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Summary

Multicarrier CDMA (MC-CDMA) has attracted many interests due to its capabilities of
achieving high data rate transmission while overcoming the problem of Inter-Symbol
Interference (ISI). It inherits the substantial advantages from both the orthogonal
frequency division multiplexing (OFDM) and CDMA systems. To further improve
energy efficiency, accurate adaptive sub-carrier allocation techniques are needed. This
thesis focuses on obtaining simple and efficient sub-carrier allocation schemes. Two
sub-optimal sub-carrier allocation schemes that take into consideration the effect of

Multiple Access Interference (MAI) for MC-DS-CDMA system are proposed.

The MC-DS-CDMA system models for our algorithms are given, which include both
downlink and uplink transmissions. The algorithms developed are suitable for both
links. Instead of minimizing the overall BER as in optimal solution to the sub-carrier
allocation problem, the first sub-optimal algorithm is proposed with the objective to
minimize the respective user BER performance while taking the effect of MAI into
consideration. The algorithm to solve the problem is presented. The expression to
compute the average BER that will be used in the objective function to iteratively
compute the sub-carriers allocation coefficients is derived. Simulation results are
presented and discussed compared with conventional sub-carrier allocation scheme

reported in [9] and those without using any adaptive sub-carrier allocation scheme.



Our first proposed scheme is a promising scheme and converges much faster than the
optimal solution. But it will show discrepancy when the amount of MAI present in the
system is small. The discrepancy will propagate so that the subsequent allocation will
be affected. To overcome the limitation of our first scheme, we formulate the objective
function using Quadratic Programming (QP). By using QP, the sub-carriers are
allocated using the actual values of the channel gains and jointly considering the effect
of MAL. This scheme is not as simple as the first one, but it gives more optimal results.
The discrepancy in the previous allocation will not propagate to affect the subsequent
allocation. The formulated QP problem is shown can be converted to a linear
programming problem by applying Kuhn-Tucker conditions, which is much easier to
solve. Simulations results are presented to compare with the scheme presented in [9]

and our first proposed scheme.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Code Division Multiple Access (CDMA) is a multiple access technique where a
number of users can simultaneously and asynchronously access a channel by
spreading their information-bearing signals with pre-assigned signature sequences.
Recently, CDMA systems have been proposed to be a candidate for high data rate
transmission in wireless communication networks [1]. The wireless communication
channel is characterized by multipath reception: the signal arrived at the receiver
normally contains not only a direct line-of-sight (LOS) radio wave, but also a large
number of reflected radio waves and each arrives at the receiver at different times.
Delayed signals are the result of reflections from terrain features such as trees, hills,
mountains, vehicles or buildings. These reflected delayed waves interfere with each
other will cause fading if paths are non-resolvable and Intersymbol Interference (ISI)
if paths are resolvable, which in turn causes significant degradation of network

performance. Hence the protocol and physical layer of a wireless network should be
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designed so that the degradation in the system performance due to the presence of

fading and ISI is minimized.

Future broadband multimedia mobile communication systems need to transmit at high
bit-rate of at least several megabits per second [19][21][22][23]. However, if digital
information is transmitted at the rates of several megabits per second, the delay times
of the delayed waves are generally greater than one symbol time and result in severe
ISI. The use of adaptive equalization techniques at the receiver is one conventional
method to overcome ISI. However, there are practical complexities in implementing
the equalizers at a transmission rate of several megabits per second using compact,

low-cost hardware.

To achieve reliable high data rate transmission in such a multipath fading
environment using a lower complexity receiver, the multi-carrier modulation (MCM)
scheme, often called Orthogonal Frequency Division Multiplexing (OFDM), has been
proposed. OFDM system divides the available bandwidth into a number of
sub-carriers. Data is transmitted in parallel over these sub-carriers. Each sub-carrier
thus has a lower bit rate stream and encounters only flat fading. We will introduce

OFDM in detail in Chapter 2.

Recently, MCM has been integrated with CDMA systems. This is because the
MCM-based CDMA system owns the capabilities to cope with the concurrent
asynchronous transmission of multimedia data traffic in any of the sub-carriers and

inherits advantages from both types of the systems. This new combination of OFDM
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and CDMA technique starts an epoch of CDMA application, i.e., Multi-Carrier

CDMA (MC-CDMA). We will introduce MC-CDMA systems in detail in Chapter 2.

1.2 Problem of Adaptive Sub-carrier Allocation

The MC-CDMA system has the ability to allocate sub-carriers adaptively which is
inherited from OFDM [20] and this ability is important. For a multiuser system using
a static allocation scheme, i.e., each user is allocated with a number of predetermined
sub-carriers to transmit data, the sub-carriers that are being allocated may not be
always suitable for carrying information bits. This is because in the system, some of
the sub-carriers may be in deep fade and hence are not power efficient to carry any
information bit over some periods of time. Such a momentarily deep fade can cause
the lost of a burst of data bits that cannot be corrected by the error correction code
used in the receiver properly. Furthermore, the sub-carriers which appear in deep fade
to one user may not be in deep fade to other users, as the fading parameters for
different users are mutually independent. This motivates us to consider an adaptive
multiuser sub-carrier allocation scheme where the sub-carriers are allocated to the
users based on instantaneous channel information. This approach will allow all the
sub-carriers to be used more efficiently because a sub-carrier will be left unused only

if it appears to be in deep fade to all users.

1.3 Literature Review of Adaptive Subcarrier Allocation Schemes
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Because of the reasons we have mentioned in the previous section, the optimum
allocation of sub-carriers should be performed. In this section, we will carry out a
brief review of previous work on adaptive sub-carrier allocation schemes. We
categorize the available schemes into two types: the sub-carrier allocation schemes for

OFDM systems and sub-carrier allocation schemes for MC-CDMA systems.

1.3.1 Sub-carrier Allocation Schemes for OFDM Systems

In order to combat the temporally deep fading of a wireless communication channel,
adaptive transmission schemes are proposed. Ref. [24] [25] [26] have demonstrated
that significant performance improvement can be achieved if adaptive modulation is
used for OFDM. This motivated Wong et al. to propose a multiuser OFDM
sub-carrier, bit, and power allocation algorithm to minimize the total transmit power
[20]. They applied Lagrangian relaxation to solve the optimization problem. The
iterative algorithm first performed the multiuser sub-carrier allocation, then the bit
and power allocations were applied to each user on its allocated sub-carriers. This
two-step algorithm was further developed by Kivanc et al. [27]. They first use average
signal-to-noise ratio (SNR) for each user to decide the number of sub-carriers to be
allocated to each user. Once the number of sub-carriers is determined, the algorithm
moves on to assign the most suitable sub-carriers to users. In order to reduce the
computation complexity, Kim et al. at [28] converted the non-linear optimizations in
[20] into a linear one and solved it by using integer programming (IP) method. A
sub-optimal approach that separately performs sub-carrier allocation and bit loading
was proposed to further reduce the computational load of the IP problem. In [29],
Wong. et al. also proposed an improved algorithm for fixed modulation systems. The

solution was obtained by the known Hungarian method. Bakhtiari et al. proposed an
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algorithm for a given rate distribution among users in [30]. The algorithm tried to
optimize the trade off between the transmit power and computational complexity. It
also used an efficient re-allocation scheme to achieve the required performance with

minimum number of computations.

The concept of grouping the sub-carriers and the use of group allocation was used in
[31] [32] in the algorithms for sub-carrier allocation. The computational complexity
by using group allocation can be reduced further. Algorithm in [33] applied utility
functions to quantify the level of users’ satisfaction derived from the radio resources
they occupied. They formulated optimization problem to maximize the sum of the
utilities over all active users subject to the feasible rate, which is determined by

adaptive resource allocation schemes deployed and its channel conditions.

Sub-carrier allocation algorithms have also been developed in more practical situation.
Ref. [34] and [35] proposed adaptive sub-carrier and bit allocation algorithms for
multi-cell systems in the presence of Co-Channel Interference (CCI). The work was
aimed to maximize the throughput of the OFDM systems. Ref. [36] proposed an
adaptive sub-carrier allocation scheme for OFDM multiple access/ time division

duplex (OFDMA/TDD) system in wireless local area networks (LANS).

1.3.2 Sub-carrier Allocation Schemes for MC-CDMA Systems

Compared with OFDM systems, only a limited number of sub-carrier allocation
schemes were proposed for MC-CDMA systems. In [9], a simple adaptive sub-carrier

allocation scheme was proposed for MC-DS-CDMA systems. Each user transmits



Chapter 1 Introduction

over the user’s favorite sub-carrier which has the largest channel gain among all the
sub-carriers. The mobile estimates the channel gains of all sub-carriers and feeds back
the index of the sub-carriers to the basestation (BS). With the index information, the
BS allocates the sub-carrier that has the largest channel gain to the respective user.
This will be the optimal policy if orthogonal sequences are used as the signature
sequence. When random sequences are used, the system still shows some
performance improvement when compared to the MC-CDMA systems without
adaptive sub-carrier allocation scheme. The author also investigated how the
performance is affected when the transmit data is not perfectly allocated to the best
sub-carrier. However, the scheme did not consider the influence of the Multiple
Access Interference (MAI) when multiple users are allocated to use the same
sub-carrier. That is, the scheme just simply allocates the sub-carrier with the largest
channel gain of each user, but the sub-carrier that is the largest to one user may also
be the largest to some other users. Hence there is possibility that many users select
one sub-carrier at the same time, and some sub-carriers which also have reasonably
good channel conditions may not be selected. When random signature sequences are
used, the MAI will degrade the performance of the system and those unselected
sub-carriers may be a waste to the system. So generally, this scheme is non-optimal
because it does not jointly consider the effect of MAI in the process of allocating

sub-carriers.

To increase the data rate of the system, a certain number of sub-carriers that have
relatively larger channel gains are chosen to transmit the data of a user in [10]. That is,
the BS selects L sub-carriers for a mobile to transmit data out of total N sub-carriers.

The remaining (N-L) sub-carriers transmit reference data with a small power. These
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reference data are used at the BS to estimate the channel gains of the sub-carriers,
which are used for the adaptive determination of sub-carrier allocation. On these
selected L sub-carriers, data rate, power allocation and the processing gain (PG) are

adjusted according to the value of L. For example, if the data rate is 7, for an N/N
system, the data rate of an L/N system will be r, x N/L and a smaller PG
G'=GxL/N should be used to support the same amount of data as the N/N

system. As to the power allocation, if P, is the power allocated to the selected

sub-carriers, a suppression factor will be used to reduce the transmitting power
allocated to the unselected sub-carriers. The suppression factor is much less than 1 to
avoid excessive interference to other users who are using these sub-carriers. The
scheme can achieve better bit-error-rate (BER) than MC-CDMA system that without
using adaptive sub-carrier allocation scheme while keeping the same amount of data
transmitted over the same bandwidth and the same amount of power. This scheme is a
good alternative of power control scheme to compensate the fading effect. However,
their proposal also does not consider the effect of MAI when random signature

sequences arc used.

In [11], Fan et al. set a prefixed threshold of the channel gain that can satisfy the
user’s requirement on BER so that the scheme reduces the number of sub-carriers that
need to be considered. Method that uses grouping of sub-carriers is also used in
MC-CDMA systems. Tabulo et al. proposed in [12] a linear programming based
approach to the grouping and sub-carrier allocation problem for a MC-CDMA system.
The sub-carriers are first grouped and then users are assigned to a group of

sub-carriers using a linear programming (LP) algorithm. This algorithm can improve
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BER performance of the system compared to the algorithm reported in [9], as well as
those static sub-carrier allocation algorithms. To make the algorithm much more
practical, Al-susa et al. proposed a practical fast-converging algorithm in [13] based
on priority swapping allocation. The algorithm can achieve near equal diversity gain
as the method uses the maximum likelihood allocation approach but at a much lower

computational complexity.

In [14], Chen et al. proposed a sub-carrier allocation scheme for uplink
communication. The bit stream is split into sub-streams and transmitted over a few
chosen sub-carriers simultaneously. While every sub-stream must have constant rate,
users can use a different number of sub-streams up to a maximum of N, which
offers the potential to provide multi-rate services without any increase in the system
complexity. Also, instead of random or deterministic hopping patterns as adopted in
conventional frequency hopped (FH) systems, the hopping pattern in the proposed
system is adaptively determined by the channel fading conditions. The scheme
outperforms the conventional DS-CDMA system with RAKE reception without
incurring any bandwidth expansion associated with coding or diversity schemes. It is
especially suitable for operating in channels with very slow time variations which are
often encountered by slow moving vehicles or pedestrians. However, this scheme
needs a large amount of signature sequences. This is because it is possible for more
than one sub-stream belonging to the same user to hop to the same sub-carrier. Each
user will need N (the number of sub-carriers) signature sequences so that every data

sub-stream can be uniquely identified.
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Other works such as [15] [16] investigated various adaptive modulation and power
allocation algorithms for MC-CDMA systems. Adaptive sub-carrier allocation
algorithms are proposed in [17] [18] for discrete multitone systems can also be useful

references to develop algorithms for MC-CDMA systems.

1.4 Motivations and Contributions of the Thesis

CDMA systems can distinguish different users with signature sequences assigned to
each user. This works well if the signature sequences are orthogonal to each other.
However, if random signature sequences are used, there will be interference from
other users, which is called MAI. The MAI problem will become severe if the number
of users is large. In MC-CDMA systems, if there are too many users using the same
sub-carrier for transmission, the system BER performance of the sub-carrier will

degrade significantly if MAI becomes dominant.

From the literature review conducted on sub-carrier allocation schemes of
MC-CDMA systems presented in Section 1.3, we found that the existing schemes
generally did not consider MAI when allocating sub-carriers to users. Hence, our aim
is to design a sub-carrier allocation scheme for MC-CDMA system with MAI taken
into consideration. However, this cannot be done easily. The fact that sub-carrier
allocation process and the computation of MAI and hence BER intertwined to each

other makes the calculation very difficult. We explain this using a simple illustration.

We define the sub-carrier allocation coefficients to be



Chapter 1 Introduction

Sk,n -

(1.1)

1 if kth user's nth subcarrier is selected
0 if kth user's nth subcarrier is not selected’

so that the sub-carrier allocation coefficients of the kth user will be in the form of

[Si158c2s-->8,y 1= [1,0,0,1---,1], where the dimension of the vector is equal to the

number of sub-carriers of the system. In a system with K users and 4 sub-carriers,
we first allocate sub-carriers to the 1% user. Supposing sub-carrier #1 and #4 are the
two sub-carriers having the largest two channel gains for the 1% user, then its

allocation coefficient is given by [1,0,0,1], as shown in Figure 1.1 (a). We next

allocate sub-carriers to the 2™ user using the same rules. We can see that both the
users are allocated with sub-carrier #4 as indicated in Figure 1.1 (b). If the effect of
MALI is taken into consideration, sub-carrier #4 may not be the most suitable choice to
support the transmission of the two users. If this happens, either one of the users may
have to change the sub-carriers allocated if the effect of MAI resulting in degradation
in system performance is larger than that when either one of the two users selects the

sub-carrier of the next better channel to transmit.

IMuser [I 0 0 1] Iuser [ 0 0

2™user [0 1 0

(a) (b)
Iuser [1 0 1 0] 1* user 0 1 0]
2Yuser [0 1 0 1] 2™ user 0 1]
3" user 0 0]

(©) (d)

Figure 1.1 Example of the sub-carrier allocation problem

10
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Supposing the 1% user and the 2™ user have re-allocated sub-carriers as shown in
Figure 1.1 (c), we continue to allocate sub-carriers to the 3" user, as shown in Figure
1.1 (d). This time, the sub-carrier #1 is allocated simultaneously to the 1* user and the
3" user, while the sub-carrier #2 is allocated to the 2" and the 3™ user, respectively.
Under the consideration of MAI, the sub-carrier allocation coefficients may need to
change again. This process may have to continue for some time before a reasonably
good solution can be obtained. From the above simple illustration, we find that
allocating sub-carriers while considering MAI is not simple. Especially when the
number of users in the system is large, the solution to this problem may become

NP-hard.

In this thesis, we devise two new sub-optimal algorithms to solve the problem. In our
first algorithm, we define the MAI as interference from other users who are using the
same sub-carrier as the desired user. We assume that the channel conditions of all
users are slow time varying and independent to each other. All the sub-carriers of
each user are to be ordered according to their respective channel gains at every
updating stage. The sub-carrier allocation coefficients of the previous updating stage
together with the ordering index vector of the sub-carriers of the current updating
stage are used to calculate the average BER of the respective sub-carriers. The
average BER will be used in the objective function to perform the sub-carrier
allocation. The use of the previous allocation coefficients and the ordering index
vector of the channel gain of each user are two key inputs to our algorithms. The use
of the previous allocation coefficients avoid computing MAI concurrently with the
allocation process, so that it will reduce the complexity of the design, but at the

expense of slight deviation from the optimal solution. The ordering index vector is

11
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used to compute the average BER of respective sub-carriers of the user, which is

evaluated by taking MAI into consideration.

This method works very well when MAI is significantly large but may show
discrepancy when the effect due to MAI is small, i.e. small number of users share the
same sub-carrier. The discrepancy in each update will further propagate and affect the
subsequent decision. In the second algorithm, we formulate the problem without using
the sub-carrier allocation coefficients of the previous updating stage. Although the
objective function is much complex and will be non-linear, it will be more accurate
compared with the first algorithm. The objective function is formulated as a quadratic
programming (QP) problem. We then use the Kuhn-Tucker (KT) conditions to

convert the problem to a solvable LP problem.

We show that both of our proposed algorithms have a much better performance than
those reported in [9], where MAI has not been taken into consideration. The second
proposed method works much better than the first one, and no discrepancy is shown at

lower MAL

1.5 Organization of the Thesis

The organization of the thesis is as follows:

Chapter 1 — Because the severe ISI problem that exists in high rate wireless
communication, OFDM that uses parallel transmission to overcome the effect of ISI is

proposed. CDMA is then proposed to combine with OFDM to make the system to

12
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have the advantages of both. As a result, the problem of adaptive sub-carrier
allocation for MC-CDMA systems arises. We then perform a literature review on the
adaptive sub-carrier allocation schemes for both OFDM and MC-CDMA systems.
Our main contributions in this thesis are then given, which is to solve the adaptive

sub-carrier allocation problem for MC-CDMA systems in the presence of MALI.

Chapter 2 — This chapter gives a review on MC-CDMA systems. We first discuss the
characteristics of the small scale fading channels. This leads to the discussion on why
MCM is needed to overcome ISI for CDMA and OFDM system. CDMA can increase
system capacity and reject narrow band interference. But it is sensitive to the
frequency selective fading, which causes severe ISI problem in wireless
communication. Thus OFDM is proposed to overcome this problem. OFDM can also
be implemented with Fast Fourier Transform (FFT) easily compared with adaptive
equalization techniques in high data rate transmission systems. MC-CDMA is the
combination of these two schemes which inherits advantages from both. We review
the three types of MC-CDMA systems in this chapter and discuss their advantages

and disadvantages in terms of transmitter, receiver structures and spectral efficiency.

Chapter 3 — The description of MC-DS-CDMA system used in this thesis is given
in this chapter. The data stream is spread in the time domain. Then the
serial-to-parallel (S/P) converted data will pass through a “Subcarrier Selector” block.
The sub-carrier allocation procedure will be carried out in this block. After the
appropriate sub-carriers are allocated to users, the data is modulated on the

corresponding sub-carriers. We then give the receiver structure of our system model.

13
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Expression to evaluate BER for MC-CDMA systems in flat fading channel for a

single user case is then given.

Chapter 4 - A sub-optimal adaptive sub-carrier allocation scheme for
MC-DS-CDMA systems is proposed. We first formulate the problem with the
designed objectives and constraints. Then we describe the algorithm used to solve the
problem. The expression to compute the average BER that will be used in the
algorithm is derived. Then we will compare our scheme with some existing schemes

using computer simulation. The simulation results are analyzed and discussed.

Chapter 5 — From the discussion in Chapter 4, we find that we can still improve the
scheme proposed in Chapter 4 by using the actual values of the channel gains while
considering the MAI, rather than using the allocation coefficients of the previous
updating stage. Although such scheme is not as simple as our scheme in Chapter 4, it
improves the system performance further. Besides, it can avoid some situations where
the earlier proposed method failed. In this Chapter, we use QP to formulate the
objective function. The reason why QP is used is because it can express both the
interference and the allocation coefficients in the same objective function. From the
mathematical point of view, QP problem is solvable although it belongs to non-linear
programming (NLP). We will show how to use the KT conditions to convert our

formulation to a QP problem. Simulation results then presented.

Chapter 6 — Concludes the findings in this thesis and gives some advices on future

research areas.
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Chapter 2

Multicarrier CDMA Schemes

Multicarrier CDMA (MC-CDMA) are robust against frequency selective fading,
which is a severe problem in mobile radio communications. The robustness is because
MC-CDMA systems are the combination of OFDM and CDMA and hence inherit

advantages from both of the systems.

In this chapter, we will review MC-CDMA systems. The characteristics of wireless
communication fading channels is first introduced. CDMA and OFDM form the basis
of MC-CDMA systems, so we will first introduce these two systems. In the literature,
three types of MC-CDMA systems are proposed, which they are categorized into two
groups. The first spreads the original data stream using a given signature sequence,
and then modulates a different sub-carrier with one chip (i.e., spreading is made in the
frequency domain) [2][3][4]. The other spreads the serial-to-parallel converted data
streams using a given spreading code (i.e., the spreading in the time domain) [5][6].
The comparison of different types of MC-CDMA systems is given at the end of this

chapter.
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2.1 Rayleigh Fading Channel

There are two types of fading that are used to characterize mobile channels:
large-scale fading and small-scale fading [37]. Large-scale fading represents the
average signal power attenuation or path loss due to motion over large areas. Such
phenomenon is affected by prominent terrain features, such as hills, forests, high-rise
buildings and so on, between the transmitter and the receiver. The receiver is often
represented as being shadowed by these terrain features. The statistics of large-scale
fading provide a way of computing an estimate of path loss as a function of distance.
This is described in terms of a mean path loss and a log-normally distributed variation

about the mean.

Small-scale fading refers to the rapid fluctuation of the amplitude of a radio signal
over a short period of time or travel distance, so that the large-scale path loss effects
may be neglected. Such fading is caused by interference between two or more
versions of the transmitted signal which arrive at the receiver at slightly different
times [37]. These waves will combine at the receiver to give a resultant signal which
can vary widely in amplitude and phase, depending on the distribution of the intensity
and relative propagation time of the waves and the bandwidth of the transmitted

signal.
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In this thesis, we only consider small-scale fading with the assumption that the
communications between the mobile users and the BS occur within a relatively small
area only. Thus no large-scale path loss has to be taken into account. Alternatively,
this can be viewed as a power control mechanism exists to remove the path loss and

lognormal shadowing.

2.1.1  Doppler Shift

Consider a mobile moving at a constant velocity v, along a path segment having
length d between points X and Y, while it receives signals from a remote source S, as
illustrated in Figure 2.1. The difference in path lengths traveled by the wave from
source S to the mobile at points X and Y is given by Al =d cos @ = vAtcos &, where
At is the time required for the mobile to travel from X to Y, and & is assumed to be
the same at points X and Y since the source is assumed to be very far away. The
phase change in the received signal due to the difference in path lengths is therefore

given by

Aj= 27Nl _ 27vAL

cosé, 2.1a
P (2.1a)

and hence the apparent change in frequency, or Doppler shift, is given by

Ja=7——=—-cosdb, (2.1b)
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Figure 2.1 Illustration of Doppler Effect

Eq. (2.1b) relates the Doppler shift to the mobile velocity and the spatial angle
between the direction of motion of the mobile and the direction of arrival of the wave.
It can be seen from Eq. (2.1b) that if the mobile is moving toward the direction of
arrival of the wave, the Doppler shift is positive (i.e. the apparent received frequency
is increased), and if the mobile is moving away from the direction of arrival of the
wave, the Doppler shift is negative (i.e. the apparent received frequency is decreased).
Multipath components that arrive from different directions contribute to the Doppler

spreading of the received signal, thus increasing the signal bandwidth.

2.1.2  Fading Effects Due to Doppler Spread

Due to the relative motion between the mobile and the BS, each multipath wave

experiences an apparent shift in frequency. The shift in received signal frequency due
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to motion is called the Doppler shift and is directly proportional to the speed and
direction of motion of the mobile with respect to the direction of arrival of the
received multipath wave [37]. Doppler spread is a measure of the range of frequencies
over which the received Doppler spectrum is essentially non-zero. Its corresponding
time domain dual is called the coherence time. The coherence time of a channel is
actually a statistical measure of the time duration over which the channel impulse
response is essentially invariant, and quantifies the similarity of the channel response

at different times.

Using Clarke’s model [49], the commonly adopted Doppler spectrum of the fading

channel can be given as

S(f)=——2 (2.2)

A=)

f,, 1s the maximum Doppler shift. The Doppler spread spectral will determine the

time domain fading waveform and dictate the temporal correlation and fade slope
behaviors. Rayleigh fading simulators must use a fading spectrum such as Eq. (2.2) in

order to produce realistic fading waveforms that have proper time correlation.

Both Doppler spread and coherence time describe the time varying nature of the
communications channel in a small scale region. In fact, the Doppler spread is
inversely proportional to the coherence time. When the Doppler spread is greater than
the baseband signal bandwidth, or the coherence time is less than the symbol duration,
the channel is said to be a fast fading channel. In a fast fading channel, the channel

impulse response changes within the symbol duration. Thus the channel variations are
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faster than the baseband signal variations. Mathematically, the fast fading channel

impulse response can be represented as

N, -1 N,-1
h(r, t) = Zf,(t)5(r — rl)= Za, (t)e-’%(t)5(z' — z'l), (2.3)
=0 =0

where N,, is the number of received paths, 7, is the associated time delay, f;(¢)

represents the complex-valued time-varying channel coefficients of the /th path,

a,(t) is the Rayleigh distributed attenuation factor received on the /th path and ¢ (¢)

is the channel phase uniformly distributed over [0,27].

On the other hand, when the Doppler spread is much lower than the signal bandwidth,
or the coherence time is much greater than the symbol duration, the channel is known
as a slow fading one. In a slow fading channel, the channel impulse response changes
at a rate much slower than the baseband signal. Hence the channel may be assumed to
be static over one or several symbol intervals. The mathematical expression for the

slow fading channel impulse response within a symbol interval is given by
N, N,,-1 .
Wz, t)=> fiolc-7,)= > ae’S(r-1,). (2.4)
1=0 1=0

The difference between (2.3) and (2.4) is that the channel coefficient f;, channel
gain ¢, and the channel phase ¢ in Eq. (2.4) are no longer time-varying but are

constant within the symbol duration when the transmission channel is slow fading.

In our thesis, slow fading channel over multiple MC-CDMA symbols is considered.
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2.1.3 Fading Effects Due to Multipath Time Delay Spread

While the fast or slow fading describes the time variant nature of the communication
channel, the flat or frequency selective fading characterizes the time spreading of the
signal. To determine whether a channel is flat or frequency selective fading, the term
delay spread has to be defined first. The delay spread is defined as the time between
the first and last received component if a single transmitted signal during which the
multipath signal power falls to some threshold level below that of the strongest
component. The threshold level might be chosen at 10 or 20 dB below the level of the
strongest component. Analogous to delay spread in the time domain, coherence
bandwidth is used to characterize the channel in the frequency domain. The delay
spread and the coherence bandwidth are inversely proportional to each other although

their exact relationship is a function of the multipath structure.

A signal undergoes flat fading if the symbol duration is much greater than the delay
spread, or in the frequency domain, the signal bandwidth is much smaller than the
coherence bandwidth. In such a case, the mobile radio channel has a constant gain and
linear phase response over a bandwidth which is greater than the bandwidth of the
transmitted signal. The channel is such that the spectral characteristics of the
transmitted signal are preserved at the receiver. However, the strength of the received
signal changes with time, due to fluctuations in the gain of the channel caused by
multipath. Flat fading channels are also known as narrowband channels since the

bandwidth of the applied signal is narrow as compared to the coherence bandwidth.
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On the contrary, if the symbol duration is smaller than the delay spread, or the signal
bandwidth is greater than the coherence bandwidth, the channel is a frequency
selective one. A frequency selective fading channel possesses a non-constant gain and
nonlinear phase over a bandwidth that is smaller than the bandwidth of the transmitted
signal. Hence the received signal includes multiple resolvable versions of the
transmitted waveform which are attenuated and delayed in time, and thus the received
signal is distorted. Frequency selective channels are also known as wideband channels
since the signal bandwidth is wider than the bandwidth of the channel impulse
response. As time varies, the channel varies in gain and phase across the spectrum of

the transmitted signal, thus resulting in time varying distortion in the received signal.

In this thesis, we assume the band of frequency under consideration undergoes
frequency selective fading while each sub-carrier undergoes frequency non-selective
fading or flat fading. Furthermore, we assume fading between any two sub-carriers is

uncorrelated.

2.2 CDMA Systems

CDMA is a multiple access scheme that distinguishes users by assigning unique
signature sequences to these users. Although, the users sharing the same frequency
spectrum and transmit at the same time, the receiver is able to distinguish each user’s
information from other users by correlating the received signal with the signature

sequences assigned to that particular user. Encoding the user information with its
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unique signature sequence usually enlarges the user’s signal bandwidth. Hence this

technique is also known as spread spectrum (SS) [38].

The signature sequences are designed such that the cross-correlation of signature
sequences of any two users is almost zero. This allows multiple users to transmit in
the same spectrum without interfering with each other. The cross-correlation between

pair of signature sequences is given as

lT

C[-j(z'):?(j)ai(t)-aj(t—z')dt. (2.5)

In CDMA systems, the most common way to spread a signal is Direct Sequence
Spread Spectrum (DS-SS). In DS-SS, a narrow band signal is directly multiplied by
the DS-CDMA signature sequence. Figure 2.2 shows a block diagram of a DS-CDMA

transmitter and receiver.

Data Data Data Data
— Spreading Despreadin —
Modulator P & b J Demodulator
Carrier Signature Signature Carrier
Generator Sequence Sequence Generator

Figure 2.2 Block diagram of DS-CDMA Transmitter and Receiver

The binary data is modulated to a radio frequency carrier. The modulated signal is
then spread by the signature sequence. After transmission of the signal, the receiver
despreads the SS signal using a locally generated signature sequence. After the

demodulation, the original data is recovered.
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Signature sequences of length equal to the processing gain (PG) can also be used.
Such signature sequences are termed as short codes. Assume the CDMA system has

K simultaneous users, each is assigned a signature sequence a,(¢) of duration T,

where T'is the symbol duration. a, (¢) is given by

G-1

a,(1)= Zak(g)l?(t_ch)’ (2.6)

og

where {ak (g), g= O,l,...,G—l} is a short code sequence consisting of G chips that
take values {+1} for user k. p(¢) is a pulse shape of duration T, where T, is

the chip duration. For simplicity, short code will be used for illustration in this thesis,

but the algorithm developed can extend to the case when long code is being used.

CDMA has numerous inherent advantages that are derived from the spectral
spreading. These advantages include: improved capacity, narrow-band interference
rejection and higher privacy, etc [38]. However, CDMA also has some certain
disadvantages. First, MAI is the limiting factor for a CDMA system employing the
conventional detector [38]. Even if perfect orthogonal signature sequence can be used
for short code, multipath will still distort this orthogonality. The conventional detector
makes no attempt to overcome MAI and assumes that the aggregate noise plus MAI is
white and Gaussian. If the signature sequences are orthogonal (i.e., in (2.5),

G, (O):O fori# j ), the interference from the other users vanishes and the

conventional detector is optimum. If multipath is present or the signature sequences
are not perfectly orthogonal to the kth user’s signature sequence, the interference from

other users can become excessive if the received power levels of one or more of the
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other users are sufficiently larger than the power level of the kth user. This is known

as the near-far problem in multi-user communications.

Also, due to the severe ISI as a result of multipath fading, conventional CDMA has
been designed only for low- or medium-bit-rate transmission, otherwise many RAKE
fingers would have to be used to equalize the received signal. OFDM is the technique

proposed to overcome this problem.

2.3 Orthogonal Frequency Division Multiplexing

OFDM is a multicarrier modulation scheme [39] [40] [41] [42]. The concept of using
parallel data transmission and frequency division multiplexing was published in the
mid-1960s [43] [44] and a U.S. patent was filed and issued in 1970 [45]. In OFDM
system, multiple data symbols are transmitted in parallel using different sub-carriers.
These sub-carriers have overlapping spectrum, but their signal waveforms are
specifically chosen to be orthogonal. Mostly, OFDM systems are designed such that
each sub-carrier is narrow enough in bandwidth in order to experience frequency flat
fading. This also ensures that the sub-carriers remain orthogonal when received over a

moderately frequency selective but time-invariant channel.

The orthogonality of the sub-carriers implies that the spectrum of each sub-carrier has
a null at the centre frequency of each of the other sub-carriers in the system and

therefore guard frequency band is not needed, which makes OFDM is the most
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efficient FDM scheme [1]. The orthogonality also results in no interference between
the sub-carriers. A concept of OFDM signal compared with conventional multicarrier
technique signal is shown in Figure 2.3. In practice, inter-channel interference (ICI)
due to loss of orthogonality exists due to the presence of Doppler spread and OFDM

symbols synchronization error. Some design precautious need to be taken.

Ch. 7 Ch. 8

Ch. 1 Ch. 2 Ch. 3 Ch. 4 Ch. 5 Ch. 6
(a) Frequency
I
I
I
(TR
I

Figure 2.3 Concept of OFDM Signal (a) Conventional multicarrier technique
(b) OFDM techinique

Saving of Bandwidth

- -
- -

»
-

(b) Frequency

OFDM is robust against multipath delay spread. In OFDM systems, a data stream of
very high rate is converted to multiple parallel data streams of much lower rates using
serial-to-parallel converter, and transmitted in parallel over a number of narrow-band
sub-carriers. This ensures flat fading for transmission over all the sub-carriers, which
will minimize the effect of ISI. The effect of ISI can be reduced further through
adding guard periods between the transmitted OFDM symbols. The guard period
allows time for multipath signals from the previous OFDM symbol to die away before
the information from the current symbol is sent. The most effective guard period to
use is a cyclic extension of the symbol. If the last few samples of the OFDM symbol
are duplicated at the start of the symbol as the guard period, this effectively extends

the length of an OFDM symbol to maintain the orthogonality of the waveform [46].
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The parallel transmission of OFDM also can effectively randomize the burst errors
caused by the Rayleigh fading [47] because not all sub-carriers will be in deep fading.
Instead of a burst of adjacent symbols in a sub-carrier being completely destroyed,
parallel transmission will spread the burst of errors over a few error-correction frames.

This allows a more reliable recovery of data.

A block diagram of OFDM transceiver is shown in Figure 2.4. Another significant
advantage of OFDM is that modulation can be performed by a simple Inverse
Discrete Fourier Transform (IDFT) which can be implemented very efficiently as an
Inverse Fast Fourier Transform (IFFT) [48] as shown in Figure 2.4. Accordingly in

the receiver only an FFT is needed to reverse this operation.
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Figure 2.4 OFDM Transmission Systems (a) transmitter (b) receiver

24 MC-CDMA Systems

In 1993, three types of new multiple access schemes based on a combination of
CDMA and OFDM techniques were proposed. That is “MC-CDMA” by N. Yee, J-P.
Linnartz, and G. Fettweis [2], K. Fzael and L. Papke [3], and A. Chouly, A. Brajal,
and S. Jourdan [4]; “MC-DS-CDMA” by V. DaSilva and E.S. Sousa [5]; and
“MT-CDMA” by L. Vandendorpe [6]. These signals are easily transmitted and

received using FFT device without increasing the transmitter and receiver
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complexities, and have the attractive feature of high spectral efficiency due to

minimally densely sub-carrier spacing.

The three MC-CDMA schemes are categorized mainly into two groups, i.e., MCM
with spreading in the frequency domain and MCM with spreading in the time domain.
There are two schemes corresponding to the second group, MC-DS-CDMA and

MT-CDMA, whereas there is only one scheme, known as MC-CDMA, in the first

group.

24.1 MC-CDMA of Frequency Domain Spreading

2.4.1.1 Transmitter Structure

In this design, the incoming bit stream is copied to N symbols. These N symbols
are each modulated onto different orthogonal carrier frequencies. The spreading of the
symbol is performed in the frequency domain before modulating to the carrier
frequencies. Each carrier is spread with a chip from the signature sequence belonging
to the user who sends the data. This is equivalent to performing a N -point S/P

conversion after a data stream has been spread by the signature sequence.

Figure 2.5 and 2.6 show MC-CDMA transmitter structure of the kth user applying
Binary Phase Shift Keying (BPSK) scheme and the power spectrum of the transmitted

signal, respectively, where G,,~ denotes the PG, N the number of sub-carriers and

a,(t)=a, (1), a,(2)....,a,(G,,)] is the signature sequence of the kth user. As shown
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in Figure 2.5, a single data symbol is replicated into N and then modulated to a

sub-carrier of f; = [fl, Jares fa, J In the figure, we assume that N = G,,, however,

we do not have to choose N = G,,-, which means long code can also be used. If the

original symbol rate causes frequency selective fading in each sub-carrier, multiple bit
streams transmission should be used. The data stream needs to be first S/P divided
into multiple bit sequence before spreading over the frequency domain. This is
because it is crucial for MCM transmission to have flat fading over each sub-carrier.
Figure 2.7 and 2.8 show the modification to ensure flat fading in each sub-carrier,
where T denotes the original symbol duration, and the original data sequence is first
converted into P parallel sequences, and then each sequence is transmitted over one of

the G, sub-carriers. (N = PxG,,.).

Q
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g SN—
2 5 .
S a,(2) cos(27f31) i
o Data k SMC(I)
Stream . ——
b, Copier . )y
e
N =Gy
Time C 3 C 3
a;(Gyc)

cos(2zz_7’GMCt)

Figure 2.5 Transmitter of MC-CDMA Scheme
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Figure 2.6 Power Spectrum of Transmitted Signal
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Figure 2.9 Receiver of MC-CDMA Scheme

2.4.1.2 Receiver Structure

Figure 2.9 shows the structure of MC-CDMA receiver of the kth user. The receiver
reverses the operation of the transmitter. First, the received signal is demodulated,
equivalent to multiplying this signal with N orthogonal carrier frequencies. The
demodulated signals are each multiplied with the same signature sequence used at the

transmitter and then low pass filtered the resulting signals.

2.4.2 MC-CDMA of Time Domain Spreading

This group of scheme includes two types of MC-CDMA schemes, i.e.

MC-DS-CDMA and MT-CDMA schemes.

2.4.2.1 Transmitter of MC-DS-CDMA Scheme
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Figure 2.10 and 2.11 show the MC-DS-CDMA transmitter of the kth user and the

power spectrum of the transmitted signal, respectively, where G,,, denotes the PG,
N the number of sub-carriers and a, (¢)=[a, (1), a, (2)....,a, (G, )] is the signature
sequence of the kth user.
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.. | Time @) cos(27,1)
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4@ a(G)

Serial—-to i a, (¢) ) cos(27fyt) S]\k/ID(t)
R A B
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T a,(¢) Tcos(27z7’Nt)

Figure 2.10 Transmitter of MC-DS-CDMA Scheme
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Figure 2.11 Power Spectrum of MC-DS-CDMA Scheme Transmitted Signal

The transmitter spreads the S/P converted data streams using a given signature
sequence in the time domain so that the resulting spectrum of each sub-carrier can
satisfy the orthogonal condition with the minimum frequency separation, as shown in

Figure 2.10.

2.4.2.2 Receiver of MC-DS-CDMA Scheme
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Figure 2.12 shows an MC-DS-CDMA receiver structure. The signals are demodulated

by the N sub-carriers and despread with the user’s signature sequence.

It is important to note that each symbol in the MC-DS-CDMA is spread in time
domain by the same signature sequence in one of the sub-carriers while in the
MC-CDMA, each symbol is spread by a signature sequence in frequency domain but

one chip per sub-carrier.

cos(27f;t) a,(t)

X) Q= LPF |——
R ved Parallel
eceive
Signal cod%q@t) asﬁ) .
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Serial
Converter

X X LPF
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Figure 2.12 Receiver of MC-DS-CDMA Scheme

2.4.2.3 Transceiver of MT-CDMA Scheme

The MT-CDMA transmitter spreads the S/P converted data streams using a given
signature sequence in the time domain. The spectrum of each sub-carrier of
MT-CDMA prior to spreading operation satisfies the orthogonal condition which
subsequently loses the orthogonal quality after spreading. Loss of orthogonality after
spreading results in inter-sub-carrier interference. In the frequency domain, the

bandwidth of each sub-carrier after spreading is larger than the coherence bandwidth
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of the channel, therefore, with a high PG, each sub-carrier will experience frequency
selective fading. The MT-CDMA scheme uses long codes to spread each sub-carrier
signal. Figure 2.13 and 2.14 show the MT-CDMA transmitter of the kth user applying
BPSK scheme and the power spectrum of the transmitted signal, respectively, where

G, denotes the PG.
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Figure 2.13 Transmitter of MT-CDMA Scheme
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Figure 2.14 Power Spectrum of Transmitted
Signal of MT-CDMA Scheme

Figure 2.15 shows an MT-CDMA receiver composed of N Rake combiners [15], each
of which has the same structure as the DS-CDMA Rake receiver. This is an optimum

receiver for an additive white Gaussian Noise (AWGN) channel.
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Figure 2.15 Receiver of MT-CDMA Scheme

2.5 Comparison of the MC-CDMA Schemes

Based on the description highlighted previously, a comparison on the features among
the three schemes is shown in Table 2.1 [52]. The rectangular pulse shape is assumed
in all the systems. The required bandwidths of MC-CDMA and MC-DS-CDMA are
almost half of that of the DS-CDMA and the bandwidth of MT-CDMA is comparable

with that of DS-CDMA scheme.

Table 2.2 briefly compares the advantages and disadvantages of three multicarrier

CDMA systems.
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Table 2.1 Features of various CDMA Schemes

DS-CDMA | MC-CDMA MC-DS-CDMA | MT-CDMA
Number of 1 N N N
sub-carriers
PG G G G G
Symbol duration T NT/G NT NT
at sub-carrier
Chip duration T/G NT/G NT/G T/G
Frequency /T G/NT I/NT
separation
Required 2G/T (N+1)G/NT | (N+1)G/NT | 2GN+N —1)/NT
bandwidth

Table 2.2 Comparison of Advantages and Disadvantages of Three Multicarrier CDMA Schemes

Scheme Advantages Disadvantages
MC-CDMA | » Transmits multiple carrier » Implementation
per symbol, therefore complexity is higher
diversity combining can than other MC-CDMA
be applied schemes
MC-DS-CDMA Good for uplink transmission » Performance is not
because it does not require that as good as MC-
the users be synchronized CDMA
Diversity combining can be
applied when the same symbol
is repeated on all the sub-carriers
It needs fewer carriers and thus
allows the PG to be increased
Robust to timing errors and
frequency offsets
MT-CDMA Longer spreading codes result | » The modulated signal
in a reduction in self interference experience ISI and
and multiple access interference ICI
as compared to those experience
in conventional CDMA system
Detection can be done non-
coherently
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Chapter 3

System Model and Performance Evaluation of
Single User MC-DS-CDMA Systems

3.1 MC-DS-CDMA System Model

In this section, we will introduce the MC-DS-CDMA system model used in this
thesis. The channel of each sub-carrier is assumed to vary slowly and remains nearly
constant within each updating period. Without loss of generality, it is also assumed
that the channel undergoes frequency selective Rayleigh fading, but each sub-carrier
undergoes frequency non-selective fading and the fading process between
sub-carriers is independent of each other. For simplicity, the channel gains of all
sub-carriers are independent and identically distributed Rayleigh fading random

variables.

3.1.1 Transmitter for the Downlink
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Figure 3.1 shows the transmitter at the BS for the downlink. The data stream of the
kth user, b, , is spread by the user’s signature sequence a, (g) {g =012,....,G— 1},
with PG G in the time domain. The data stream of each user will be split into L
parallel sub-streams. Then the S/P converted data sub-streams will pass through a
“Downlink Sub-carrier Selector” block. Our sub-carrier allocation scheme to meet
the designed objective will be applied in this block. The parallel data stream will be
modulated onto the corresponding sub-carriers decided by the “Downlink

Sub-carrier Selector” block. Then after summing up, the combined signal is sent out.
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Figure 3.1 System Model Transmitter for the Downlink (at BS)

In Figure 3.1, we should notice that there exists a pilot channel in our system model.

The purpose of this pilot channel is to let each user estimate the downlink
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sub-carriers’ channel gain, which will be used in our sub-carrier allocation process.
The accurate and in-time estimation of the channel gain is important since the
allocation is based on the instantaneous channel condition. The inaccurate
estimation of the channel will affect the performance of our sub-carrier allocation
algorithm. The data transmitted in the pilot channel is known to the receiver. We
assume a sequence of “1” is transmitted. a, (g) is the signature sequence allocated
to the pilot channel, and g, is the pilot signal power. The pilot signal is transmitted
over all sub-carriers, as shown in Fig 3.1. In this thesis, we assume the channels are

perfectly estimated.

The index vector of each user is fed back to the BS, as shown in Figure 3.1, where
for “Downlink Sub-carrier Selector” to perform sub-carrier allocation. The channel

information will be broadcast to all the mobiles.

3.1.2 Receiver for the Downlink

Figure 3.2 shows the receiver for the downlink. At the receiver, the received signal
is coherently demodulated by respective sub-carrier before passing through a chip
wave-shaping filter. Coherent detection is used hence the random phase resulting

from the channel will not be included in the discussion. Let K denote the number

of active users in the system and s, , denote the sub-carrier allocation coefficients,
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which is obtained from “Downlink Sub-carrier Selector”. The received signal at the

receiver is given as

K o N
= V2Ec Z Zbliak (t - ZT)ZSk,nak,n cos(a)nt + ¢k,n)

k=1l=—0 n=1

) N
+y2E, I N Ya,(t—IT)Y e, cos(a)nt + ¢k,n)+ w(t), (3.1
[=—00 n=l1

where

Sk,n -

{1 if kth user's nth subcarrier is selected (32)

0 if kth user's nth subcarrier is not selected ’

and a, (t) has been defined in (2.6). In (3.1), E. is the energy per chip, Tand 7,
are the symbol and chip period, respectively, with 7'=GT,. «,, is the amplitude
of the channel gain of the nth sub-carrier of the kth user. ®, is the carrier angular
frequency of the nth sub-carrier. The frequency response of the chip waveform p(t)
is bandlimited to W, and satisfies the Nyquist criterion. The pilot symbol b(l) is
assumed to be “1” for all / and is sent over all sub-carriers for the user to perform

synchronization and sub-carriers’ channel estimation. w(f) is the AWGN with zero

mean and variance 7}, .

The output of the wave-shaping filter of the nth subcarrier is given by

\/_aMZibIZak (ght-(1G+¢)T.]

keU,l=—0  g=0
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o G-1

+ VEuo/Neay, D ay(ehlt— (G + g)T. ]+ (1), (33)

[=—0g=0
where U, is the set of the active users who share the nth sub-carrier among the

total K active users, /(¢) is the matched filter impulse response and #(¢) is the

filtered AWGN. The output signal of the correlator for the /th bit can be written as

Gz y[(g'+IG)T. ]

'=0

O"

=S, +1,+wW,, 3.4)
where S, =G\E.a;,b;, (3.5

I, _G\/—akn [ch/ O)bl \/Tocko(o)} (3.6)

and W, =Y o, (¢ )illg+1G)] (3.7)

g'=0
Cy, (0) is the cross correlation between the kth and jth user signature sequences

defined by

ay (g)ak(g)' (3.8)

Note that h[(g'— g)T c] =0 forg'# g, since it satisfies the Nyquist criterion.
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Figure 3.2 System Model Receiver for the Downlink (at Individual Mobile)

3.1.3 Transmitter and Receiver for the Uplink

Figure 3.3 shows the transmitter of the uplink and BPSK is used. Each user will
transmit pilot signals to the BS for it to perform channel estimation. Pilot signals are
not transmitted on all the sub-carriers. They are transmitted on those un-selected
sub-carriers with comparatively lower power. The pilot signals are known to the BS.
The transmission of pilot signal is controlled by the “Uplink Sub-carrier Selector”,
which is shown in Figure 3.3. Figure 3.4 shows the receiver at the BS for the uplink
of the kth user. The channel estimation is performed on all the sub-carriers using the
pilot signals received from mobiles. Compared with the downlink transmission, the

uplink transmission uses the pilot signal but not the pilot channel to perform channel

43



Chapter 3 Systems Model and Performance Evaluation of Single User MC-DS-CDMA Systems

estimation. So the signature sequence for pilot signal is the same as the signature

sequence of the respective user for the uplink. “Uplink Sub-carrier Selector” gathers

index vectors from all mobiles to perform sub-carrier allocations and broadcasts the

results to all mobiles, as shown in Figure 3.4.

In this thesis, we illustrate the sub-carrier allocation algorithms using downlink

transmission but this can be easily extended to the uplink.
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Figure 3.3 System Model Transmitter for the Uplink (at Mobile)
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Figure 3.4 System Model Receiver of kth user for the Uplink (at BS)

3.2 BER Evaluation of Single User MC-DS-CDMA Systems

The BER of a single user employing BPSK modulation scheme in AWGN channel

is given by (3.9) [50]

where

In (3.9), E,/n, is defined as the SNR per bit.

(3.9)

(3.10)
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Eq. (3.9) can be easily developed to the case where the channel undergoes Rayleigh
flat fading. Assume the channel gain is S =«”, the instantaneous BER can be

expressed as

Pbe(ﬁ)=Q( 27E7—bﬁJ 3.11)

Since « is the amplitude of the channel gain and follows Rayleigh distribution. S
is exponentially distributed. If we aim to compute the average BER of a given
sub-carrier, Eq. (3.11) will be averaged over the probability density function (p.d.f)
of B. If a user uses all N sub-carriers to transmit, the performance of a
MC-DS-CDMA has no difference from the user using only one sub-carrier to
transmit, since all sub-carriers are assumed to be independent and identically

distributed.

In some occasions, one user may select only one sub-carrier of a MC-DS-CDMA
system to transmit. Assume that the channel gains of all the sub-carriers can be
ordered at every updating instant, and the user always selects the sub-carrier having

the pth largest (p =1,2,...N) channel gain to transmit its information. In the

following, we will show how the BER performance of such user can be evaluated.
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Assume there are N sub-carriers for user to transmit data. If in the sub-carrier
allocation updating occasion, the channel gains of these N sub-carriers are given
as {af,af,...,afv} . If we make ordering on these channel gains so
that iq=max({a12,a22,...,a,2v}) , r2=max({af,a22,...,a,2v}—zq)

_ 2 2 2
Ty —max({oc1 ,az,...,aN}—rl —7, —...—Ty_,), We have

In the following, we derive the statistics of Ty (p:1,2...,N). If " 1S

exponentially distributed with variance 2o° and F, (r) is the cumulative

distribution function (c.d.f) of r,, then

f (r)=§e‘(r ), (3.12)
FL(r)=1-¢ V7, (3.13)

Since the probability that there are (N —p) sub-carriers (i.e. ¥yu»---Ty) having
channel gains less than r, is given by F, (r), and the probability that (p—l)
sub-carriers (i.e. £,7,...,7, ;) have channel gains large than r, is given by

1-F, (r) , we can obtain the probability density function of r, as [51]

NI
N-pl(p-1)

fp(r)z( FL() " (=FL () 1 (3.14)

Substituting the expressions of f , (r) and F, () into (3.14), we can obtain the

probability density function of 7, given by
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N! 1 262V WP _(/262) VP (/202
O o P () R ) P R R E)

Using (3.11) and (3.15), the average BER of the pth largest sub-carrier is given by

TQL /f—bﬂj/p (B)p (3.16)

Substituting (3.10) and (3.15) into (3.16), we will have

])be,p

be,p

S N (5202 W7
| o mp ")

v
Il
SR ]

% (e—(ﬁ/202))p_1 Le—(ﬂ/bz)dlg .

202

By changing the order of the integration, we obtain

Since

then we have
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where }_/ =FE {a,inE b % } .Using the following identity
0

MNPy
(N_p)!(p_l)’z( t Jt+p_1’

t=0

we obtain

11 N! E(N-p)(-1) y
Fher z+z<N—p>z<p—1>z§( z jr+p\/;+<p+r>' G

Eq. (3.17) [9] gives the average BER when a user selects the sub-carrier having the

pth largest channel gain to transmit, without considering the presence of MAL.

In the next chapter, multiple users will share the same sub-carriers for transmission.
We shall modify the analysis to make it suitable for transmission in the presence of
MALI. The optimal solution to this sub-carrier allocation for MC-DS-CDMA can be

formulated by:

min i i SinPrsn (3.18)

k=1 n=1
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subject to
N
D sia=L  Vk=12,..K, (3.19)
n=1
where
St S Sin
R A (3.20)
Sk1 Sk2 SkN

isa K x N matrix which means the system has K active users and each user with N
sub-carriers. Its elements s, , are the sub-carrier allocation coefficients, as defined
in (1.1). BS will update the allocation coefficients at every updating stage so that
each user will be allocated with the appropriate sub-carriers. We assume that each

user is allocated with the same number of sub-carriers, defined by (3.19), and the

value of L chosen depends on the data rate to be supported. P, is the average

ek n
BER of the kth user in the nth sub-carrier. The value can be predicted by (3.17)
depending on the ordering index p of the sub-carrier. We will modify this expression
in the next chapter by taking into consideration the interference of the other users
who are also allocated to use the same sub-carrier when evaluating BER. Solving S
to optimize the optimal objective function (3.18) at every updating stage is not easy,

since the search space is very large. In the next chapter, we will formulate a

sub-optimal objective function to reduce the complexity of the allocation process.
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Chapter 4

Adaptive Sub-carrier Allocation Scheme in the

Presence of Multiple Access Interference

In this chapter, we propose a sub-optimal adaptive sub-carrier allocation scheme in
the presence of MAI. The chapter begins with the formulation of the objective
function and the constraints. The algorithm to solve the problem iteratively is
presented. We then derive the expression to evaluate the average BER that will be
used in the algorithm in terms of the unknown allocation coefficients. Simulation

results and discussion will be presented.

4.1 Formulation of the Problem

The optimal solution to the sub-carrier allocation problem given in (3.18) has
complexity growing exponentially with the number of users and sub-carriers. In this
chapter, we propose a sub-optimal scheme. In our scheme, the objective is to

minimize the BER of the respective user, rather than minimizing the overall BER of
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all users given in (3.18). Since our scheme considers MAI when minimizing each
user’s BER performance, the total system performance is expected to approach the
optimal value. The sub-carrier allocation scheme is for MC-DS-CDMA systems,

where random signature sequences are used to identify the users.

Here, let s, denote the sub-carrier allocation coefficient, as defined in (1.1). We

can express the allocation process as an objective function

N
min Y s Proin  Vk=12,.K, (4.1)
n=1
subject to
N
Zs,m:L Vk=12,... K, (4.2)
n=1
where
Siit Sz 7 SN
s=|7 T 43)
Sk1 Skz2 7t Sgw

Note that the single objective function in (3.18) is approximated by K objective
functions given in (4.1). Hence, this formulation does not guarantee minimum
overall BER performance. However, since each user chooses L sub-carriers which

tries to minimize the BER, the total system BER will approach the minimum also.
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By separately considering the BER of respective user, solving of the problem

iteratively becomes possible and the algorithm will be described in next section.

4.2  Algorithm Description

We now describe the algorithm used to solve (4.1) and (4.2) which is still quite
difficult mathematically. Each user estimates the channel gains of all the sub-carriers
based on the pilot signal received and generates an index vector according to the
order of the sub-carriers channel gains. This index vector of each user is fed back to
the BS so that BS will have the order of sub-carriers channel gains of all the users.
For example, for user k, the channel gain of each sub-carrier is given in the set
{af’l,af’z,...,af,]\, } If a,il is the second largest in the set, a,iz is the Nth largest
in the set (i.e. the smallest in the set), ... , a,i y 1s the largest in the set, then the
index vector of user & {2,N ,...,1} is fed back to the BS. When calculating BER
of B, ;> the index vector fed back from all the users are used. The sub-carrier
allocation coefticients of the previous updating stage S, |, are also used to compute
the average BER. We use the objective function together with the constraints

defined in (4.1) and (4.2) to obtain the sub-carrier allocation coefficients of the

current updating stage S;. Similarly, the sub-carrier allocation coefficients S,
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obtained will also be used to decide the sub-carrier allocation coefficients of the next

updating stage S, .

The basis to the algorithm is that we assume that each of the sub-carrier channel
gain is slowly varying, so we can assume the sub-carriers allocated in the previous
updating stage to the remaining users remain almost unchanged when computing the
BER of a user at the current updating stage. Because the solution to allocate a
number of users to each sub-carrier and minimizing the BER of each user are two
problems intertwined to each other, which requires to search through a large solution
space, this assumption allows us to make use of the previous sub-carrier allocation

coefficients, and the solution becomes much easier. The allocation process can begin

with S, which is obtained by assuming that each user selects its L best sub-carriers
regardless of other user’s channel condition. Then S, and the index vector fed
back from users will be used to generate S, which is the sub-carrier allocation
coefficients of the first updating stage. S, and the index vector fed back from users

in the second updating stage will be used to generate sub-carrier allocation

coefficients S,, and so on. The process of generating S, from S, is not to be
completed in one step, but rather an iteration process. We explain the iteration

process with a flow chart as shown in Figure 4.1.
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Figure 4.1 Flow Chart of the Iteration
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We can summarize the algorithm in five steps:

1)

2)

3)

4)

5)

Each user orders all the sub-carriers according to the magnitude of its channel
gains and generates an index vector. The generated index vectors are fed back to
the BS. BS then will have a K x N matrix consisting of index information from

all the users.

BS selects sub-carriers for each user separately according to (4.1) and (4.2)
iteratively. For each user, L sub-carriers which give minimum average BER are
selected using the index vector obtained by the user and the sub-carrier
allocation coefficients of other users in S,_;, i.e., when computing the BER of a
user in the current updating stage, we assume all the other users still using the

previous allocated sub-carriers.
Repeat step (2) for all users.

The matrix of the sub-carrier allocation coefficients of the current updating stage
Sl(.l) is then obtained. This completes the first iteration. The jth iteration can be

completed the same way using step (2) and (3).

To check whether S!" is the solution, we assume S\”=S, . If §!'=8!" then
the sub-carrier allocation coefficients of the ith updating stage is given as
S,=S" and the process stop. If S!" =8 repeat step (2) — (4) to obtain S'%,
and compare whether Sl(z):Sl(.l). In general, the jth iteration can be checked the
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same way by checking whether Sl(:’ )ZSEH). If they are equal, the iteration will

stopand S, =SV,

In our simulation, we found that generally only 4-6 iterations are needed for the
solution to converge, for a system with four sub-carriers and 16 users. Hence, the

algorithm is a promising technique that can be implanted.

4.3 Average BER Calculation

Now we show how to obtain the average BER of a sub-carrier which will be used in
the objective function (4.1) to allocate sub-carriers. The result obtained in Chapter 3

will be modified here to take into account of MAI.

4.3.1 Derivation of Average BER

In Chapter 3, the average BER under a single user case is evaluated. Now we
consider a system with K active users. In the system, BPSK is used. We have
already obtained the probability of a sub-carrier being the pth largest in N

sub-carriers, as shown in (3.15). We repeat it here for conveniently reference.
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1= pz)v!!(p ~1) 222 - b)Y ) gy

where 202 :E{a,in} is the variance. The average BER of the pth largest

sub-carrier for single user case is given by

N- 2
Byttt 3 R -~ 4.5)
72 2(N-p) !,o t+p\y+(p+t)

In multiuser case, we will have to take interference into consideration, which is

expressed in (3.6). Here, we introduce a new variable

)= G, 00 \/‘T" Cr0(0), (4.6)

jeU,

hence the interference can be written as [, =G\ E ;¢ (x,) . The set
u,=U, —{k} and the size of the set U, is k,, which means there will be x,

users allocated to the nth sub-carrier. When the /th transmitted symbol b; of the

kth user is assumed to be “-1”, we can write the BER conditioned on a,f,n and

{(x,) as
f)be,k,n [ﬂ’ g(Kn )] = Pr{Sn + In + Wn>0 | bli = _1’ ak,n > é/(’(n )}

= Pr,)GYE ., (1= £ (k)| @, < (k)]

_ Q( %0—:@«,,»} i )<t

o

IQ[ Sy gocn»} i )21

(4.7)
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The p.d.f of g is given in (4.4). When f=r,, which means a,f’n is the pth

largest, we can express the average BER conditioned on ¢(x, ) as,

Pl [ P (9,06, ), (91

(4.8)

where y = E {a,an b % } The derivation of (4.8) is quite similar to the case of
’ 0

single user environment given in Section 3.2 and will be presented shortly in Section

4.2 [9]. The difference is that (4.8) consists of multiple users access interference

terms other than fading.

If the data symbols b,i of all the users and the chips of random signature sequences

are equally distributed, then the mean of the interference term ¢ (Kn) is zero and its

variance is given by

0C) = E { }ZE cz,(0)+£2 E{Cko(O)}

jeU,
Y . (4.9)
G GN
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Here we assume that E {C,f ; (O)}: E {C,f,o (O)}z 1/G, ¢(x,) can be assumed to
be Gaussian if G is large enough by central limit theorem (CLT). We then can

obtain the BER averaged over {(x,) conditioned on «,, which is given by

[9]

xj\/ 2 - — CXp| — - 2+1 sinh 2x dx . (4.10)
AE: +(t+p)/7 207, ) O¢(x,)

If the sub-carriers for different users fade independently, the probability of choosing
one sub-carrier among N sub-carriers will then be equal in the long run. Therefore,

the average BER can be formulated using

K K K—x,
K 1 n 1 n
P —_ 1 P 9 I . 1 1
be.k,n E ( ]( N) [ NJ be k,nlk, ( )

— n
x,=1

Eq. (4.11) is used by the objective function (4.1) to select sub-carriers to transmit

data.

4.3.2  Derivation for (4.8) and (4.10)

Here we show the derivation of (4.8) and (4.10). We first show how (4.8) is derived

when ¢(x,)<1. The (4.8) is given as
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P 6 (e, )= [ Py, (8.4 (), (BB, (4.122)
2E,f .
when ¢(x,)<1 from (4.7), Py (B.<(x,))= Q[ (1-¢(x, ))] , substituting
o

(4.4) into (4.12a), we can obtain

Bl =[ | J;_ﬂe‘idu.L(l_e-@/mz))w
’ )

o (V=ph(p-1)
<[ o)) 2% 6125 (4.12b)
o

By changing the order of two random variables when perform integration, we have

2
© o

Presal¢ (6, )= | j 26,160, )F = _pf)v!!(p _r ; (- ool

770”

T ke

(N-pl(p-1) 20

*(ﬂ/202))p 13
x \e dff-——e *du, 4.13
( d N2 ( )
Using the relationship
(1 7(ﬁ/202)y_p NE_p N=p ( l)t _2t2ﬂ (4.14)
—e = — e o N .
1=0 t

and substituting (4.14) into (4.13), we have
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2
0 ot

_ [ [>&l-ct Mool
Prosnllic, )= [ =<1} 207

AL -4k,
{2 2\/;[1§(Kn)]2+(p+t)}’ (4.15)

where we note that

N1 Ni(N_p] () (4.16)

NV =pp-1) 45

By substituting (4.16) into (4.15), we have

11 N SRV =gk,
2 2(N—p)!(p—1)!z( t Jf+p\/?[1—é”(lfn)]2+(p+t)’
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which gives the first expression of (4.8).
Similarly, when ¢(x,)> 1, the second expression of (4.8) can be obtained.

We next show the derivation of (4.10). For a given &, , the distribution of ¢(x,)
is assumed to be Gaussian with variance given by (4.9). Conditioned on a given «,,

the average BER is given by

Pk, = | Presn £l M s ek

avepy 1 (([r ) enkra),
Z[ ; j( 1) p+t[\/7_/(l—x)2+(p+t)J 27[0'2(,(") ’

XNP(N_pj(—l)Z 1 [\/ o )}XeXp( Ve

p+t ;7(1—;;)2 +(p+t \/2”‘7@2“(19)

By substituting 1-x=u when x<1 and 1-x=v when x>1, respectively,
into (4.17), we can obtain
N-p

e jlﬂﬁ > e *}

t=0
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x( _ i ]X eXp(_ (l_”)z/zgé(m))d(_ )
yu

+(p+t) 272'0'2(,(”)

1 —00

N!
2d (N-p)(p-1)

N-p (N t— P](_ 1y S

= pt+t

y ( 2 J y exp(— (1- V)z/zo-é('ﬂ))d(_ v). (4.18)

;V2+(p+l‘) \/27[0-2(19)

By substituting u = —v into the second integral of (4.18), we can obtain (4.10).

4.4 Simulation Results and Discussions

In this section, the performance of the proposed scheme is evaluated using computer
simulation under Rayleigh fading channel [53]. We compare the performance
achieved by our scheme with that of the sub-carrier allocation scheme in [9] where a
simple sub-carrier allocation scheme is proposed, and that of the system without

sub-carrier allocation scheme in [8].

The channel is assumed to experience slow fading. A Doppler frequency of 30Hz is
used in our simulation when we generate channel gains of the sub-carriers. The
updating period is 1.0 ms so that the channels only made reasonable change over

each updating period. For a transmission rate of 1M symbols/s per sub-carrier, this is
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equivalent to transmitting 1000 symbols/s per sub-carrier. It was found from our
simulations that the choice for the initial sub-carrier allocation can be arbitrarily
assigned (such as select the best L without considering MAI) and only a few

iterations is needed for the algorithm to converge.

4.4.1 Performance Comparison with Scheme in [9]

We first compare our scheme with the scheme in [9]. The comparison is carried out
given the same number of users and total sub-carriers. Also each user has the same

number of sub-carriers allocated to transmit data.

Figure 4.2 and 4.3 show the comparison of our scheme with [9] where the number of
users is 16 and 30, respectively. The total number of sub-carriers for each user is 4
and each user select one sub-carrier to transmit data. From these figures, we can see
that when SNR is low, our allocation scheme has almost the same performance as
the scheme in [9]. However, with the increase of the signal-to-noise ratio (SNR), the

BER performance improves more significantly for our scheme.
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Figure 4.2 Comparison of Proposed Scheme with Scheme in [9], user=16,L=1
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Figure 4.3 Comparison of Proposed Scheme with Scheme in [9] user=30,L=1
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To further compare our scheme with the scheme in [9], we simulate our scheme
when each user selects two sub-carriers to transmit data. For a fair comparison, we
modify the scheme in [9] where each user also selects two sub-carriers with largest
channel gains to transmit data. Figure 4.4 and 4.5 show the simulation results where
the number of user is equal to 16 and 30, respectively. The total number of
sub-carriers of each user is 4 and each user is allocated 2 sub-carriers to transmit

data.

0 Comparision of Proposed Scheme with Scheme in [9],K=16,L=2
10 T T T T T T

T T
—<— Proposed Scheme
—e— Scheme in [9]

BER
S

SNR

Figure 4.4 Comparison of Proposed Scheme with Scheme in [9], user=16,L=2
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0 Comparision of Proposed Scheme with Scheme in [9],K=30,L=2
10 T T T T T T T T
—=— Proposed Scheme
—o— Scheme in [9]

BER

SNR
Figure 4.5 Comparison of Proposed Scheme with Scheme in [9], user=30,L=2
From these figures, we can see that our scheme has better BER performance
although SNR is low. With the increase of the SNR, the BER performance improves

accordingly.

However, our scheme works well only when either a large number of users are
present or when each user uses more sub-carriers to transmit data. Figure 4.6 shows
the BER performance comparison of the proposed scheme with the scheme in [9].
The number of sub-carriers of each user is equal to 4 and we have 8 active users.
From the 4 sub-carriers, we choose 1 sub-carrier to transmit data. From Figure 4.6,

we can see our proposed system has worse performance than the scheme in [9]. This
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is because our scheme considers the interference from other users using the same

sub-carrier. When the number of users is small, the interference is not large enough

to see the advantage. On the other hand, the decision based on previous sub-carrier

allocation will generate inaccuracy to the allocation process. Under such

circumstances, simply using the method described in [9] to select sub-carriers to

transmit is sufficient.

BER

10 T T T T T T T T
—— Proposed Scheme
—e— Scheme in [9]
\
P S ]
\
S\
-3 \o
10 - \ _
\&
\
107 = E
. AN
10 ¢ \ -
-6
10 \ E
10'7 I I I I I I I % I
0 2 4 6 8 10 12 14 16 18
SNR

Comparision of Proposed Scheme with Scheme in [9],K=8,L=1

Figure 4.6 Comparison of Proposed Scheme with Scheme in [9], user=8,L=1
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Figure 4.7 shows the BER performance when the number of users is also 8 but we
select two sub-carriers to transmit data. From the figure, we can see our scheme has
better BER performance compared with the scheme in [9]. This is because when we
select more sub-carriers to transmit data, the level of interference from other users
and the chance that one sub-carrier accommodates more users to transmit data is
increased, compared with the case where each user only selects one sub-carrier. So
compared with the scheme in [9], we can see that when the system has reasonable
large number of users or when each user demands many sub-carriers for

transmission, our scheme shows a significant BER improvement.

0 Comparision of Proposed Scheme with Scheme in [9],K=8,L=2
10 T T T T T T T T

—<— Proposed Scheme
—e— Scheme in [9]

BER

0 2 4 6 8 10 12 14 16 18 20

Figure 4.7 Comparison of Proposed Scheme with Scheme in [9], user=8,L=2
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4.4.2 Performance Comparison with Scheme without Sub-carrier Allocation

Scheme

In this section, we will present the simulation results and compare our scheme with
MC-DS-CDMA systems without adaptive sub-carrier allocation. We will show that

our scheme will also have BER improvement.

Figure 4.8 to Figure 4.10 show the BER performance comparisons between our
scheme and MC-DS-CDMA systems with fixed sub-carriers being allocated to each

user.

From Figure 4.8 to Figure 4.10, we can see that with different number of users in the
system, our scheme shows better BER performance compared with MC-DS-CDMA

systems without any adaptive sub-carrier allocation schemes.
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Figure 4.8 Comparison of Proposed Scheme with MC-DS-CDMA Systems

without Adaptive Allocation Schemes, user=30
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Figure 4.9 Comparison of Proposed Scheme with MC-DS-CDMA Systems

without Adaptive Allocation Schemes, user=16
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Figure 4.10 Comparison of Proposed Scheme with MC-DS-CDMA Systems

without Adaptive Allocation Schemes, user=8
From the simulation results, we show that in general there is an improvement in the
BER performance of our scheme when compared to scheme [9] and systems without
any adaptive sub-carrier allocation schemes. The main reason is that we jointly
consider the effect of MAI when we allocate sub-carrier to users. When the number

of users or sub-carriers is large, our scheme shows larger improvement.
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Chapter 5

Sub-carrier Allocation Scheme Using Quadra-

-tic Programming

In the previous chapter, we propose a sub-optimal sub-carrier allocation scheme for
MC-DS-CDMA systems. The scheme considers the effect of other user’s
interference when allocating the sub-carriers. This scheme shows good BER
performance improvement and is a promising solution to the practical system. This
is because, as we have mentioned in Chapter 4, the amount of interference power
will increase accordingly with the increase of the number of the active users or the
number of sub-carriers allocated to each user. Our scheme is capable of optimizing
the BER performance in the allocation process since the MAI is considered when
allocating the sub-carriers to users. From the simulation results, we can conclude
that the performance improves when the SNR or the number of active users
increases. In that scheme, we use the previous allocation coefficients to decide the
current allocation coefficients, since calculating the number of users in each
sub-carrier and computing the BER performance are intertwined with each other.

The use of the previous allocation coefficients can reduce the complexity in this
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aspect and is reasonable if the channel is slow time-varying. However, when the
amount of MAI is small, this method shows discrepancy. In this chapter, another

method will be proposed.

We formulate the objective function by allocating sub-carriers according to the
actual values of channel gains while considering the MAI rather than using the
previous allocation coefficients, i.e., we will try to solve the single optimal objective
function similar to (3.18) instead of minimizing each user BER as in Chapter 4.
Such scheme is not as simple as our scheme in Chapter 4 in terms of complexity;
however it improves the system’s performance more significantly. In this new
method, we use quadratic programming (QP) to formulate the objective function.
The reason to use QP is that it can include the interference terms and the allocation
coefficients in one objective function. The way we formulate the problem will be
explained in Section 5.2. From the mathematical point of view, the QP problem is

solvable although it belongs to non-linear programming (NLP).

This chapter is organized as follows. In Section 5.1, we will first give background
knowledge of NLP problems. Generally, solvable QP problem must meet some
conditions, such as the Hessian matrix must be positive definite and symmetric [57].

The solution to QP problem needs to follow some given procedures, which will also
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be introduced in this section. In Section 5.2, we will explain how we formulate our
objective functions. We show how we can modify the formulated objective
functions and transform them into the general forms of the QP problems. To make
our objective functions solvable, we convert our objective functions to linear
objective functions employing some mathematical methods, i.e., Kuhn-Tucker
conditions. Finally, we present our computer simulation results and compare them

with conventional scheme in [9] and our scheme in Chapter 4.

5.1 Introduction to Non-Linear Programming

5.1.1 Non-linear Programming

Non-linear programming (NLP) deals with the problem of optimizing an objective
function in the presence of equality and inequality constraints. If not all of these

functions are linear, we call the problem a NLP problem.

The development of efficient and robust algorithms and software for linear
programming (LP) has made LP an important tool for solving problems in diverse
fields. However, many realistic problems cannot be adequately represented or

approximated as a LP due to the nature of the nonlinearity of the objective function
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and/or the nonlinearity of any of the constraints [57]. Much effort has been spent to
solve such NLP problems efficiently, and this has resulted in rapid progress during
the past few decades. But generally, NLP problems are far more complicated than
LP problems. They are hard to solve and do not have a general algorithm like
simplex algorithm in LP. Actually, there is no available algorithm to solve all the

NLP problems yet. Each algorithm has its own advantages and limitations [58] [59].

We give a general form of NLP optimization problem for convenience:
Minimize Fl,x,,.x,.0x,), (5.1)
Subjectto &, (x,,%,,...x,,..,x,)=0, p=12,.,P, (52)
g,(x,xyx,,.0,x,)<0, ¢=12,...,0, (5.3)

i=12,..,1. (5.4

Eq. (5.1) is called objective function, while (5.2) and (5.3) are called equality and
inequality constraints, respectively. Eq. (5.4) is defined as side constraints where
b,; represents lower bounds and b, represents upper bounds where x; can take.
If not all the functions in (5.1) — (5.3) are linear, then this problem is called a NLP
problem. If a NLP problem does not have (5.4), then it is called unconstrained NLP,

otherwise it is a constrained NLP problem.
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In a general NLP problem given in (5.1)-(5.4), we can actually combine the

constraints (5.2) with (5.3) by adding slack variables y, (j =12,....,P+ Q), ie., (5.2)

and (5.3) can be rewritten into one general form as:
w (%, %y, X%, )+, =0, j=12,..P+Q, »,20, (5.5)

y; 1is equal to zero for the equality constraints in (5.2) and y, is positive or zero

for the inequality constraints in (5.3). So a general NLP problem can be rewritten as:
Minimize FACTE T S N (5.6)
Subject to wj(xl,xz,...xi,...,x,)+ y;=0, j=L2,...P+Q, (5.7

b;,<x;<b,;, y;20, i=12,....1. (538)

5.1.2 Kuhn-Tucker Condition for NLP

Kuhn-Tucker (KT) conditions were derived by Kuhn and Tucker in 1951, which is
one of the most important contributions in solving NLP problem. It is a necessary
condition to decide whether a feasible solution x is an optimal one. If the feasible
solution x satisfies KT conditions, it must be the optimal solution. It can also be

used to solve the QP, which is one specific type of the NLP problems.

Now we describe the KT conditions. Consider a general NLP optimization problem
as in (5.6)-(5.8). Let x, be a feasible solution. Suppose the objective function
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f(x) and the constraints w ' (x) are differentiable at x,. Then there exist scalars

A
u= (ul,uz,...uj...,qu) such that

V(o) + S Vo (x,) = 0. (5.9)
=
uw,(x,)=0, j=12,..P+0, (5.10)
b, <x,<b,;, i=12,...,1, (5.11)
u,>0. (5.12)

The vector u= (ul,uz,...u ; ...,qu)r is defined as Lagrangian multiplier. Eq.
(5.9)-(5.12) are called KT conditions. We should note that in (5.10), for each j, the

multiplier u; or the corresponding constraint w; should be zero. [59] [60]

5.1.3 Quadratic Programming and Using KT Conditions to Convert

Quadratic Programming

QP represents a special class of NLP in which the objective function is quadratic and

the constraints are linear. A QP problem can be formulated as:

1 I
Minimize f(x)=>cx, +%ZZHiﬂkxixk , (5.13)
i=1 i=1 k=1
I
Subject to Y m,x,=n,,  p=12,...,P, (5.14)
i=1

79



Chapter 5 Sub-carrier Allocation Scheme Using Quadratic Programming

/
;lq,ixf <7 q=12,...,0, (5.15)

0<x <l,x, e{0l},i=12....0,k=12,....,0 ,H,, =H,,, (516)

where x =(x,,x,,...x,)" , ¢ is the element of ¢=(c,c,,...,c,) having a
dimension of 7, H,, is the element of a symmetric /x/ matrix H, which is

positive definite. m,, and [ , are the elements of equality and inequality

constraints, respectively, which is given by

m, m, .. m,; 11,1 11,2 ll,]

m,, m,, ... My, 12,1 12,2 e 12,1
Al = . . ’ Az = . M

Mpy Mpy wen Mpy loi oo oo lou

7

T
n, and r, are the elements of vector n=(n1,n2,...n,,) and r=(r1,r2,...,rg) ,

where A x=n,A,x<r.

The constraints (5.14) and (5.15) can also be combined in the similar way as we
have combined (5.2) and (5.3) in the general NLP problem. We add slack variables

y= (yl,yz,...,yj,...,yP+Q )T to (5.14) and (5.15) so we can rewrite (5.13)-(5.16) as:

1 /R
Minimize f(x)chl.xl.—F%ZZHi’kxixk, (5.17)
i=l1

i=l k=1

Jst

1
Subject to D a,.x,+y;=b,, j=12,...,P+0, (5.18)
i=1

0<x <1, i=12..,1, xe{l}, H,=H,,, (5.19)

i,
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where a;,, =m;, for j=12,...P, a, =1, for j=P+1,P+2,..,P+Q,

Ji Ji
Y, is equal to zero for j=12,...,P and y; 2 0 for j=P+1,P+2,....P+Q.
bj =n,; for j=12,...,P and bj =¥ p for j=P+1,P+2,....,P+Q. As we
have mentioned in Section 5.1.2, a NLP problem can be solved using KT condition
defined in (5.9)-(5.12). Since a QP problem is a kind of NLP problem, so the use of
KT conditions is available. We use KT conditions defined in (5.9)-(5.12) to convert
a general QP problem defined in (5.17)-(5.19). If we take (5.19) as a constraint also,

we can convert the lower and upper bounds of x;, (5.19) to two constraints of x;

given in (5.19a) and (5.19b), respectively
x.—e =0, i=12...,1 (5.19a)
x;,+e,, =0, i=12...,1. (5.19b)

If the Lagrangian multiplier vectors of (5.18) and (5.19a), (5.19b) are
u= (ul,uz,...uj ...,qu)T V= (Vv v, )V, = (Vs VsV ...,v2,)T ,
respectively. The KT conditions can be written as [57] [58]:

P+Q

I
—Z:Hl.,kx,c - Zujajjl. +v, +v,,=¢c, 1=12...,1, (520)
k=1 =1

xv, =0, i=12...,1, (5.21)
xv,. =0, i=12...,1, (5.22)
u;y; =0, j=12...,P+0, (5.23)
xi,vi,vlﬂ,uj,ijO,Hik =H,,. (5.24)
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The solution to (5.20)-(5.24) will be the optimal solution to problem (5.17)-(5.19),
which is obtained by solving the equations in (5.20)-(5.24). We can modify (5.20) to
convert (5.20)-(5.24) to a LP problem which has the same solution as the original
defined problem in (5.17)-(5.19). We introduce an artificial scalar

T
z=(z,,z,,...z,)" , and define

sgn(c;)=1 if ¢ 20
. . (5.25)
sgn(c;)=-1 1if ¢ <0
Considering the following LP problem
1
Minimize p(z)=Y "z, (5.26)

P+Q

1
Subject to — ZHi’kxk - Zuja L+ +v,, +sgn(c)z, =c;, (5.27)
k=1 j=1

Jot

xv, =0, i=12...,1, (5.28a)
xv, =0, i=12...,1, (5.28b)
u;y; =0, j=12..,P+0, (5.29)
XisVis ViU ¥;,2,20, Hy =H, (5.30)

The solution to (5.26) — (5.30) will be the same to the original QP problem (5.17) -

(5.19) when z, =0, (i =12,....1 ) since it fulfills the KT conditions. We should
note that (5.26) is a LP problem and hence the QP problem in the form of

(5.17)-(5.19) are converted to a LP in the form of (5.26)-(5.30).
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5.2 Formulation of the Problem

5.2.1 Conversion of our Problem to a QP Problem

Suppose the allocation results we want to obtain is still the allocation coefficients S

as defined in (4.3), we rewrite it here for convenience.

Si1 Si2 Y
S S e S
21 22 2N
S=| ° ) . R (5.31)
Sk1 Sk2 SkN

where

(5.32)

1 if kth user's nth subcarrier is selected
kn 10 if kth user's nth subcarrier is not selected

As we have mentioned above, we want to further improve the system’s performance
through allocating sub-carriers according to the actual values of the channel gains of
current updating stage rather than using the allocation coefficients of the previous
stage. The objective is still to minimize the BER of the system. The objective

function we formulate is

K N K
max f(s,m)z max ZZ F S —sk,nZ[Ck,g(O)Fg,nsg’n ]}, g#k (5.33)
k=1 n=1 g=1

subject to
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N
Ysa=L  Vk=12,..K, (5.34)

n=1

0<s,, <1, s, €01} (5.35)

where f (s,m) is the objective function with variables s, ,. The constraint defined
in (5.34) is the same as (4.2) which means each user is allocated with the same
number of sub-carriers. The value of L depends on the data rate to be supported. F
isa K x N matrix consists of all the sub-carriers channel gains and Cisa K xK

matrix consists of all the cross correlation between signature sequences. Their

elements are denoted by F,, and C,, (0), respectively. F,, gives the kth user’s

nth sub-carrier’s channel gain in the sampling time. Ck,g(O) gives the cross

correlation between the Ath and gth user signature sequences defined by (2.5).

The interference is illustrated by the second item in (5.33). The coefficient of the
quadratic term is given by the multiplication of the channel gain and the cross
correlation between the desired user & and the “interference” user g (g # k). The
reason we formulate the problem this way is that, under the assumption that all the
users are allocated identical power on each sub-carrier, if the channel gain of the
gth user (g # k) is large, which means the gth user’s channel is in good
condition, it may cause greater interference to other users who are using the same
sub-carrier. We can find that many publications define the amount of interference

using the channel gain [54] [55] [56]. The same reason applies to the cross
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correlation of the desired user k& with the interference users. If the signature
sequences are more correlated, then interference power will be greater and we

expect a poorer performance to user £.

5.2.2 Conversion of the Formulated Problem Using KT Conditions

For the convenience of making use of KT conditions, we have to make changes to
the indices of the variables that appear in (5.33) - (5.35). This is because the
variables in a QP problem should take the form of a one-dimension vector. However,

S is a matrix and its elements s, , have double indices (i.e. k and n). Hence we

have to modify it to a one-dimensional index. The modified index will arrange the

KxN variables Sy in the form as

N

t={Slyl,Sl,Z,...,SLN,SZJ,SZJ,...,Sz,N,...SKxN} ={t,,ty,..sl,r.. ey} - Suppose the

one-dimensional index is given by «. We define a,=ceil(e/N) is the nearest
integer towards infinity of /N and a,=mod(a/N) is the modulus of a/N,i..,

we have a=(a, —1)xN+a, . We should notice that if we substitute

k=a.,n=qa, into(5.33)-(5.35), we have the following form
KxN K
max f(ta) = max Z|:taFac,am - ta Z [Ca(,,g (O)Fg,am t[(g—l)xN+am]]
a=1 g=1
KxN KxN K
= max ZtaFac,am - ZZ [Caag (O)Fg,a,,, Ly t[(g—l)XNﬂzm]]’ g+, (536)
a=1 a=1 g=1
subject to
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dDt,=L  Vi=12,...,K,a=12,..,KxN, (5.37)

0<t, <1, t, {01} (5.38)

In the above, we change the two-dimensional indices £ and » to a one-dimensional
index a{a =12,....K xN}. After the change, we can find (5.36)-(5.38) are of the

same form with (5.17)-(5.19), after replacing ¢, by F,

aC ’am ’

x; by t,, b, by L,
H, (¢tpvia, OY Co (O)Fk,am and K x N =1, we then obtain the KT conditions of
(5.36) — (5.38) using (5.26) — (5.30). The double summation part of (5.36) has a total

KxKxN terms, but (5.13) has K>x N’ terms. Those absent terms will be

replaced by 0. Finally, in order to obtain the symmetry property of H,

(g-1)xN+a,,

given in (5.19), the coefficients of 7, - f, 1o ] @0 fpnie | f, €ach will take

We then use KT conditions to convert (5.36) - (5.38) into the form of (5.26)-(5.30).

When differentiating the objective function (5.36), we will have

v/(,)

K
= szc,am - Z szc,g (0) ’ Fg,am ’ t[(gfl)xNJram] - Z Cg,a'[ (0) ) Faf[,zxm ’ t[(g—l)xNﬂzm]

g=1 g=1
K
= Fa(‘,am - Z [Cau .g (O) ' Fg,am + Cg,ac (O) ’ Fac,am ] t[(g—l)XN+am] s (539)

and
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V{Zta —L}zl Vi=12,...K,a=12,....KxN. (5.40)
a=j

Substituting (5.39) and (5.40) into (5.27) and assuming Langrangian multiplier
given by u:(ul,uz,...,uj,...u,()r . V=,V Vv, ) and

v, = (v1+KxN,v2+KxN,...,vaxN,...,vz(KxN))r , respectively, we can get
K
Z [Ca(.,g (0) ’ Fg,am + Cg,a(, (0) ’ FaL Sy ] t[(g—])xN+am]
g=1

FU AV, H Vi +sgn(F )-za =F, .. (5.41)

Ay, Ay,

Using KT conditions (5.28) and (5.29), from (5.41), we will have the following

KxN

Minimize o(z)= ZZa , (5.42)
a=1

K
Zl [Ca(,,g (O) ' Fg,am + Cg,aL (O) ' FaL Qy ] S[(g—l)xN+am]
g=

FU; YV, F Ve sgn(Fawam ) z,=F, ., (5.43)
dit,=L V=12, K,a=12,.,KxN, (5.44)
a.=j

ty v, =0, (5.45)
Ly Viunsa =0, (5.46)

u, 20, v, 20, vy, 20,2z, 20,

a=12,.. KxN,j=12,....K. (5.47)
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Eq. (5.42) — (5.47) is a solvable LP problem. The solution to this problem will be the
same with the original formulated QP problem (5.33) — (5.35). Since the slack
variables for (5.37) are all zeros, so KT conditions (5.29) will not appear in (5.42) —

(5.47).

From the derivation of the (5.42) — (5.47), we can see that the objective function
allocates sub-carriers according to the actual values of the channel gains, taking the
MAI into consideration. The allocation process does not use the allocation
coefficients of the previous updating stage. This will avoid any discrepancy from
propagating through different stages. Our simulation in the next section also shows
that this scheme can improve the system’s performance even more significantly.
Since the sub-carrier allocation coefficient of the previous stage S, , is not needed,
the algorithm is expected to work in channel having larger Doppler spread. The
original formulation is a QP problem, but we convert the problem to a solvable LP
problem. Many efficient and robust algorithms and software have been developed

for LP [58] [59] [60].

5.3 Simulation Results and Discussion
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In this Section, we compare the scheme we propose in this chapter with the
conventional scheme in [9] as well as the scheme we proposed in the previous
chapter through simulation. We call the scheme we propose in previous chapter
“Proposed Scheme (Linear)”, and the scheme we proposed in this chapter “Proposed

Scheme (Quadratic)”.

In the simulations, the channel use Jakes Model and the Doppler shift is set to 30Hz.
The updating period of allocation is 1ms. Given a transmitting data rate of 1M
symbols per second per sub-carrier, this means 1000 symbols will be transmitted in

each updating period.

Figure 5.1 shows the simulation results of the system of 8 active users with each
user selects 1 sub-carrier to transmit data. From the figure, we can see that this new
scheme has BER improvement compared to both the Proposed Scheme (linear) and
the conventional scheme in [9]. As we have mentioned in the previous chapter, the
performance of Proposed Scheme (linear) is worse than the conventional scheme in
[9] in this case. The reason is that the number of users in the system is not so large
so that MAI is small. Based on previous allocation coefficient however causes
non-optimal allocation to propagate resulting in larger error. However, our Proposed

Scheme (linear) performs well in the case when interference affects the allocation
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coefficients much and the performance improves with the increase of interference
correspondingly. Our proposed scheme (Quadratic) performs the best in these three

schemes.

Figure 5.2 is the simulation results with 8 active users and each user selects two
sub-carriers to transmit data. From the figure, we can see that our Proposed Scheme
(linear) and Proposed Scheme (quadratic) both improve BER performance compared
to the conventional scheme in [9]. Also, our Proposed Scheme (quadratic) has some
BER performance improvement to the Proposed Scheme (linear). This is because
our Proposed Scheme (quadratic) does not use the previous allocation coefficients to
decide the current allocation coefficients, so this scheme is more accurate than our

Proposed Scheme (linear).

Figure 5.3 and 5.4 show the simulation results of 16 users, and each user selects one
and two sub-carriers to transmit data, respectively. The conclusion is similar to what

we can draw from Figure 5.2.

From simulation results, our Proposed Scheme (linear) and Proposed Scheme
(Quadratic) both show BER improvement compared to conventional scheme in [9].

The reason is that we jointly consider the effects of MAI when allocate sub-carriers
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to users. Our Proposed Scheme (Quadratic) shows even better performance. This is
because the scheme uses the instantaneous channel information without using the

previous allocation coefficients. This can improve the accuracy of the scheme.
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Figure 5.1 Simulation results with 8 users, 4 sub-carriers, each user selects 1 to transmit data
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Chapter 6

Conclusions and Future Research

6.1 Conclusions

Multi-path induced ISI is a severe problem in wireless communications. In order to
overcome this problem, OFDM is introduced to combine with CDMA, which is the
MC-CDMA systems. As a result, the problem of the sub-carrier allocation in
MC-CDMA systems arises. We have conducted a review of the previous work on
sub-carrier allocation schemes for OFDM and MC-CDMA systems. From the review,
we find that those schemes do not consider MAI when allocating sub-carriers to users,
so the existing schemes may degrade when MAI is dominant. In this thesis, we aim to
design adaptive sub-carrier allocation schemes in the presence of MAI for

MC-DS-CDMA systems.

In this thesis, we proposed two sub-carrier allocation schemes for MC-DS-CDMA

systems in the presence of Multiple Access Interference. Both schemes show BER
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performance improvement compared with conventional sub-carrier allocation

schemes and those without sub-carrier allocation schemes.

The first algorithm is a sub-optimal one. We formulate objective functions aimed to
minimize each user’s BER performance considering MAIL In order to avoid the
intertwine of the unknown allocation coefficient and computation of MAI, we use the

allocation coefficient of last stage S, , and the ordering index of user’s channel gain

of the current stage to jointly decide the allocation coefficients of the current stage S,.

This process involves solving for the coefficients iteratively and the algorithm has
been described in detail in Chapter 4. From the simulation results, our first method
generally shows BER performance improvement compared to conventional method in
[9] and those without adaptive sub-carrier allocation method. The performance
improvement increases with the increase of the SNR. When SNR is low (usually
below 8dB), our method is quite similar to the scheme in [9], when SNR increases,
the SNR improvement can be 4-10 dB with different number of users or sub-carriers
selected. However, our method performs well when either a large number of users are
present or when each user uses more sub-carriers to transmit data. The decision based
on previous sub-carrier allocation may generate discrepancy to the allocation process

if the effect due to MAI is small.

In order to overcome the limitation of the first method, we define a new objective
function using the instantaneous channel gains and cross-correlation coefficients,
which appears to be Quadratic Programming (QP) problem. Such scheme is not as

simple as the first one, but this scheme can improve the system performance even
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more significantly. This is because the method allocates sub-carriers according to the
actual values of channel gains while considering the MAI without using the previous
allocation coefficients. We use Kuhn-Tucker conditions to convert our objective
function to a solvable linear problem without changing the solution to the original
problem. From the simulation results, this method outperforms all the schemes

mentioned in this thesis and shows more accuracy compared with our first method.

6.2  Suggestions for Future Research

From the derivation of average BER in Chapter 4, we calculate average BER using
the index vector feedback from the users. These indexes give the order of the
sub-carriers channel gain. However, the BER considered should relate to the actual
value of the instantaneous channel gain. We use average BER may have constraints
and limitations when we allocate sub-carriers. Further study can be carried out to

solve this problem.

Also, the objective function we formulated in Chapter 5 is an 0-1 integer
programming problem. Now, many researchers are working on efficient and simple
algorithms to solve the 0-1 programming problem, a famous algorithm is cutting-edge
algorithm, we should look into developing more efficient cutting-edge algorithm to

solve our specific problem.
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