P

(r)
sck(m).

end

end

end
Algorithm 9: The proposed algorithm of the optimised RA strategy for SVD
based MIMO-AMC-OFDMA system

108



4.3 RA for SVD Based MIMO-AMC-OFDMA

the power constraints expressed in (4.38) and (4.39) are removed. In contrast, the

Lagrangian function is written as

L[ϑ(k, b)] =
K∑
k=1

M∑
m=1

ϑ(k,m)
Nc∑
r=1

ξ
(r)
k (m)ρ

(r)
k (m)

−
K∑
k=1

M∑
m=1

ϑ(k,m)
Nc∑
r=1

{
ξ
(r)
k (m)ρ

(r)
k (m)

· c(r)1k
(m) exp

[−φ(k,m)c
(r)
2k
(m)µ

(r)
k (m)γ

(r)
k,min(m)

φ(k,m)

]}
−

M∑
m=1

ηk(m)
[ K∑
k=1

φ(k,m)− 1
]

−
K∑
k=1

ηm(k)
[ M∑
m=1

φ(k,m)− 1
]
,

(4.49)

where ηk(m) and ηm(k) are the Lagrange multipliers. It should be noted that the

best allocation φ(k,m) of the k-th user over the m-th sub-channel can be achieved

within the relaxed continuous domain of the closed interval [0, 1]. Based on the

mathematical processes of the decoupled approach of UBPA strategy for the SISO-

AMC-ODMA system, the active Lagrange multiplier can be obtained as

ηm(k) =
Nc∑
r=1

ΓAr(k,m)−
Nc∑
r=1

ΓAr(k,m){c(r)1k
(m)

· exp[−c(r)2k
(m)µ

(r)
k (m)γ

(r)
k,min(m)]} − ηk(m).

(4.50)

Additionally, ηk(m), which is also called as user allocation value, has been set

to zero when the user k has not assigned to sub-channel m yet. Then, the user

allocation value is maximised to prevent the selection of the same sub-channel by

another user.

In this work, the user allocation problem is solved in the discrete domain, i.e.

ϑ(k,m) ∈ {0, 1}. In this domain, the m-th sub-channel is allocated to the k-th user

with maximum ηk(m) value. The maximum value amongst ηk(m), kopt(m), can be

evaluated as
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kopt(m) = arg
k

max{ηm(k)}, k ∈ {1, ..., K}. (4.51)

Based on (4.51), the φ(k,m) values are evaluated as

φ(k,m) =

 1, if k = kopt(m)

0, otherwise

 , ∀ m ∈ {1, ...,M}. (4.52)

Step 1. MCS initialisation:
Set all sub-channels at the transmit antennas into highest MCS options
Step 2. P

(r)
sck(m) initialisation:

Initialisation:
foreach k do

foreach r do
foreach m do

P
(t)
sck(m) = ξ

(r)
k (m)P

(r)
sk (m).

µ
(r)
k (m) = PT

NcMP
(r)
sck

(m)
.

ηk(m) = 0
end

end

end
Step 4. User allocation:
foreach k do

foreach r do
foreach m do

Implement (4.50) and (4.51).
Implement (4.52).
Maximise ηk(m).

end

end

end
.

Algorithm 10: The proposed user allocation algorithm of the decoupled RA
strategy for SVD based MIMO-AMC-OFDMA system.

The proposed user allocation algorithm allocates the users over the sub-channels

for Nc channels by evaluating φ(k,m) values in an iterative way. Algorithm 10 il-

lustrates the proposed user allocation algorithm. It is important to note that the

steps of the user allocation algorithm of the RA strategy for MIMO-AMC-OFDMA,

expressed in Algorithm 7, are considered with the required modifications.
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Bit and power allocation: The proposed power allocation algorithm that tack-

les the second investigated sub-problem is presented here. Under the assumption of

achieving the user allocation and the highest MCS option is selected, the user allo-

cation constraints of (4.40) and (4.41) are removed. Based on Lagrange multiplier

method, the Lagrangian function can be written as

L[µ
(r)
k (m)] =

K∑
k=1

M∑
m=1

φ(k,m)
Nc∑
r=1

ΓAr(k,m)

−
K∑
k=1

M∑
m=1

φ(k,m)
Nc∑
r=1

{ΓAr(k,m)c
(r)
1k
(m)

· exp[−c(r)2k
(m)µ

(r)
k (m)γ

(r)
k,min(m)]

}
− Ω

[ K∑
k=1

M∑
m=1

ϑ(k,m)
Nc∑
r=1

µ
(r)
k (m)P (r)

sck
(m)

]
− PT .

(4.53)

where Ω is a Lagrange multiplier that controls the required power values for the

sub-channels. Additionally, µ
(r)
k (m) can be evaluated as

µ
(r)
k (m) =

(
ΓBr(k,m)− ln(Ω)− ln[φ(k,m)P

(r)
sck(m)]

c
(r)
2k
(m)γ

(r)
k,min(m)

)+

, (4.54)

where

ΓBr(k,m) = ln[φ(k,m)ΓAr(k,m)c
(r)
1k
(m)c

(r)
2k
(m)γ

(r)
k,min(m)]. (4.55)

The value of ln(Ω) is computed as

ln(Ω) =
ΓEr(k,m)

ΓFr(k,m)
, (4.56)

where

ΓEr(k,m) =
K∑
k=1

M∑
m=1

Nc∑
r=1

[
ΓBr(k,m)ΓCr(k,m)

c
(r)
2k
(m)γ

(r)
k,min(m)

]

−
K∑
k=1

M∑
m=1

Nc∑
r=1

[
ΓDr(k,m)

c
(r)
2k
(m)γ

(r)
k,min(m)

]− PT ,

(4.57)
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ΓFr(k,m) =
K∑
k=1

M∑
m=1

Nc∑
r=1

ΓCr(k,m)

c
(r)
2k
(m)γ

(r)
k,min(m)

, (4.58)

ΓCr(k,m) = φ(k,m)P (r)
sck

(m), (4.59)

and

ΓDr(k,m) = ln[ΓCr(k,m)]ΓCr(k,m). (4.60)

On the other hand, the bit allocation for each sub-channel at a spatial channel

r can be performed by selecting the suitable MCS level from the employed ten

options, in which the related power constraints and channel conditions are satisfied.

Algorithm 11 illustrates the proposed bit and power allocation algorithm following

the aspects of Algorithm 8.

4.3.3 Simulation Results and Discussion

The behaviour of the investigated SVD based spatial multiplexing MIMO-AMC-

OFDMA system that adopts the proposed RA strategy is investigated. The system

parameters listed in Table 2.1 have been considered for each transmitted OFDMA

frame from the t-th antenna. In contrast, distinct ITU channel profiles shown in

Table 2.4 are adopted to generate a rich scattering MIMO multiuser environment.

The obtained results are based on k = 15, as well as different number of the transmit

and receive antennas. The considered SNR values in the simulation results represent

the average SNR of all users evaluated based on (3.50). The presented results

compare the performance of the following systems:

1. MIMO-OFDMA-optimised resource allocation (ORA) that adopts the opti-

mised approach of the proposed SVD based RA strategy.

2. MIMO-AMC-decoupled resource allocation (DRA), which considers the de-

coupled approach of the proposed SVD based RA strategy.

3. MIMO-OFDMA-conventional resource allocation (CRA) that utilises the bit

and power allocation algorithm of [38] as explained in the previous Section.

4. MIMO-OFDMA-proposed resource allocation (PRA), which employs the pro-

posed bit and power allocation algorithm of the decoupled approach of SVD
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Step 1. MCS initialisation:
Set all bands into highest MCS options
Step 2. Power evaluation:
Initialisation:
foreach k do

foreach m do
foreach r do

P
(r)
sck(m) = ξ

(r)
k (m)P

(r)
sk (m).

µ
(r)
k (m) =

(
ΓBr (k,m)−ln(Ω)−ln[φ(k,m)P

(r)
sck

(m)]

c
(r)
2k

(m)γ
(r)
k,min(m)

)+

.

end

end

end
Step 3. Power constraints check:
if
∑K

k=1

∑M
m=1

∑Nc

r=1 φ(k,m)µ
(r)
k (m)P

(r)
sck(m)] = PT and µ

(r)
k (m) ≥ 0 then

Go to step 4.
end
else

foreach k do
foreach m do

foreach r do

if γ
(r)
k,min(m) 6 4 then
Set this sub-channel to no transmission option.

end
else

Reduce the MCS option levels for the sub-channels with
lower γ

(r)
k,min(m).

Go to step 2
end

end

end

end

end
Step 4. Transmission:
Transmit the OFDMA frame.
.

Algorithm 11: The proposed bit and power allocation algorithm of the decoupled
RA strategy for SVD based MIMO-AMC-OFDMA system.
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Figure 4.6: Average system throughput for the investigated SVD-MIMO-AMC-
OFDMA systems.

based RA strategy.

Fig. 4.6 shows the performance of the investigated system in terms of the average

system throughput for different number of Nt = Nr. The achieved average system

throughputs for Nfr = 1000 transmitted OFDMA block are achieved based on

(2.45).

From Fig. 4.6, the performance of the MIMO-OFDMA-ORA system is shown

to exceed the other schemes for different number of transmit and receive antennas.

The upper-bound throughput shown in the figure represents the maximum expected

value that the proposed strategy aimed to reach. This value can be evaluated based

on (4.28). It is noted that the performance of both approaches of the proposed
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strategy becomes closer to the upper throughput bound more than other compared

approaches over medium and high SNR values.

The achieved improvement in the performance of the MIMO-OFDMA-ORA and

MIMO-OFDMA-DRA schemes over other systems is due to the use of the proposed

RA strategy that exploits the available channel diversity and resources efficiently. In

contrast, the MIMO-OFDMA-PRA system outperforms the MIMO-OFDMA-CRA

as it considers different convolutional coding rates in addition to the employed mod-

ulation types. This can yield a high flexibility of choosing the suitable MCS. It

is important to note that the eigen mode transmission adopted by the SVD based

MIMO systems can improve the throughput performance of these systems in compar-

ison with the performance of the MIMO schemes that adopt the previous approach

as shown in Fig. 4.6 and Fig. 4.2. The reason behind this enhancement is the con-

sideration of the multi transmit antennas interference by eigen mode transmission

in the process of allocating the available resources rather than adopting the best

SISO link between a transmit antenna and receive antennas.

Fig. 4.7 shows the throughput performance of the MIMO-OFDMA-ORA, MIMO-

OFDMA-DRA, MIMO-OFDMA-PRA and MIMO-OFDMA-CRA systems for Nt =

2, 3, while the Nr is set with different numbers. It is noted that the increasing in the

number of receive antennas can improve the performance of the investigated system

due to the MIMO channel diversity that has been exploited to increase the spectral

efficiency and decrease the BER. The spectral efficiency is improved by selecting

higher MCS options. These figures explain the superior of the MIMO-OFDMA-

ORA system over other approaches since it employs the proposed RA strategy.

Furthermore, the performance of this system is closer to the upper bound, which

is evaluated based on (4.28), than other schemes particularly for high number of

receive antennas Nr.

The throughput outage probability is presented in Fig. 4.8 for different Nt =

Nr numbers. The MIMO-OFDMA-ORA and MIMO-OFDMA-DRA achieve lowest

throughput outage probability. At the same time, the MIMO-OFDMA-PRA scheme

obtains lower outage probability than the MIMO-OFDMA-CRA. It is important to

note that the performance of the SVD based MIMO-OFDMA systems shown in this

figure is improved significantly in comparison with the performance of the MIMO-

OFDMA schemes expressed in Fig. 4.4. This is because of the adopting of eigen

mode transmission, which considers the interference of the multiple antennas signals.
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(b) Nt = 2, Nr = 4.
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(c) Nt = 3, Nr = 3.
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Figure 4.7: Average system throughput for the investigated SVD-MIMO-AMC-
OFDMA systems in terms of different number of receive antennas.
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(c) Nt = 3, Nr = 3.
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Figure 4.8: Outage probability of the average system throughput for the investigated
SVD-MIMO-AMC-OFDMA systems .
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Figure 4.9: Average System throughput v.s. number of users for the investigated
Nt = Nr = 4 SVD-MIMO-AMC-OFDMA systems.

Fig. 4.9 illustrates the average system throughput of the four MIMO approaches

in terms of the number of users for average SNR values of 5, 15, 25 and 35 dB, as

well as Nt = Nr = 4. It is apparent that the performance of the investigated systems

is improved significantly with the increasing in the number of users due to multiuser

diversities. Furthermore, the proposed RA strategy exploits the channel diversity

more than other approaches. It is also highlighted that the throughput of the MIMO-

OFDMA-PRA system can exceeds the conventional approach because of using the

proposed bit and power allocation algorithms. In contrast, the same throughput

performance of the investigated systems is achieved after 30 users because of reaching

the multiuser diversity saturation.
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4.4 Chapter Summary

This Chapter explained the expansion of the proposed UBPA strategy, presented

in Chapter 3, to work with spatial multiplexing based MIMO systems. The same

software engineering life cycle model, used for designing resource allocation strat-

egy of SISO-AMC-OFDMA system, has been adopted to build the structure of the

MIMO based resource allocation strategies. Two resource allocation strategies were

proposed for MIMO systems. The first one allocated the available resources at each

individual transmit antenna based on the best SISO channel profile between such

antenna and the involved receive antennas without any consideration to received

signal interferences. The second strategy allocated the information bits and the

transmission power amongst the sub-channels assigned to different users based on

SVD method, i.e. the eigen mode transmission. The latest strategy provided an

accurate evaluation as it considered the interferences between the received signal

at each receive antenna. The proposed RA strategies for MIMO systems were es-

tablished on the known channel profiles and fixed sub-channelling method. The

simulation results discussed the performance of the proposed strategies for distinct

systems.
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Chapter 5

User Scheduling Software

Algorithms for

SISO-AMC-OFDMA Systems

Multi-carrier-multiple-access systems that work across open system interconnection

(OSI) layers, such as OFDMA, have been adopted by most mobile networks to

increase data rates and average system throughput. The OSI layers manage the

information transmission between the assigned BS and mobile terminals, i.e. users,

using efficient protocols. Moreover, each layer is designed to achieve a specific target,

such as scheduling and resource allocation in addition to the AMC techniques, which

utilise different MCS options.

In this Chapter, a cross-layer scheduling and resource allocation (SRA) strat-

egy for SISO-AMC-OFDMA system has been presented based on a developed soft-

ware engineering life cycle model. This strategy adopts the proposed UBPA for

SISO-AMC-OFDMA systems introduced in Chapter 3 as well as AMC and pilot

adjustment schemes presented in Chapter 2. It aims to maximise the average sys-

tem throughput as a function of the BER and spectral efficiency by considering

different combinations of modulation types and coding rates within each transmit-

ted OFDMA frame, in addition to the priority of the included users. SRA sorts the

users into queues based on their priorities and then selects the optimal user that

can maximise the system throughput in each queue to guarantee fair services for all

users in different priority levels. It also fills the empty queues with the higher prior-

ity users to offer more bandwidth for these users. Furthermore, SRA allocates the
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available resources amongst sub-channels depending on the related CSI and the total

transmission power constraints. In this work, the performance of the proposed SRA

is compared with the conventional first in first out (FIFO) queuing based schedul-

ing and resource allocation strategies used for an SISO-AMC-OFDMA system. The

simulation results show that the investigated SISO-AMC-OFDMA system based on

the proposed SRA strategy outperforms the conventional approaches.

5.1 Developed Life Cycle Model for User Schedul-

ing and Resource Allocation Algorithm

The proposed user scheduling algorithm is combined with the introduced resource

allocation. Thus, a two levels life cycle model is designed based on evolutionary

methodology as shown in Fig. 5.1 [17], [18]. The System Requirement block of the

first level collects the required information, which includes CSI and user priority, to

implement the designed algorithm. The design requirements of the user scheduling

algorithm is passed to the next block, i.e. System Design and Implementation. In

this block, the user are sorted in queues depending on the priority and then the

optimal user that can maximise the average system throughput in each queue is

selected.

The scheduled users have been forwarded to the first block of the second level,

which is System Requirements. This block collects the CSI and the available re-

sources for the scheduled users and passes the design requirements to the second

block, i.e. System Design and Implementation. The distribution of the user, infor-

mation bits and power amongst the sub-channels is obtained in this block. After the

allocation of the resources, the algorithm is tested over different channel profiles. In

addition, the achieved results are analysed in the last blocks.

5.2 SRA-SISO-AMC-OFDMA System Model

A Mobile WiMAX IEEE 802.16e system is considered with the parameters listed in

Table 2.1. Fig. 5.2 shows the block diagram of the SRA strategy for a single-cell

downlink SISO-AMC-OFDMA system. Following the design of the OSI layers, the

system structure is divided into three layers, as described below.
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   System Requirements: Collect the 

     the CSI and available resources

Test the system 

  over different 

      channels

Analyse the achieved

       results at the 

           receiver

System Test

Feedback Information (CSI)

  System Design and Implementation: 

           Search for the optimal 

             resource allocation

   System Requirements: Collect the 

           user priority and CSI

  System Design and Implementation: 

           Search for the optimal 

              user in each queue
Level

  one

Level

  two

User Scheduling and Resource Allocation

Figure 5.1: Developed life cycle model for the proposed user scheduling algorithm.
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Figure 5.2: Block diagram of the cross-layer SRA strategy based SISO-AMC-
OFDMA system.

5.2.1 Data link layer

In this layer, the data and related CSI of all users are collected. In Fig. 5.2, the

scheduler block implements the scheduling algorithm of the proposed SRA strategy

that arranges the users in Q queues according to their priority. Moreover, each

queue is assumed to have unlimited capacity and contains R(q) users with an index

of r = 1, ..., R(q), where q = 1, ..., Q is the queue index. The other function of

the proposed scheduling algorithm is the selection of a user that can maximise the

average system throughput in each queue.

It should be noted that the proposed user scheduling strategy concentrates on

arranging the data of all users at the same time rather than managing the data

packets of each user individually as expressed in the literature of [77]-[88]. In these

research papers, the service waiting time, length of the data packets and the queue

conditions were considered and expressed in mathematical formulas. These formulas

sorted the problem of outdated data and long waiting time for serving each user.

However, these methods ignored the serving of different users with distinct condi-

tions, such as priority, at the same time. In this work, the users of all priority levels

are served simultaneously and more bandwidth is allocated for users with high prior-

ity by filling the empty queues. In other words, the benefit of priority is considered

and also different users from different priority level have been served depending on
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their channel conditions. The empty queues are the results of designing the system

with a sufficient number of priority queues, in which these queues are practically

not filled. On the other hand, the fair service concept is adopted in the proposed

user scheduling strategy. In this work, the fair service means that the SRA strategy

serves different users from all priority levels at the same time as shown in Fig. 5.2.

Additionally, there is a preference for high priority users by assigning more band-

width for them using the empty queues. It is also important to mention that the

only drawback of the proposed method is the long serving waiting time for users

with worst channel. This drawback is recommended to be solved in future work.

In contrast, it is assumed that at the transmit instant, T , one data packet of the

selected user in each queue is served. Additionally, the queue state information (QSI)

of each queue that includes the number of users and the related information expiry

time is changed every T by updating the number of new and served users, as well

as their time statues. Although queuing delay has not been considered in this work,

the expiry time for each user is utilised to prevent sending any outdated information

and save the system bandwidth for other mobile terminals. The scheduler passes

the scheduled users to the next layer, which is the MAC layer.

5.2.2 MAC layer

The proposed resource allocation algorithm is implemented in this layer by the

Resource Allocation block, as shown in Fig. 5.2. The CSI and the information of the

scheduled users are fed into this block to allocate the user, bit and power amongst

the sub-channels of the transmitted OFDMA frame according to the related CSI

and the power constraints. The proposed resource allocation algorithm controls the

selection of the suitable MCS for each scheduled user that can be assigned to a sub-

channel in the physical layer using an iterative method until the constraints and the

channel conditions are satisfied. It is important to note that the scheduled users

after this layer can be indexed by q, since the number of scheduled users is equal to

the number of utilised queues.

5.2.3 Physical layer

In this work, a downlink transmission of a wireless OFDMA system from an assigned

BS to corresponding mobile users scheduled from Q queues is considered. The sched-
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uled Q users are allocated into M distinct sub-channels with index m = 1, ...,M ,

in which there is one user per sub-channel. The sub-carriers of the AMC-OFDMA

system are divided into Nd = 1440 data sub-carriers, Np = 240 pilot sub-carriers and

Ng = 368 guard sub-carriers. The data and pilot sub-carriers are initially distributed

over the sub-channels equally in a range of ξqd(r,m) = Nd/M and ξqp(r,m) = Np/M ,

respectively, for each sub-channel that is assigned to the selected r-th user of the

q-th queue.

As shown in Fig. 5.2, the physical layer of the transmitter contains three main

blocks. The function of the first block is to encode and modulate the information bit

streams depending on the selected MCS option for each sub-channel. The second

block mixes the pilots with the coded and modulated symbols. Finally, the last

block of the transmitter implements the IFFT and CP insertion operations.

Different mobile vehicular ITU channel profiles are considered in order to gener-

ate different time varying channels for distinct users to simulate the random physical

measurements of users around the assigned BS [11]. As highlighted in the previous

Chapters, each ITU channel profile expressed by Table 2.4 has been considered by

different user category.

In this Chapter, the scheduling and the resource allocation information (SRAI)

for distinct sub-channels is assumed to be sent to the receiver of each user using

downlink control signals [67]. The CP is removed and the FFT operation is applied

to the entire OFDMA frame at the receiver of a user. Following the FFT operation,

the related channel coefficients are estimated in CSI block utilising LS method as

[10]

Ĥ(r)
qp (m, zp) =

Y
(r)
qp (m, zp)

X
(r)
qp (m, zp)

, (5.1)

where X
(r)
qp (m, zp) are the transmitted pilots assigned for the r-th user in the q-th

queue over them-th sub-channel, while Y
(r)
qp (m, zp) are the related received pilots and

zp ∈ {1, . . . , ξqp(r,m)} represents the pilot index. The first order linear interpolation

method is adopted to obtain the channel fading values that correspond to the data

sub-carriers, Ĥqd(m, zd), where zd ∈ {1, . . . , ξqd(r,m)} is the index of data sub-

carriers of the m-th sub-channel. In this work, the channel estimation error, caused

by the channel estimation is also considered as additional noise to the received signal.

Therefore, the received signal at each user can be represented in terms of transmitted

125



5.2 SRA-SISO-AMC-OFDMA System Model

data sub-carriers, X
(r)
qd (m, zd), and the AWGN samples, W

(r)
qd (m, zd), following (3.2)

as

Y (r)
qd

(m, zd) =X
(r)
qd

(m, zd)Ĥ
(r)
qd

(m, zd) +X(r)
qd

(m, zd)

· [H(r)
qd

(m, zd)− Ĥ(r)
qd

(m, zd)] +W (r)
qd

(m, zd).
(5.2)

Based on (5.2), the SNR value of each received data sub-carrier can be computed

as

γ(r)q (m, zd) = Psq(r,m)
|H(r)

dq
(m, zd)|2

σ2
qd
(r,m)Psq(r,m) + σ2

W
(r)
dq

(m,zd)
(r,m)

, (5.3)

where, Psq(r,m) = E{|X(r)
dq

(m, zd)|2} is the average coded and modulated symbol

power, σ2
qd
(r,m) is the variance of square error of the channel and σ2

W
(r)
dq

(m,zd)
(r,m)

is the variance of the AWGN samples. The minimum SNR among the sub-carriers

within each sub-channel is selected to be the sub-channel SNR value based on (3.4)

as

γq,min(r,m) = min{γ(r)q (m, zd)}, q = 1, . . . , Q. (5.4)

As the aim of this work is to maximise the average system throughput by allo-

cating the transmission power over the transmitted sub-channels, the SNR value is

affected by the power adjustment value, µq(r,m), as

γ∗q,min(r,m) = µq(r,m)γq,min(r,m). (5.5)

It is important to note that the µq(r,m) refines the power value for the m-

th sub-channel. As highlighted in Chapter 3, µq(r,m) = PT

Mξqd (r,m)Psq (r,m)
, for the

equal power distribution, where PT is the total considered power for a BS. The

estimated channel coefficients that correspond to data sub-carriers are entered in

the ZF Equliser block and then to the Adaptive Decod. and Demod. block. In this

block, the received data symbols for each sub-channel are demodulated and decoded

according to the selected MCS, which is included in the SRAI. At the same time,

the generated CSI is sent back to the transmitter using TDD uplink.
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The average system throughput, ψav, is the average value of Nfr transmitted

OFDMA frame throughputs, ψg, where g = 1, ..., Nfr is the frame index. The

system throughput for each OFDMA symbol can be written as

ψg =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)ξqd(r,m)ρavq(r,m)[1− Peq(r,m)], (5.6)

where Peq(r,m) denotes the average BER of each sub-channel assigned to the r-th

user from the q-th queue. Additionally, the user scheduling matrix elements, β(q, r),

set ‘1’ for the selected r-th user in the q-th queue and ‘0’ for others. Whereas φ(q,m)

denote the elements of the scheduled user allocation matrix. Each element is set to

‘1’ for the m-th sub-channel assigned to the scheduled q-th user and ‘0’ for the other

sub-channels in order to achieve fairness in user allocation over the OFDMA frame.

The average spectral efficiency, ρavq(r,m), expressed in (bps/Hz) as a function of the

coding rate, Rcq(r,m), and the number of modulation states, Mq(r,m), is obtained

from ρavq(r,m) = Rcq(r,m)log2[Mq(r,m)].

5.3 Approximated BER Evaluation

The BER is computed using the proposed method, expressed in Chapter 3, that

starts from the approximated BER formula of

Peq(r,m) = c1q(r,m) exp[−c2q(r,m)γq,min(r,m)], (5.7)

where c1q(r,m) and c2q(r,m) are selected variables for fitting the theoretical BER

to practical values. The fitting accuracy depends mainly on the proper evaluation

of these variables for different MCS options.

5.4 Dynamic Sub-Channelling for SRA-SISO-

AMC-OFDMA

At the physical layer of the receiver, the CSI block applies the proposed pilot adjust-

ment scheme that optimises the required number of pilots for the channel estimation

in each sub-channel. The combination of the pilot adjustment scheme and the pro-

posed scheduling and resource allocation strategy is adopted following the procedure
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concepts of the dynamic sub-channelling for SISO-AMC-OFDMA system. There-

fore, the refined number of data and pilot sub-carriers can be written in terms of

the reduction value of required pilots for each user, Πq(r,m), based on (2.33)-(2.35)

as

δqp(r,m) = ξqp(r,m)− Πq(r,m), (5.8)

δqd(r,m) = ξqd(r,m) + Πq(r,m), (5.9)

where

Πq(r,m) = ζq(r,m)
Bq,cohγq,min(r,m)

σ2
q,Ξq(m,z)(r,m)

, (5.10)

and ζq(r,m) is a constant value that guarantees the equal distribution of the new

number of data and pilot sub-carriers amongst the sub-channels. Additionally, Bq,coh

and σ2
q,Ξq(m,z)(r,m) refer to the detected coherence bandwidth of the scheduled user

in the q-th queue and the variance of the SNR fluctuation values, respectively. The

adjusted number of data and pilot sub-carriers, δqd(r,m) and δqd(r,m), are adopted

throughout the mathematical formulas of this Chapter.

5.5 Feedback CSI Analysis for SRA-SISO-AMC-

OFDMA

The same feedback CSI overhead analysis of SISO-AMC-OFDMA presented in

Chapter 3 system is considered in this Chapter. The only difference is the R(q)-th

dimension of the users in the Q queues. Thus, the feedback delay, Tq,CSI(r,m), for

the m-th sub-channel of the user r in the q-th queue can be expressed following

(2.29) as

Tq,CSI(r,m) =
N

(q)
B,CSI(r,m)

Rb,q(r,m)
, (5.11)

where Rb,q(r,m) is the bit rate of the corresponding feedback link and N
(q)
B,CSI(r,m)

refers to the number of bits that are required to convey the feedback CSI associated

with sub-channel m. These two metrics are evaluated as shown in Chapter 3.

The real effective total channel bandwidth Beff available for the downlink trans-
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mission of all users is mathematically expressed in terms of total channel bandwidth,

BT , and the total bandwidth used by the feedback CSI, BCSI , following (2.44) as

Beff =

[∑Q
q=1

∑R(q)
r=1

∑M
m=1 β(q, r)φ(q,m)δqd(r,m)

NFFT

][
BT −BCSI

]
, (5.12)

It can be shown that this bandwidth BCSI can be expressed as a function of the

feedback delays Tq,CSI(r,m) based on (2.30) as

BCSI =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)

Tq,CSI(r,m)
. (5.13)

5.6 Proposed SRA strategy for SISO-AMC-

OFDMA

The complex throughput optimisation problem, which can be solved by the proposed

SRA strategy, is mathematically expressed as

Maximise ψg =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)δqd(r,m)ρavq(r,m)[1− Peq(r,m)], (5.14)

Subject to:

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)µq(r,m)Pscq(r,m) = PT , (5.15)

µq(r,m) ≥ 0, (5.16)

R(q)∑
r=1

β(q, r) = 1, q = 1, ..., Q, (5.17)

Q∑
q=1

φ(q,m) = 1, m = 1, ...,M, (5.18)

M∑
m=1

φ(q,m) = 1, q = 1, ..., Q, (5.19)
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where (5.15) and (5.16) refer to the total power constraints, (5.17) denotes the

scheduling constraint that selects one user for each utilised queue, whilst (5.18) and

(5.19) are the fairness constraints that guarantee the allocation of one user per sub-

channel. Additionally, Pscq(r,m) = δqd(r,m)Psq(r,m) denotes the average power of

the sub-channel that is assigned to the r-th user of the q-th queue as a function

of the average coded and modulated symbol power, Psq(r,m). It is apparent that

the problem expressed in (5.14)-(5.19) is convex and there are significant difficulties

for it to be determined analytically due to mathematical complexity. Therefore,

this problem is decoupled into two main sub-problems based on the decomposi-

tion method to obtain a practical solution. These sub-problems can be solved by

proposing two algorithms, i.e. scheduling and resource allocation.

5.6.1 User Scheduling

In this work, the user scheduling is adopted rather than the data packets of each user

[82],[77], [80], [78]. In order to achieve the best scheduling of the users, equal power

allocation amongst the entitled sub-channels of users and sequential user assignment

are assumed, i.e. the power and user fairness allocation constraints of (5.15), (5.16),

(5.18) and (5.19) are removed. In this case, the user allocation matrix, φ(q,m), is

also removed.

In order to obtain the β(q, r) values, which select the optimal user in each queue,

the Lagrange multiplier optimisation method is utilised. Based on (5.7), (5.14) and

(5.17), the Lagrangian function, L[β(q, r)], can be written as a function of β(q, r) as

L[β(q, r)] =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)δqd(r,m)ρavq(r,m)

−
Q∑

q=1

R(q)∑
r=1

M∑
m=1

{
β(q, r)δqd(r,m)ρavq(r,m)c1q(r,m)

· exp[
−β(q, r)c2q(r,m)µq(r,m)γq,min(r,m)

β(q, r)
]
}
−

Q∑
q=1

ϕr(q)

R(q)∑
r=1

β(q, r),

(5.20)

where ϕr(q) is a Lagrange multiplier, and the Peq(r,m), expressed in (5.7), has been

mathematically reformulated in terms of β(q, r) as
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P ∗
eq(r,m) = c1q(r,m) exp[

−β(q, r)c2q(r,m)γq,min(r,m)

β(q, r)
]. (5.21)

For more mathematical expression simplicity, it is assumed that

ΓA(q, r,m) = δqd(r,m)ρavq(r,m). (5.22)

To evaluate the scheduling matrix elements, β(q, r), a partial derivative has been

taken to L[β(q, r)] in terms of β(q, r). It should be noted that the continuous domain

of the closed interval [0, 1] of β(q, r) is adopted instead of fixed values of ‘0’ or ‘1’

in order to avoid the partial derivative operation on constants. Thus β(q, r) values

can be achieved as

β(q, r) =

 1, if r = ropt(q),

0, otherwise,
∀q = 1, ..., Q. (5.23)

where the optimal user of each queue, ropt(q), is selected utilising

ropt(q) = argmax
r

ϕr(q), q = 1, ..., Q, (5.24)

and

ϕr(q) =
M∑

m=1

[ΓA(q, r,m)]−
M∑

m=1

{
ΓA(q, r,m)c1q(r,m)

· exp[−c2q(r,m)µq(r,m)γq,min(r,m)]
}
.

(5.25)

It is apparent from (5.25) that the performance evaluation of each user in a queue

is obtained from the summation of the corresponding sub-channels.

Algorithm 12 illustrates the proposed user scheduling algorithm. In this algo-

rithm, the CSI and the data of the users at a BS are collected by the data link layer.

The scheduler, shown in Fig. 5.2, arranges the users into queues according to their

priorities. At this stage, the proposed algorithm searches for empty queues, in order

to fill them with users from higher priority levels. This is to allocate more bandwidth

for the users with high priority levels and also to avoid ignoring the priority benefits

in the proposed algorithm. Then, the proposed user scheduling algorithm selects

the optimal user of each queue utilising (5.23). It should be noted that the pro-

posed algorithm ensures a fair service for users with different priority levels instead
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of serving users with higher priority at the cost of ignoring the rest. As mentioned

earlier, the fairness means that the proposed algorithm can serve users from differ-

ent priority levels with high consideration to the preference of users’ priorities. The

last conditional threshold checks that all queues are covered in order to pass the

scheduled users to the MAC layer.

Step 1. Information collection:
Collect the data, related CSI and priority of the users.
Step 2. User assignment:
Assign the users into different queues depending on their priority levels.
Step 3. Queue checking:
if there is an empty queue then

Assign users from higher priority queues.
Go to step 2.

end
Step 4. MCS initialisation:
Set all sub-channels of users across different queues to the highest MCS
option.
Step 5. Pscq(m) initialisation:
foreach q do

foreach r do
foreach m do

Pscq(r,m) = δqd(r,m)Psq(r,m).
µq(r,m) = PT

MPscq (r,m)
.

end

end

end
Step 6. User Scheduling:
foreach q do

foreach r do
Implement (5.23).

end

end
Step 7. User scheduling checking:
if there is a queue that still needs a service then

Go to step 4.
end
Step 8. Scheduled user pass:
Pass the scheduled users to MAC layer.
.

Algorithm 12: The proposed user scheduling algorithm of the SRA strategy

5.6.2 Resource Allocation

The proposed resource allocation UPBA strategy for SISO-AMC-OFDMA system,

expressed in Chapter 3, is combined with the user scheduling algorithm to realise
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three main functions. Firstly, it allocates the scheduled users amongst the sub-

channels optimally and with fairness distribution, i.e. one user per sub-channel.

Secondly, the proposed algorithm distributes the available transmission power over

the utilised sub-channels based on the related channel conditions. Finally, it assigns

the data bit streams into the OFDMA frame data sub-carriers using the utilised

MCS options.

The optimised and decoupled approaches of UBPA are adopted, in order to

produce a comprehensive investigation of the proposed user scheduling and resource

allocation strategy. Since the users are scheduled based on (5.23), the scheduling

constraint of (5.17) has been removed.

Optimised Approach

As mentioned in Chapter 3, the optimised approach provides an optimal solution

to the considered throughput maximisation problem. Following the procedure steps

of the optimised approach of UBPA strategy and based on the Lagrange multi-

plier method with KKT conditions [62], The Lagrangian function is mathematically

expressed as

L

[
φ(q,m), µq(r,m)

]
=

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)δqd(r,m)ρavq(r,m)

−
Q∑

q=1

R(q)∑
r=1

M∑
m=1

{
β(q, r)φ(q,m)δqd(r,m)ρavq(r,m)c1q(r,m)

· exp[
−φ(q,m)c2q(r,m)µq(r,m)γq,min(r,m)

φ(q,m)
]
}

− Ω
[ Q∑

q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)µq(r,m)Pscq(r,m)− PT

]
−

Q∑
q=1

ηm(q)
[ M∑
m=1

φ(q,m)− 1
]

−
M∑

m=1

ηq(m)

[ Q∑
q=1

φ(q,m)− 1
]
,

(5.26)

where the Lagrange multiplier Ω can be expressed as a function of water filling

level, λ, as Ω = 1
λ ln 2

. In contrast, the Lagrange multiplier, ηm(q), that controls the
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scheduled user allocation is obtained as

ηm(q) =

R(q)∑
r=1

β(q, r)ΓA(q, r,m)− Ω

R(q)∑
r=1

β(q, r)Pscq(r,m)

c2q(r,m)γq,min(r,m)
− Ω

R(q)∑
r=1

[
β(q, r)µq(r,m)Pscq(r,m)

]
− ηq(m).

(5.27)

For each sub-channel, the optimal scheduled user that maximise the average system

throughput is selected based on (3.24) as

qopt(m) = argmax
q

ηm(q), q ∈ {1, ..., Q}. (5.28)

Based on (5.28), the user allocation matrix elements, φ(q,m), are evaluated as

φ(q,m) =

 1, if q = qopt(m),

0, otherwise,
∀m ∈ {1, ...,M}. (5.29)

Algorithm 13 demonstrates the proposed algorithm of the optimised approach

of SRA strategy. This algorithm is built based on the same steps of Algorithm 4.

Decoupled Approach

The investigated problem, expressed by (5.14)-(5.19), has been decoupled into two

main sub-problems.

User allocation: At this stage, the values of the scheduling matrix elements,

β(q, r), are achieved. Moreover, the bits are assumed to be allocated over all sub-

channels using the highest MCS option, i.e. the combination of 64-QAM and con-

volutional coding rate of 3/4. At the same time, the power is distributed equally

amongst the entire sub-channels. Therefore, the power and scheduling constraints

shown in (5.15), (5.16) and (5.17) are removed. To achieve the user allocation over

distinct sub-channels of the transmitted OFDMA, a Lagrange multiplier optimisa-

tion method is utilised. The Lagrangian function can be formulated as

134



5.6 Proposed SRA strategy for SISO-AMC-
OFDMA

Step 1. MCS initialisation:
Set all sub-channels to the highest MCS option
Step 2. Psq(r,m) initialisation:
Initialisation:
foreach q do

foreach m do
foreach r do

Pscq(r,m) = δqd(r,m)Psq(r,m).
µq(r,m) = PT

MPscq (r,m)
.

end

end

end
Step 3. λ initialisation:
initialise λ = 0.001.
Step 4. Optimal user allocation:
while λ < 10 do

foreach q do
foreach m do

Implementing of (5.28) and (5.29).
end

end
Step 5. Power evaluation in terms of λ:
if
∑Q

q=1

∑R(q)
r=1

∑M
m=1 β(q, r)φ(q,m)µ∗

q(r,m)Pscq(r,m) ̸= PT then

λ = λ+ λ
2
, µ∗

q(r,m) =
Ω−

Pscq (r,m)

γq,min(r,m)

Pscq (r,m)
.

end
else

λ is the optimal value and µ∗
q(r,m) =

Ω−
Pscq (r,m)

γq,min(r,m)

Pscq (r,m)
. Go to step 6

end

end
Reduce the MCS option level for the bands with minimum SNR values. Go to
step 2.
Step 6. Adjustment of the optimal power value P ∗

scq(r,m) for each
sub-channel in terms of λ:
foreach q do

foreach r do
foreach m do

Pscq(r,m) = µ∗
q(r,m)Pscq(r,m).

end

end

end
Algorithm 13: The proposed algorithm of the optimised approach of SRA strat-
egy
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L[φ(q,m)] =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)δqd(r,m)ρavq(r,m)

−
Q∑

q=1

R(q)∑
r=1

M∑
m=1

{
β(q, r)φ(q,m)δqd(r,m)ρavq(r,m)c1q(r,m)

· exp[
−φ(q,m)c2q(r,m)µq(r,m)γq,min(r,m)

φ(q,m)
]
}
−

Q∑
q=1

ηm(q)
M∑

m=1

φ(q,m)

−
M∑

m=1

ηq(m)

Q∑
q=1

φ(q,m),

(5.30)

where ηq(m) and ηm(q) are the Lagrange multipliers. A partial derivative of L[φ(q,m)]

is obtained in terms of φ(q,m). Therefore, φ(q,m) can be expressed as

φ(q,m) =

 1, if q = qopt(m),

0, otherwise,
∀m = 1, ...,M, (5.31)

where the optimal user allocation, qopt(m), is achieved as

qopt(m) = argmax
q

ηm(q), q = 1, ..., Q. (5.32)

and

ηm(q) =

R(q)∑
r=1

β(q, r)ΓA(q, r,m)−
R(q)∑
r=1

β(q, r)ΓA(q, r,m)c1q(r,m)

· exp[−c2q(r,m)µq(r,m)γq,min(r,m)]− ηq(m).

(5.33)

As highlighted before, the allocation value, ηq(m), is used to reduce the through-

put value of the assigned user over other sub-channels in order to prevent assigning

the same user to other sub-channels.

Algorithm 14 illustrates the user allocation algorithm that tackles the user allo-

cation sub-problem. It is observed from this algorithm that the same steps of the

user allocation algorithm of the decoupled approach in UBPA strategy have been

adopted with the required modifications to the employed mathematical formulas.

Bit and power allocation: For the bit and power allocation, the fairness con-

136



5.6 Proposed SRA strategy for SISO-AMC-
OFDMA

straints, expressed in (5.18) and (5.19), and the scheduling constraint of (5.17) are

removed. In order to obtain the value of the power adjustment, µq(r,m), for each

sub-channel, a Lagrange multiplier optimisation approach is employed. The La-

grange function is formulated as

L[µq(r,m)] =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)ΓA(q, r,m)

−
Q∑

q=1

R(q)∑
r=1

M∑
m=1

{
β(q, r)φ(q,m)ΓA(q, r,m)

· c1q(r,m) exp[−c2q(r,m)µq(r,m)γq,min(r,m)]
}

− Ω
{
[

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)

· µq(r,m)Pscq(r,m)]− PT

}
,

(5.34)

where Ω denotes the Lagrange multiplier. To evaluate µq(r,m), a partial derivative

for L[µq(r,m)] is computed with respect to µq(r,m). Thus, µq(r,m) can be evaluated

as

µq(r,m) =

(
ΓB(q, r,m)− ln(Ω)− ln[β(q, r)φ(q,m)Pscq(m)]

c2q(r,m)γq,min(r,m)

)+

, (5.35)

where ΓB(q, r,m) = ln[β(q, r)φ(q,m)ΓA(q, r,m)c1q(r,m)c2q(r,m)γq,min(r,m)]. To

find Ω, (5.35) is substituted in (5.15) and by assuming that

ΓC(q, r,m) = Pscq(r,m)β(q, r)φ(q,m), (5.36)

and

ΓD(q, r,m) = ln[ΓC(q, r,m)]ΓC(q, r,m), (5.37)

The multiplier Ω can be calculated as

ln(Ω) =
ΓE(q, r,m)

ΓF (q, r,m)
, (5.38)

where

ΓE(q, r,m) =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

ΓB(q, r,m)ΓC(q, r,m)− ΓD(q, r,m)

c2q(r,m)γq,min(r,m)
− PT , (5.39)
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and

ΓF (q, r,m) =

Q∑
q=1

R(q)∑
r=1

M∑
m=1

ΓC(q, r,m)

c2q(r,m)γq,min(r,m)
. (5.40)

The data bit streams are allocated over the data sub-carriers utilising one of the

MCS options based on the related channel conditions and power constraints. The

bit allocation algorithm avoids any transmission over sub-channels with SNR value

lower than 4 dB due to high BER values for all utilised MCS levels as shown in Fig.

3.3.

Step 1. MCS initialisation:
Set all sub-channel to the highest MCS option.
Step 2. Pscq(r,m) initialisation:
foreach q do

foreach r do
foreach m do

Pscq(r,m) = δqd(r,m)Psq(r,m).
µq(r,m) = PT

MPscq (r,m)
.

ηq(m) = 0.
end

end

end
Step 4. User allocation:
foreach q do

foreach r do
foreach m do

Implement (5.32) and (5.33).
Implement (5.31).
Maximise ηq(m).

end

end

end
.

Algorithm 14: The proposed user allocation algorithm of the decoupled SRA
strategy.

Algorithm 15 explains the steps of bit and power allocation of the decoupled

approach. The bit and power allocation is achieved in multi processing levels as

follows. Firstly, a high MCS order is selected for all sub-channels that are assigned

to a scheduled user. Secondly, the power allocation of (5.35) is implemented for

given MCS options, as well as the related BER and SNR values. Thirdly, this stage

checks the state of both power constraints shown in (5.15) and (5.16). If they are

satisfied, the system allows the transmission to continue. Otherwise, a reduction in

the MCS level for the sub-channels that require more power to satisfy the relevant
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channel conditions is performed. In addition, the option of no transmission is directly

selected for the sub-channels with SNR values less than 4 dB. Finally, iterative

reduction of the MCS levels for the selected sub-channels continues until the system

conditions are satisfied or the lowest MCS level is reached.

Step 1. MCS initialisation:
Set all sub-channels to the highest MCS option.
Step 2. Power evaluation:
foreach q do

foreach r do
foreach m do

Pscq(r,m) = δqd(r,m)Psq(r,m).

µq(r,m) =

(
ΓB(q,r,m)−ln(Ω)−ln[β(q,r)φ(q,m)Pscq (m)]

c2(r,m)γq,min(r,m)

)+

.

end

end

end
Step 3. Power constraints check:
if
∑Q

q=1

∑R(q)
r=1

∑M
m=1 β(q, r)φ(q,m)µq(r,m)Pscq(r,m) = PT and µq(r,m) ≥ 0

then
Go to step 4.

end
else

foreach q do
foreach r do

foreach m do
if γq,min(r,m) 6 4 then

Set this sub-channel to no transmission option.
end
else

Reduce the MCS option levels for the sub-channels with
lower γq,min(r,m).
Go to step 2

end

end

end

end

end
Step 4. Transmission:
Transmit the OFDMA frame.
.

Algorithm 15: The proposed bit and power allocation algorithm of the SRA
strategy for SISO-AMC-OFDMA system.
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5.7 Simulation Results and Discussion

In this Section, the performance of the proposed SRA strategy based SISO-AMC-

OFDMA system is presented and compared with conventional approaches. The

SISO-AMC-OFDMA system considers the simulation parameters shown in Table

2.1 with a total transmission power of 50 W. The investigated systems have been

tested over different ITU channel profiles as expressed in Table 2.4. Moreover, most

of the simulation results are achieved for Q = 10 queues.

In the simulation results, dynamic and fixed sub-channelling techniques of four

SISO-AMC-OFDMA systems are compared as follows:

1. AMC-OFDMA-dynamic sub-channelling for scheduling and optimised resource

allocation (DSORA) system that adopts the proposed dynamic sub-channelling

based scheduling and optimised resource allocation strategy.

2. AMC-OFDMA-dynamic sub-channelling for scheduling and decoupled resource

allocation (DSDRA) system that uses the proposed dynamic sub-channelling

based scheduling and decoupled resource allocation strategy.

3. AMC-OFDMA-fixed sub-channelling for scheduling and optimised resource al-

location (FSORA) system that utilises the fixed sub-channelling based schedul-

ing and optimised resource allocation strategy.

4. AMC-OFDMA-fixed sub-channelling for scheduling and decoupled resource

allocation (FSDRA) system, which considers the fixed sub-channelling based

scheduling and decoupled resource allocation strategy.

5. AMC-OFDMA-dynamic sub-channelling for optimised resource allocation (DORA)

system that employs the dynamic sub-channelling based optimised resource al-

location combined with the FIFO scheduling method [78].

6. AMC-OFDMA-dynamic sub-channelling for decoupled resource allocation (DDRA)

system, which uses the FIFO scheduling algorithm and the decoupled approach

of the resource allocation.

7. AMC-OFDMA-fixed sub-channelling for optimised resource allocation (FORA)

system that adopts the fixed sub-channelling based optimised resource alloca-

tion and FIFO method.
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5.7 Simulation Results and Discussion

8. AMC-OFDMA-fixed sub-channelling for decoupled resource allocation (FDRA)

system, which considers the fixed sub-channelling based decoupled resource al-

location with FIFO scheduling method.

Fig. 5.3 compares the average throughput of the eight considered systems. The

simulated average system throughput is evaluated for Nfr = 1 × 106 transmitted

OFDMA frames in terms of the effective bandwidth, Beff , based on (2.45).

It is apparent from this figure that the performance of the proposed SRA strat-

egy for both dynamic and fixed sub-channelling methods is shown to exceed the

other approaches. This enhancement is the results of using the proposed schedul-

ing algorithm that exploits the multiuser diversity efficiently over different queues.

Additionally, the selection of the best user, which can maximise the average system

throughput, in each queue can yield a high flexibility of applying the proposed re-

source allocation algorithms. On the other hand, the systems that adopt the FIFO

scheduling method sort the users based on the arriving time, in which the multiuser

diversity is moderately exploited. Furthermore, the selection of higher MCS levels

and the suitable power value for each sub-channel can guarantee a successful and

high rate of transmission of data with the lowest BER. The eight investigated sys-

tems avoid transmission in low SNR sub-channels in order to save power for other

sub-channels and prevent any data loss.
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Figure 5.3: Average system throughput of the investigated conventional and SRA
based AMC-OFDMA systems.

Fig. 5.4 demonstrates the average system spectral efficiency, ρav for the investi-
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gated schemes. The term ρav is evaluated as a function of the spectral efficiency of

the scheduled users, ρavq(r,m), as

ρav =
1

Nfr

Nfr∑
g=1

ρavg

=
1

Nfr

Nfr∑
g=1

1

Q

Q∑
q=1

R(q)∑
r=1

M∑
m=1

β(q, r)φ(q,m)ρavq(r,m).

(5.41)

where ρavg is the average information spectral efficiency for the g-th OFDMA frame.

The performance of the AMC-OFDMA-DSORA system is shown to achieve a gain

between 0.1-1.3 bps/Hz over other schemes. Additionally, the performance of the

AMC-OFDMA-FSORA is increased by 0.1-0.8 bps/Hz in comparison with the rest.

It is evident that the significant improvement in the performance of the AMC-

OFDMA systems that adopt DSORA, FSORA methods over the other investigated

schemes is due to the exploitation of multiuser diversity. This diversity can lead to se-

lecting the user with the best channel conditions that allow the assigned sub-carriers

to carry more data bit streams. In contrast, the utilisation of FIFO scheduling meth-

ods by some of the considered systems enforces the resource allocation algorithms to

choose medium and low level of MCSs in order to reduce the required power values.

This is due to the inferior exploitation of the multiuser diversity in comparison with

the proposed SRA strategy.

The throughput outage probability, Pout, of the compared system has been pre-

sented in Fig. 3.5. Based on (2.46), Pout is computed as an average value over Nfr

transmitted frames.

It is observed from Fig. 5.5 that the AMC-OFDMA-FSORA system achieves low-

est throughput outage probability amongst the other fixed sub-channelling based

schemes. In addition, the AMC-OFDMA-DSORA system is shown to obtain a

significant performance improvement in comparison with AMC-OFDMA-DSDRA,

AMC-OFDMA-DORA and AMC-OFDMA-DDRA approaches. In other words, the

proposed SRA strategy can achieve a close performance to the upper expected

throughput bound, which can be evaluated following (2.47).

As highlighted in Chapter 3, the optimised resource allocation systems of DSORA,

FSORA, DORA and FORA outperform the other approaches that adopt the decou-

pled resource allocation method. However, these systems can be more costly in
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Figure 5.4: Average spectral efficiency for the investigated conventional and SRA
based AMC-OFDMA systems.

terms of searching complexity, which is the result of using a huge number of iter-

ations to obtain the optimal user, bit and power allocation over the transmitted

OFDMA frame.

Fig. 5.6 shows the average throughput performance of the considered systems

in terms of the number of the utilised queues at an assigned BS for an average

SNR values of 5, 15, 25 and 35 dB. This figure demonstrates the multiuser diver-

sity effects on the performance of the investigated systems. It is apparent that the

performance of the AMC-OFDMA-DSORA and AMC-OFDMA-FSORA systems is

improved significantly with the increase in the queues number more than other ap-

proaches. Moreover, the performance of the investigated systems is kept the same

after 30 queues as the diversity saturation threshold is reached. As mentioned ear-

lier, the scheduling algorithm for the proposed SRA strategy utilises the multiuser

diversity to select the best user in each queue for every transmission time, T . In con-

trast, the degradation in the performance of the AMC-OFDMA-DDRA and FDRA

systems in comparison with the other approaches is the result of employing the

decoupled resource allocation with the FIFO scheduling method.

A statistical study of the usage ratio of the considered MCS options by the

investigated systems is illustrated in Fig. 5.7. These results are computed for SNR

values of 5, 15, 25 and 35 dB and over transmission time of 1.7 min. As explained

in Chapter 2, the employed MCS options are sorted from the lowest, which is null
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SRA based AMC-OFDMA systems.

transmission, to the highest level, i.e. 64-QAM combined with 3/4 convolutional

coding rate. In other words, the utilised ten MCS options are numbered from ‘1’ to

‘10’.

It is apparent from Fig. 5.7 that the AMC-OFDMA-SORA and AMC-OFDMA-

SDRA systems select the higher MCS options more than other schemes. This is due

to the employment of the proposed user scheduling algorithm of the SRA strategy.

At the same time, the optimised and decoupled resource allocation approaches aim to

maximise the average system throughput by assigning the transmitted sub-carriers

to the higher MCS option, in which the power constraints and the channel conditions

are satisfied. It is also noted that most of the investigated systems choose the middle

MCS options of 2-7 with the low SNR values and the options of 8-10 with high SNR

ranges.

In contrast, this figure can clearly demonstrate the dynamic MCS selection of the

employed AMC method over different systems, channel conditions and SNR values.

Moreover, Fig. 5.7 illustrates the exploiting of the available MCSs by the proposed

SRA strategy efficiently in comparison with the rest of systems. Therefore, the aim

of increasing the average system throughput is achieved by implementing SRA.
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Figure 5.7: Usage probability of the utilised MCS options for the investigated con-
ventional and SRA based AMC-OFDMA systems.
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5.8 Chapter Summary

A cross-layer scheduling and resource allocation strategy for SISO-AMC-OFDMA

systems has been proposed in this Chapter in order to maximise the average sys-

tem throughput as a function of the spectral efficiency and the BER. In addition,

a developed software engineering life cycle model has been presented to design the

proposed strategy. This life cycle model provided the SRA strategy with high scala-

bility, extendibility and portability to address the problems of system updating and

communication traffic. The transmitter of the investigated SISO-AMC-OFDMA

system divided the data sub-carriers of the OFDMA frame into groups assigned

to sub-channels each of which was assigned to a scheduled user. The proposed

SRA strategy exhibited two main algorithms, scheduling and resource allocation,

that worked subsequently in order to reduce the mathematical complexity of the

investigated convex maximisation problem. At the data link layer, the proposed

scheduling algorithm arranged the users in queues depending on their priorities and

consequently selected the best user that could maximise the system throughput of

each queue according to the corresponding CSI. The scheduling algorithm achieved

fair services for all users with different priorities and utilised the empty queues to

serve users from high levels. The resource allocation algorithm, which worked at the

MAC layer, exploited the multiuser channel diversity to allocate the user, related

data bit streams and the transmission power amongst the utilised sub-channels, con-

sidering relevant CSI and power constraints. This algorithm considered changeable

coding rates based on the selected MCS options using AMC methods. Different ITU

channel profiles have been considered in this Chapter. The simulation results have

compared the performance of the proposed SRA strategy with other conventional

approaches for the investigated SISO-AMC-OFDMA system. These results showed

that the proposed system outperformed the other investigated systems due to the

efficient exploitation of multiuser diversity.
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Chapter 6

Conclusion and Future Work

Recently, the SISO and MIMO practical communication systems have considered

the multi-carrier wireless techniques, such as OFDM for single user and OFDMA

for multiuser, in order to overcome the transmission problems of single-carrier ap-

proaches. These problems can be summarised by ISI and the selectivity of the fading

channels. However, the OFDM and OFDMA systems suffer from the ICI and PAPR

issues, which are the results of Doppler shift and FFT operation, respectively. In

addition, these systems have not efficiently exploited the channel capacity due to the

change of the transmission conditions, such as the utilised channel profiles, speed

mobility and available resources. The poor exploiting of the channel capacity re-

sults in a significant reduction in the system throughput performance. In order to

sort this problem, AMC technology has been combined with OFDM and OFDMA

systems. AMC-OFDM/OFDMA systems can adapt to different transmission envi-

ronments by selecting the suitable modulation types, FEC methods and the coding

rates.

In contrast, the cross-layer resource allocation strategies have been widely em-

ployed by the AMC-OFDM/OFDMA systems to improve the throughput perfor-

mance. These strategies have allocated the available resources, i.e. user diversity,

transmission power and information bits, optimally over the sub-carriers in order to

satisfy the required QoS and the related channel conditions.

On the other hand, AMC-OFDMA systems have utilised the user scheduling

algorithms along with the resource allocation strategies to exploit the multiuser

channel diversity. User scheduling algorithms have managed the servicing of different

users depending on distinct parameters, such as priority and arrival time.

148



The motivation behind this research was to improve the average throughput of

SISO and MIMO based AMC-OFDM/OFDMA systems by proposing efficient algo-

rithms. The key objective was to design SISO and MIMO based OFDM/OFDMA

based on AMC, resource allocation and user scheduling strategies in order to max-

imise average system throughput.

This thesis proposed three strategies, i.e. AMC, resource allocation and user

scheduling, for SISO and MIMO systems that considered the OFDM and OFDMA

wireless transmission technologies. These strategies were designed based on differ-

ent developed software engineering life cycle models. The developed models have

considered the cyclic evolutionary life cycle methodology as is exhibited the required

feedback information.

The proposed AMC strategy exhibited two main parts, i.e. fixed and dynamic

sub-channelling. Fixed sub-channelling AMC distributed the data and pilot sub-

carriers into sub-channels depending on the measured coherence bandwidth for

OFDM and the number of users for OFDMA. Then, it selected the suitable MCS

option for each sub-channel based on the SNR value of such sub-channel. In con-

trast, dynamic sub-channelling AMC considered the same procedure of fixed sub-

channelling method, yet the number of data and pilot sub-carriers within each sub-

channel could be changed by implementing the proposed pilot adjustment scheme.

This scheme reduced the number of pilots required for channel estimation in each

sub-channel individually depending on the measured coherence bandwidth, the vari-

ance of the SNR fluctuation values of the involved sub-carriers and the minimum

SNR. The redundant pilots were replaced by additional data sub-carriers in order to

improve the average system throughput. It should be noted that the proposed AMC

strategy employed two MCS scenarios, each of which included ten MCSs of LDPC

and convolutional based coding rates of 1/2, 2/3 and 3/4 combined with QPSK,

16-QAM and 64-QAM as well as no transmission option.

In terms of the proposed cross-layer resource allocation strategy, a modified

throughput maximisation problem was mathematically formulated as a function of

spectral efficiently and BER. This problem has been solved using Lagrange multi-

pliers optimisation method. Furthermore, the proposed resource allocation strategy

aimed to maximise the average system throughput by allocating the users, trans-

mission power and information bits amongst the considered sub-channels assigned

to different users. This was carried out by presenting two solution approaches, i.e.
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optimised and decoupled. The optimised approach provided an optimal solution to

the investigated maximisation problem on the cost of high computational complex-

ity. Moreover, the decoupled approach produced a low complexity solution with an

acceptable degradation in the throughput performance compared to the optimised

approach particularly for low SNR values. The proposed strategy considered both

parts of the proposed AMC method along with convolutional based MCS scenario.

Therefore, the variable coding rate was adopted as an important metric rather than

employing the fixed coding rate or uncoded schemes. This strategy was basically

designed for SISO-OFDMA system, and then it was expanded to work with MIMO-

OFDMA approach. Two resource allocation strategies were introduced for MIMO

systems. The first one considered the allocation of the resources at each transmit-

ted antenna based on the best SISO link between each transmit antenna and the

received antennas in terms of channel conditions. Moreover, the second strategy

adopted the SVD or eigen mode based transmission.

In contrast, the proposed cross-layer user scheduling strategy aimed at improving

the throughput maximisation target by managing the information bit streams of

different users. It sorted the involved users in queues depending on the user priorities

and then selected the optimal user in each queue, in which the average system

throughput was maximised. It also assigned more bandwidth for high priority users

by filling the empty queues with them. This strategy was combined with both

approaches of the proposed resource allocation algorithms and AMC method in

order to exploit the multiuser channel diversity, transmission power and channel

capacity efficiently.

It is important to note that the combination of the proposed strategies led to pro-

duce comprehensive wireless communication systems that address the transmission

problems. Additionally, these systems could work over different channel profiles

and transmission conditions by allocating the resources over the sub-carriers and

exploiting the multiuser channel diversity.

The OFDM and OFDMA systems based on the proposed strategies have been

tested over different ITU channel profiles. The users were divided into three cat-

egories and each of which adopted distinct channel profile along with the related

mobility speed in order to simulate the physical situations of the involved users. In

contrast, numerous simulation results were presented in this thesis based on the in-

troduced systems. In these results, the performance of the investigated systems that
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considered the proposed strategies has been compared with different conventional

approaches. In terms of the proposed AMC strategy, the throughput performance of

this strategy was compared with the traditional AMC technology that selected the

same MCS option for all sub-channels based on the minimum SNR value amongst

the sub-carriers of the transmitted OFDM/OFDMA frame. It was apparent that

the proposed AMC-OFDM/OFDMA system outperformed the other approach sig-

nificantly over all SNR values. On the other hand, the throughput performance of

the SISO and MIMO based AMC-OFDMA systems that employed both approaches

of the proposed resource allocation strategy was improved significantly in compar-

ison with other two conventional approaches. This throughput enhancement was

the results of exploiting multiuser diversity and the optimal allocation of the avail-

able resources, i.e. users, transmission power and information bits. Throughout the

simulation results, the behaviour of the AMC-OFDMA system that utilised the com-

bination of the proposed user scheduling, resource allocation and AMC strategies

has been studied and compared with the FIFO scheduling method based schemes.

It was reported that this system showed a superior performance in comparison with

other systems that adopted FIFO scheduling method combined with the proposed

resource allocation strategy. The improvement in the throughput performance was

achieved by the utilised user scheduling algorithm that selected one user in each

queue with best conditions. This was to increase the channel diversity and offer

a high flexibility to the dynamic change of the considered MCS options over the

sub-channels within each transmitted OFDMA frame.

Future Work

This research project concentrated primarily on maximising the average system

throughput of the single-cell downlink transmission based wireless SISO and MIMO

systems that employed the OFDM and OFDMA techniques. However, the future

work should consider both the downlink and uplink multiuser communication for

single and multi-cell mobile networks. In this project, the PAPR issue has not

been considered. Therefore, the future work should tackle this problem using the

traditional well known methods, such as SLM and PTS, or by proposing a novel

approach.

In contrast, the ICI and synchronisation problems, which are the results of
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Doppler shift and spread effects, should be considered in order to produce com-

plete wireless systems that can address the expected transmission challenges. It is

worth reporting the use of more advanced channel estimation methods is expected

to improve the performance of the proposed systems. These methods can mitigate

the estimated channel MSE, which yields a significant reduction in the BER.

In terms of MIMO system, the future work should consider the channel esti-

mation in order to provide a practical MIMO system. If the channel estimation is

adopted, the proposed pilot adjustment scheme can be expanded to work with the

MIMO technology. This scheme can further improve the average system through-

put. Additionally, more efficient MIMO receivers, such as minimum mean square

error (MMSE) and ML, are recommended to be utilised in the future work to signif-

icantly degrade the effects of the multi-antenna interference. On the other hand, the

PAPR, ICI and synchronisation problems for MIMO systems should be considered

and sorted using the traditional and efficient methods.

The tackling of long service waiting time problem of the proposed user scheduling

strategy should be considered in future work to overcome this highlighted drawback.

Additionally, the consideration of the queue state conditions and the length of the

data packets should be adopted to achieve practical systems.

Finally, the computational complexity of the proposed strategies should be stud-

ied. From this study, the units that require a high cost should be replaced by

alternative solutions that can significantly reduce the corresponding complexity.
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