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Prologue - Introduction to
Intelligent Broadband Wireless
Transceivers

1.1 Motivation of the Book

Against the back-cloth of the explosive expansion of the Internet and the continued dramatic
increase in demand for high-speed multimedia wireless services, there is an urging demand
for flexible, bandwidth-efficient transceivers. Multi-standards operation is also an important
requirement for the future generations of wireless systems. In this introductory chapter we
present a versatile broadband multiple access scheme, combining frequency-hopping (FH)
with multicarrier DS-CDMA (FH/MC DS-CDMA). The proposed FH/MC DS-CDMA sys-
tem framework is capable of meeting the requirements of future mobile wireless systems, by
supporting the existing 2nd- and 3rd- generation systems, while also introducing more ad-
vanced techniques facilitated by the employment of Software Defined Radios (SDR) [1-3].
and with the aid of efficient adaptive base-band algorithms [4,5]. This generic system design
framework will be used throughout the monograph as the unifying backbone of the var-
ious intelligent algorithms and systems proposed. No doubt that the concrete solutions
proposed constitute only a miniscule fraction of the set of potential solutions to wire-
less communications problems. Our hope is however that the book will be motivational,
inspiring further research and leading to more advanced wireless system solutions.

The design of attractive wireless transceivers hinges on a range of contradictory factors,
which are summarised in Figure 1.1. The essence of this illustration is that of contrasting the
conflicting design factors of wireless systems from different perspectives. For example, given
a certain wireless channel, it is always feasible to design a transmission scheme capable of
further increasing the achievable transmission integrity at the cost of invoking smarter’ and
hence more sophisticated signal processing. Alternatively, the transmission integrity may be
increased even without increasing the system’s complexity, provided that for example the
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turbo channel coding/interleaving delay can be further extended. Naturally, this is only pos-
sible in the context of delay-insensitive, ie. non-interactive data communications, but not in
delay-sensitive interactive speech or video systems. It is also realistic to increase the system’s
integrity by invoking a more robust but lower throughput modulation scheme, as it will be
demonstrated throughout this monograph, again cften with the added benefit of reducing the
system’s complexity. Naturally, diverse system solutions accrue when optimising different
features of the system.

By contrast, it is always possible to increase the achievable effective throughput of the
system, if the system’s target integrity may be relaxed, which facilitates the employment of
an increased throughput, but more error-sensitive transmission scheme. As another design al-
ternative to emplying more robust modulation schemes when requiring a reduced target BER,
the channel coding rate may be reduced, in order to increase the transmission integrity at the
cost of sacrifycing the effective throughput of the system. as well as increasing the system’s
complexity. When the fading channel’s characteristics and the associated bit error statistics
change, different transceiver modes may have ta be activated. Furthermore, the channel’s
impulse response and the associated dispersion varies, as the receiver roams in different en-
vironments. The subject of this monograph is that of providing powerful solutions to these
problems, with particular emphasis on various CDMA transcivers, which have found favour
in all the recent third-generation wireless systems.

Our intention with the book is multi-fold:

1) First, we would like to pay tribute to all reseurcners, coneagues ana vatued jrienas wno
contributed to the field. Hence this book is dedicated to them, since without their quest
for better CDMA transceiver solutions this monograph could not have been conceived.
They are too numerous to name here, hence they appear in the author index of the book.

2) Since at the time of writing no joint treatment of the subjects covered by this book
exists, it is timely to compile the most receni advances in the field. Hence it is our hope
that the conception of this monograph on the topic will present an adequate portrayal of
the community s recent research efforts and spur this innovation process by stimulating

Sfurther research in the wireless communications research community.

1.2 Organisation and Novel Contributions of the Book

The book is constituted by four parts and the grade of challenge as well as the amount of
knowledge assumed is gradually increasing towards the end of the book. Below, we present
the outline and rationale of the monograph:

e Part [ provides a detailed discourse on multiuser detection, aiming for furnishing a de-
tailed historical perspective on the topic. Our discussions are embedded in the generic
system design framework to be outlined at a later stage in this introductory chapter.

e Chapter 2: A basic exposition of the principles of CDMA transmission and reception
is presented in this chapter. The conventional CDMA receiver, i.e. the matched filter
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Implementational
complexity

Channel Coding/interleaving
characteristics ° ' delay
System . it error
bandwidth M&%‘g&‘éﬂn rate
Effective # : . .
throughput Coding gain

Figure 1.1: Factors affecting the design of wireless transceivers (©)John Wiley and IEEE Press, 2002,
Hanzo, Liew, Yeap [3]

is investigated and its performance in synchronous Gaussian channels is analyzed. The
effects of various spreading sequences on the bit error rate (BER) performance are
also considered. Finally, a literature survey of multiuser receivers is discussed and the
various receivers are loosely classified.

e Chapter 3: Joint detection (JD) receivers, which constitute a class of multiuser re-
ceivers are introduced. These multiuser receivers are derived from the well-known
single-user equalizers, which are used to equalize signals that have been distorted by
inter-symbol interference (ISI) due to multipath channels. The adoption of these single-
user equalizers is supported by the fact that the ISI inflicted by a K -path dispersive
channel is similar to the multiuser interference due to A" users. As a preliminary in-
troduction to joint detection, a brief overview of single-user equalization is presented.
This is followed by the portrayal of the theoretical basis of four joint detection re-
ceivers, namely the zero-forcing block linear equalizer (ZF-BLE), the minimum mean
square error block linear equalizer (MMSE-BLE), zero-forcing block decision feed-
back equalizer (ZF-BDFE) and the minimum mean square error block decision feed-
back equalizer (MMSE-BDFE). The implementational complexity of these receivers is
estimated and a simple method of reducing the complexity is presented. Finally, the
effects of multipath diversity, channel coding and channel estimation errors on the BER
performances of the JD receivers are presented and discussed.

e Chapter 4: In this chapter, adaptive-rate CDMA techniques are introduced, where
the information rate is varied in accordance with the channel quality. The information
rate is chosen accordingly, in order to provide the best trade-off between the BER and
throughput performance for a given application. The signal to interference plus noise
ratio (SINR) at the output of the JD receiver is derived and this parameter is used as
the criterion for adapting the information rate. Two different methods of varying the
information rate are considered, namely the Adaptive Quadrature Amplitude Modu-
lated (AQAM) ID-CDMA system and the Variable Spreading Factor (VSF) JD-CDMA
scheme. AQAM is an adaptive-rate technique, whereby the data modulation mode is
chosen according to some criterion related to the channel quality. On the other hand,
in VSF transmission, the information rate is varied by adapting the spreading factor of
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the CDMA codes used, while keeping the chip rate constant. The performance of the
proposed AQAM JD-CDMA and VSF JD-CDMA schemes is evaluated and discussed
in relation to fixed-rate schemes. A numerical method for obtaining the BER of the JD
receiver is presented, which employs the SINR at the receiver output and the associated
semi-analytical performance is compared to the simulation results presented. Finally,
a performance comparison between the two different adaptive-rate methods is carried
out and a combined AQAM-VSF scheme is investigated.

Chapter 5: Another class of multiuser receivers is considered, namely the family
of interference cancellation (IC) receivers. These IC receivers are often divided into
three categories, namely successive interference cancellation (SIC), parallel interfer-
ence cancellation (PIC) and hybrid IC, which is a combination of the former two. Here,
the SIC and PIC receivers are analyzed in terms of their BER performance and com-
plexity. The performance of these receivers in adaptive-rate CDMA schemes is also
investigated and again, the SINR at the output of each receiver is derived and used
as the switching criterion in the adaptive schemes. Finally, performance comparisons
between the IC and JD receivers are carried out.

Chapter 6: A joint data detector and channel impulse response (CIR) estimator is
proposed in this chapter, namely the blind Per-Survivor Processing (PSP) receiver. This
receiver performs joint data detection and CIR estimation at the receiver, without the
aid of training sequences. The blind PSP receiver is proposed for the bit-synchronous,
multipath, multiuser scenario, where a reduced complexity tree-search-based algorithm
is employed for data detection and CIR estimation is performed by adaptive Recursive
Least Squares (RLS) estimators. The performance of this receiver is investigated for
static, slowly-fading and fast-fading multipath channels. The PSP-CDMA receiver is
also combined with error correction techniques, namely turbo convolutional coding, in
order to improve the performance of the system. The performance of the turbo-coded,
PSP-CDMA receiver is analyzed for various fading scenarios and the performance for
various turbo-coded schemes are compared.

Chapter 7: In this chapter we investigate the performance of single-carrier Wideband
CDMA (W-CDMA) schemes. Furthermore, we employ space-time spreading (STS)
based transmit diversity, when encountering multipath Nakagami-m fading channels,
multiuser interference and background noise. Our analysis and the results will demon-
strate that the diversity gains achieved by STS and those owing to multipath diver-
sity accruing as a benefit of the channel’s frequency-selectivity are independent. Fur-
thermore, we will show that both the STS based transmit diversity and the multipath-
induced receiver diversity achieved with the aid of the channel’s frequency-selectivity
appear to have the same order of importance and hence offer similar potential perfor-
mance benefits.

We will argue, however that in certain non-dispersive indoor propagation environments
the channel may have a single resolvable propagation path and hence no receiver diver-
sity gain may be achieved. Given a fixed chip-rate associated with a constant system
bandwidth, such as in the third-generation IMT2000 standard of Chapter 20, in this
scenario the number of resolvable multipath components and the associated receiver
diversity gain cannot be increased by increasing the chip-rate. We will argue in this
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chapter that in this case the intelligent system framework proposed at a later stage in
this Prologue is expected to configure itself for attaining a higher transmit diversity
gain,

More specifically, based on the time-varying characteristics of the wireless communi-
cation channels, in this chapter an adaptive STS based transmission scheme is proposed
and investigated, which adapts the mode of operation of its STS scheme and its corre-
sponding data rate according to the near-instantaneous frequency-selectivity informa-
tion fed back from the mobile receiver to the base station’s transmitter. Our numerical
results show that this adaptive STS scheme is capable of efficiently exploiting the di-
versity potential provided by the channel’s frequency-selectivity, hence significantly
improving the effective throughput of W-CDMA systems.

To elaborate a little further, since W-CDMA signals are subjected to frequency-
selective fading, the number of resolvable paths at the receiver may vary over a wide
range depending on the transmission environment encountered. It is shown that if the
channel’s grade of frequency-selectivity is sufficiently high, there is no need to em-
ploy transmit diversity. Therefore in this chapter an adaptive STS based transmission
scheme is proposed for improving the throughput of W-CDMA systems. Specifically,
when the number of resolvable paths is low and hence the resultant BER is higher
than the required BER, then a low throughput STS-assisted transmitter mode is acti-
vated, which exhibits a high transmit diversity gain. By contrast, when the number
of resolvable paths is high and hence the resultant BER is lower than the required
BER, then a higher throughput STS-assisted transmitter mode is activated, which has
a lower transmit diversity gain, Our numerical results will demonstrate that this adap-
tive STS-based transmission scheme is capable of significantly improving the effective
throughput of W-CDMA systems. Specifically, the studied W-CDMA system’s bitrate
can be increased by a factor of three at the modest cost of requiring an extra 0.4dB
or 1.2dB transmitted power in the context of the investigated urban or suburban areas,
respectively.

e Chapter 8: Part II of the book commences with Chapter 8, which investigates the
potential of genetic algorithm assisted MUD. In this chapter we continue our discourse
by assuming that the reader is familiar with the basic CDMA principles. We commence
our discourse by giving an overview of GAs, since the concepts of GAs are not widely
known in the mobile communications community. We will present the basic functions
of a GA in optimising an objective function, with the aid of a flowchart as well as an
example. An insight into why a GA constitutes an efficient function optimiser is also
given in the context of the schemata and the schema theorem [6]. Some of the more
advanced GA processes are also highlighted here, in order to improve the efliciency
of our search for the optimum solution. Finally, a survey of the GA-based CDMA
mutiuser detection schemes found in the current literature is conducted.

e Chapter 9: In this chapter, we will invoke the GA-assisted multiuser detector in a
symbol-synchronous CDMA system over a simple AWGN channel as well as over a
single-path Rayleigh fading channel. While this system model is not practical, it can
provide us with a better insight into how certain GA operations and parameters behave
in the context of our specific application, without considering the effects of the multi-
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path interference and the asynchronism amongst the users. We will first define the ob-
jective function for our optimisation by deriving the correlation metric for the optimum
multiuser detector. As mentioned above, the complexity of the optimum multiuser de-
tector is exponential to the number of users and hence it is impractical to implement.
Hence we will apply GAs in optimising the correlation metric, while achieving a reduc-
tion in the associated complexity. Through a series of experiments, we will attempt to
find the particular GA configuration that is capable of offering a near-optimum bit er-
ror probability (BEP) performance at a reduced computational complexity, compared to
that of the optimum multiuser detector. Upon determining the GA configuration that we
will be adopting for our GA-assisted multiuser detection scheme, we will then inves-
tigate its BEP performance in an AWGN channel as well as in a single-path Rayleigh
fading channel.

Chapter 10: In Chapter 9 we have assumed that the Channel Impulse Response (CIR)
coeflicients are perfectly known by the receiver, which allowed us to detect the users’
transmitted bits coherently. In practice, these coeflicients must be estimated either
blindly or with the aid of pilot symbols. By exploiting the capabilities of the GAs in
dealing with both binary and floating point variables, we proposed a joint GA-assisted
multiuser channel estimation and symbol detection technique in this chapter. Unlike in
traditional systems, where the CIR estimation and symbol detection are usually per-
formed by separate but inter-linked algorithms, such as the Kalman filter used for
channel estimation [7] and the decorrelator for symbol detection [8], our proposed
technique is capable of performing both the channel estimation and symbol detection
concurrently using the same GAs. The achievable MSE of the estimated CIR coef-
ficients as well as the BEP performance of our proposed joint GA-assisted multiuser
CIR estimator and symbol detector are then evaluated using computer simulations.

Chapter 11: In order to obtain a BEP performance improvement, in this chapter we
evaluated the performance of the GA-assisted multiuser detector in conjunction with
antenna diversity. More specifically, we investigated the BEP performance of the GA-
assisted multiuser detector using two different diversity selection strategies. According
to the first strategy, the so-called mating pool is created by selecting the K-bit GA
individuals based on the combined figure of merits of the diversity antennas. On the
other hand, we can exploit the population-based optimisation approach of the GAs and
invoke the so-called Pareto optimality [9], in order to aid our search. According to
this strategy, the mating pool is comprised of all non-dominated individuals. The BEP
performance of the antenna diversity aided GA-assisted multiuser detector based on
these two stragtegies is evaluated and compared for various fading scenarios.

Chapter 12: The model that we have adopted in the previous GA-assisted MUD chap-
ters was based on a symbol-synchronous CDMA system and multiuser detection is
performed at the centralised base station. Unless strict timing control is employed, it
is almost impossible to maintain a symbol-synchronous transmission among the users.
Hence in Chapter 12 we will propose a GA-assisted multiuser detector for an asyn-
chronous transmission environment. The correlation metric over a finite observation
window is derived. The effects of the so-called edge bits, which placed a limitation on
the BEP performance, must be taken into account when detection is considered over a
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finite observation window. In our proposed technique, we can reduce the effects of the
edge bits by attempting to estimate the tentative decisions concerning these edge bits,
while at the same time detecting the desired bits using the same GA. The BEP per-
formance of our proposed scheme is then compared with that of a similar GA-assisted
multiuser detector, where the edge bits are estimated using the conventional single-user
matched filter.

e Chapter 13: The topic of Part III of the book is the investigation of M-ary CDMA
schemes, which is introduced in Chapter 13 in the context of non-coherent detection.
In general the transmission of known pilot signals is required for providing a coherent
reference in support of coherent demodulation in a fading environment [10]. However,
in the uplink, an independent pilot signal/symbol would have to be transmitted by each
user for coherently demodulating each signal. This clearly reduces the efficiency of the
system. Thus a more practical approach is to use non-coherent detection on the uplink,
which does not require a pilot signal for estimating the phase reference [10]. This is
the case in the IS-95 CDMA system [11].

e Chapter 14: This chapter investigates the achievable performance of a RS coded
DS-CDMA system, when M-ary orthogonal signaling is employed in conjunction
with a Ratio Statistic Test (RTT) based erasure insertion scheme, when communi-
cating over multipath Rayleigh-fading channels. Two different diversity combining
schemes [12], [13] - namely equal-gain combining (EGC) and selection combining
(SC) - are considered and their performance is evaluated in the context of the pro-
posed RTT based erasure insertion scheme. We derive the probability density function
(PDF) of the ratio defined in the RTT conditioned on both the correct detection hy-
pothesis (1) and erroneous detection hypothesis (Hy) of the received M -ary signals
over multipath Rayleigh fading channels. These PDFs are then used for computing
the symbol erasure probability and the random symbol error probability after erasure
insertion, and finally to compute the codeword decoding error probability. These an-
alytical results allow us to quantify the performance of the system considered using
a numerical approach. Furthermore, with the aid of these analytical results, we gain
an insight into the basic characteristics of Viterbi’s RTT, and determine the optimum
decision threshold for practical systems since the formnlae ohtained can he evaluated
numerically.

e Chapter 15: A deficiency of the previously introduced M-ary CDMA systems is that
the number of correlators required at the receiver for detecting the M -ary symbols is
increasing exponentially with the number of bits transmitted. In this chapter a classic
number representation system, namely the so-called Residue Number System (RNS) is
introduced with the intention of invoking it in the next chapter in the design of novel
error correction coded M-ary CDMA system.

e Chapter 16: The motivation of this chapter is the substantial complexity reduction of
the previously discussed M -ary CDMA receivers by decomposing each M -ary mes-
sage into shorter ’symbols’ with the aid of the RNS system. This allows us to use a
reduced number of correlators at the receiver. More specifically, our basic approach in
this chapter is that the M -ary information symbols are converted to the residue digits
of an RNS and all required operations are then carried out in the RNS domain. It is
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readily seen in this context that each individual M -ary symbol is mapped to a higher
number of residue digits. Hence, this mapping operation can be interpreted as breaking
up the M-ary symbols into U number of m,,-ary symbols, where U is the number of
moduli in the RNS, where m,,, u = 1,2,... ,U represents the moduli of the RNS.

In a somewhat simplistic, but conceptually feasible manner one could argue then that
for the transmission of the I/ number of reduced-size m,-ary symbols we now need
only EE{:I m, < M correlators at the receiver, which is essentially the motivation
of this chapter. Hence, in this chapter, we focus our attention on studying the perfor-
mance of RNS- and Redundant RNS (RRNS) based parallel direct sequence CDMA
(DS-CDMA) systems in the context of M -ary orthogonal modulation, when commu-
nicating over both Additive White Gaussian Noise (AWGN) channels and multipath
fading channels.

Chapter 17: The subject of Part 1V of the book is multicarrier CDMA, which is intro-
duced and classified in Chapter 17. It will be shown that there are a number of trade-
offs associated with the design and emplayment of the various multicarrier CDMA
scheme proposed in the literature. The BER performance of the various schemes is also
characterised, when communicating over frequency selective Rayleigh fading chan-
nels. The chapter is concluded with various novel system design proposals invoking
frequency hopping for improving the system’s achievable performance.

Chapter 18: Following the philosophy of the generic communications system frame-
work proposed in the Prologue of Chapter 1, in Chapter 7 an adaptive STS-aided W-
CDMA system was proposed, which was capable of adapting the mode of operation
of its STS scheme and its corresponding data rate according to the near-instantaneous
frequency-selectivity information fed back from the mobile receiver to the base sta-
tion’s transmitter. The numerical results of Chapter 7 showed that this adaptive STS
scheme is capable of efficiently exploiting the diversity potential provided by the chan-
nel’s frequency-selectivity, hence significantly improving the effective throughput of
W-CDMA systems.

In this chapter our discussions evolve further by initially considering the advantages
and disadvantages of single-carrier CDMA, MC-CDMA and MC-DS-CDMA in Sec-
tion 18.2, whith particular attention devoted to communicating in diverse propagation
environments exhibiting a time-variant amount of dispersion. More specifically, the
benefits and deficiencies of these three systems are analyzed, when aiming for support-
ing ubiquitous communications over a variety of propagtion channels encountered in
indoor, open rural, suburban and urban environments. We will demonstrate that, when
communicating in such diverse environments, both SC DS-CDMA and MC-CDMA
exhibit certain limitations that are hard to circumvent. By contrast, when appropriately
selecting the system parameters and using transmit diversity, MC DS-CDMA becomes
capable of adapting to such diverse propagation environments at a reasonable detection
complexity.

Hence again, following the philosophy of the generic communications system frame-
work proposed in the Prologue of Chapter 1, in Section 18.4 we focus our attention on
MC DS-CDMA schemes using STS. Specifically, MC DS-CDMA using STS is inves-
tigated in the context of broadband communications over frequency-selective Rayleigh
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fading channels. We consider a range of design issues as well as the achievable Bit Er-
ror Rate (BER) performance for the down-link (base-to-mobile communications), by
assuming synchronous transmission of the user signals. We also consider the attain-
able capacity extension of broadband MC DS-CDMA with the advent of using Time-
Frequency-domain (TF-domain) spreading. Furthermore, the detection issues of broad-
band MC DS-CDMA using TF-domain spreading are investigated. Our study shows
that by appropriately selecting the system parameters, STS assisted broadband MC
DS-CDMA is capable of supporting ubiquitous communications over various commu-
nication environments including indoor, open rural, suburban and urban areas without
BER performance degradation. Furthermore, we demonstrate that STS based trans-
mit diversity schemes can be designed according to the required diversity gain, while
maintaining a near-constant BER in various communication environments, as long as
frequency-selective Rayleigh fading channels are encountered.

Finally, in the spirit of the generic communications system framework proposed in the
Prologue of Chapter 1, in Section £ a class of generalized MC DS-CDMA schemes
is defined and its performance is considered, when communicating over multipath
Nakagami-m fading channels. In the generalized MC DS-CDMA schemes consid-
ered the spacing between two adjacent subcarriers is a variable, allowing us to gain
insight into the effects of the spacing on the BER performance of MC DS-CDMA
systems. This generalized MC DS-CDMA scheme includes the subclasses of multi-
tone DS-CDMA and orthogonal MC DS-CDMA as special cases. A unified analytical
framework is utilized, which determines the exact average BER of the generalized MC
DS-CDMA system transmitting over generalized multipath Nakagami-in fading chan-
nels. The optimum spacing of the MC DS-CDMA system required for achieving the
minimum BER is investigated and the BER performance of the system having opti-
mum spacing is evaluated. The resultant BER is compared with that of both multitone
DS-CDMA and orthogonal MC DS-CDMA.

e Chapter 19: Accurate and fast synchronization plays a cardinal role in the efficient
utilization of any spread-spectrum system. Typically, the first step in the process of
synchronization between the received spread pseudo noise (PN) code (sequence) and
the locally generated despread code (sequence) is code acquisition [14-16], which is
also referred to as initial synchronization. More explicitly, initial synchronization is
constituted by a process of successive decisions, wherein the ultimate goal is to bring
the two codes into coarse time alignment, namely within one code-chip interval. Once
initial code acquisition has been accomplished, usually a code tracking loop [14] is em-
ployed for achieving fine alignment of the two codes and for maintaining their align-
ment during the whole data transmission process. The aim of this chapter, however, is
to focus on the task of initial synchronization in the context of direct-sequence code
division multiple-access (DS-CDMA) systems.

Initial synchronization has been lavishly treated in the literature [15-53] in recent
years. Initial code acquisition in DS-CDMA systems is usually achieved with the aid of
non-coherent correlation or matched filtering, since prior to despreading the signal-to-
noise ratio (SNR) is usually insufficient high for attaining a satisfactory performance
with the aid of coherent carrier phase estimators based on carrier-phase tracking loops.
Initial code synchronization methods can be broadly classified as serial search acqui-
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sition [15,22,28, 30, 39,44] and parallel search acquisition [19,20,23-25,31, 46, 49]
techniques. In serial search based initial cede synchronization all potentially possible
code phases are searched serially, until synchronization is achieved. More explicitly,
in serial search based code acquisition each reference phase is evaluated by attempt-
ing to despread the received signal. If the estimated code phase is correct, successful
despreading will take place, which can be detected. If the code phase is incorrect, the
received signal will not be successfully despread, and the local reference code replica
will be shifted to a new tentative phase for evaluation. By contrast, in parallel search
based code acquisition potentially all of the possible code phases are tested simultane-
ously. In this chapter both serial and parallel search based acquisition schemes will be
investigated.

It is well known that the near-far interference inflicted upon low-power signals by high-
power interfering signals my substantially degrade the system’s performance. In the
context of DS-CDMA the above-discussed serial and parallel search based code tim-
ing acquisition are as interference-limited and as vulnerable to the near-far problem,
as conventional matched-filter based single-user detection. Recently, a range of tim-
ing acquisition algorithms having a high near-far resistance in multiuser environments
have also been proposed [17, 18,21,37,54-56]. These timing-acquisition algorithms
can be classified as maximum-likelihood synchronization scheme [21, 55], minimum-
mean-square-error (MMSE) timing estimation arrangements [17,37,54], per-survivor
processing (PSP) based blind acquisition techniques [18] and MUItiple Signal Classi-
fication Algorithm (MUSIC) based timing estimation scheme [54-56]. In this chapter
both serial and parallel search based initial synchronization schemes are considered in
the context of both single- and multi-carrier CDMA systems.

Chapter 20: In this chapter we present an overview of the various third-generation
terrestrial radio transmission standards recently proposed by ETSI, ARIB, and TIA.

Chapter 21: In this chapter adaptive rate transmissions are investigated in the con-
text of DS-CDMA systems using variable spreading factors (VSF). In the recently
established family of adaptive rate transmission schemes [4] the transmission rate is
typically adapted in response to the perceived near-instantaneous channel quality. The
perceived channel quality is influenced by numerous factors, such as the variation of
the number of users supported, which impeses a time-variant MUI load or the fading-
induced channel quality fluctuation of the user considered. In Chapter 4 the impact
of both of these channel quality factors was considered in the context of multiuser
detection aided adaptive modulation as well as variable spreading factor assisted trans-
missions. It was found that the system perfermed best, when both the spreading factors
and the modulation modes were controlled in a near-instantaneous fashion.

However, the number of users supported was varied in Chapter 4 on a long-term basis.
Hence the average MUI level was constant throughout the simulations. By contrast, in
this chapter the individual users” transmission rate is adapted in response to the near-
isntantaneous MUI fluctuations encountered. Our study will show that by employing
the proposed VSF-assisted adaptive rate transmission scheme, the effective throughput
may be increased by up to 40%, when compared to that of DS-CDMA systems us-
ing constant spreading factors. This increased throughput is achieved without wasting
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power, without imposing extra interfzrence upon other users and without increasing the
BER.

1.3 Introduction to Flexible Transceivers

There is a range of activities in various parts of the global concerning the standardization,
research and development of the third-generation (3G) mobile systems [57] known as the
Universal Mobile Telecommunications System (UMTS) in Europe, which was termed as the
IMT-2000 system by the International Telecommunications Union (ITU) [58,59]. This is
mainly due to the explosive growth of the Internet and the continued dramatic increase in de-
mand for all types of advanced multimedia wireless services including voice and data. How-
ever, all the advanced services such as bit-hungry high-resolution multimedia ones, which
demands data rate significantly higher than 2Mb/s, are unlikely to be supported by the 3G
systems [60-64]. Consequently, the concept of “beyond 3G™ has been created in the context
of techniques such as broadband access, software defined radio and high-flexible terminals.

In contrast to the 3G systems, the beyond 3G mobile wireless communication systems are
expected to employ at least the following three (but without any reason to limit them) typical
characteristics. The first is the mobile broadband wireless systems, which implies that the fu-
ture generation mobile wireless systems must be able to handle a wide range of information
bit rates with transmission capability “beyond UMTS" up to more than 100 Mb/s as well as
various types of real-time and non-real-time service classes with different traffic characteris-
tics and quality of service guarantees [60]. The objective is that the mobile users are able to
access to the range of broadband services available for fixed users of the integrated broadband
communication network (IBCN). For an outdoor, cellular scenario, Mobile Broadband Sys-
tems (MBS), a concept born in the RACE program, are under consideration, targeting data
rates upto 155 Mb/s. The second characteristic is the multi-standards connectable systems,
which implies that the beyond 3G mobile terminals are capable of connecting the wireless
network with no limitation from the existing wireless communication standards [1,2,65-68],
which are developed primarily regional rather than worldwide and cause problems with global
roaming. The third but not the last typical characteristics is the high-flexible mobile wireless
systems, which are not only reflected by the multimode and multiband operation as well as
global roaming, but also lies in the high-flexible air-interface capable of achieving the highest
spectrum efliciency under the difficult constraints of moving users, dynamic traffic load vari-
ations, and highly sensitive wireless links. Therefore, the future generation mobile wireless
systems in the long term might belong the adaptive (or even the intelligent) broadband mobile
wireless systems based on the software defined radio (SDR) [1,2].

In the first part of this treatise a broadband multiple access candidate scheme meeting
the above requirements is presented, which is constituted by frequency-hopping (FH) based
multicarrier DS-CDMA (FH/MC DS-CDMA) [69-72]. Recent investigations show that rate
adaptation in mobile wireless systems is not only the efficient strategy to implement vari-
able rate and multiple rate services, but also the increasingly important approach to achieve
higher spectrum efficiency in term of b/s/Hz [73-77]. Hence, in the second part the exist-
ing and novel possible adaptive rate transmission (ART) schemes associated with support-
ing variable rate and multirate services as well as achieving high spectrum efficiency are
reviewed. Furthermore, ART techniques are also discussed in the context of the FH/MC
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Figure 1.2: Transmitter diagram of the frequency-hopping multicarrier DS-CDMA system using adap-
tive transmission.

DS-CDMA systems. The standardization worldwide in the field of wireless communications
shows that various mobile communication standards will continue to exist even in the future.
This causes problems not only with international roaming, but also with multiple standards
operation within the same geographical area. Hence, it is important to develop transceivers
that will operate with several standards and in several frequency bands on a common hard-
ware platform. SDR are evolving as flexible all-purpose radios and giving rise to the possi-
bility of implementing these kinds of multi-standard, multimode and multiband transceivers.
Therefore, in the final part of this chapter, the concept of SDR assisted broadband FH/MC
DS-CDMA system is presented and the re-configurable parameters in terms of this system
and those associated with connection with the other wireless systems are described.

1.4 FH/IVIU Dd-CDNA

The transmitter schematic of the proposed FH/MC DS-CDMA arrangement is depicted in
Fig. 1.2. Each subcarrier of a user is assigned a pseudo-noise (PN) spreading sequence.
These PN sequences can be simultaneously assigned to a number of users, provided that
only one user activates the same PN sequence on the same subcarrier. These PN sequences
produce narrow-band DS-CDMA signals. In Fig. 1.2, C(Q, U) represents a constant-weight
code having U/ number of ‘1’s and (¢ — U/) number of ‘0’s. Hence the weight of C(Q,U)
is U. This code is read from a so-called constant-weight code book, which represents the
frequency-hopping patterns. The constant-weight code C(Q,U) plays two different roles.
Its first role is that its weight - namely U - determines the number of subcarriers invoked,
while its second function is that the positions of the I/ number of binary *1’s determines the
selection of a set of U number of subcarrier frequencies from the () outputs of the frequency

38



15

Figure 1.3: Receiver block diagram of the frequency-hopping multicarrier DS-CDMA system using
conventional RAKE receiver.

synthesizer. Furthermore, in the transmitter ‘side-information” reflecting the channel’s in-
stantaneous quality might be employed, in order to control its transmission and coding mode,
so that the required target throughput and transmission integrity requirements are met.

As shown in Fig. 1.2, the original bit stream having a bit duration of T}, is first serial-
to-parallel (S-P) converted. Then, these parallel bit streams are grouped and mapped to the
potentially time-variant modulation constellations of the {/ active subcarriers. Let us assume
that the number of bits transmitted by a FH/MC DS-CDMA symbol is M, and let us denote
the symbol duration of the FH/MC DS-CDMA signal by 7. Then, if the system is designed
for achieving a high processing gain and for mitigating the inter-symbol-interference (ISI)
in a constant-rate transmission scheme, the symbol duration can be extended to a multiple
of the bit duration, i.e., Ty = MT}. By contrast, if the design aims to support multiple
transmission rates or channel-quality matched variable information rates, then a constant bit
duration of Ty = T, can be employed. Both multirate and variable rate transmissions can
be implemented by employing a different number of subcarriers associated with different
modulation constellations as well as different spreading gains. As seen in Fig. 1.2, after the
constellation mapping stage, each branch is DS spread using the assigned PN sequence, and
then this spread signal is carrier modulated using one of the active subcarrier frequencies
derived from the constant-weight code C(QQ, U). Finally, all U active branch signals are
multiplexed, in order to form the transmitted signal.

In the FH/MC DS-CDMA receiver of Fig.1.3 the received signal associated with each
active subcarrier is detected using for example a RAKE combiner. Alternatively, Multiuser
Detection (MUD) can be invoked, in order to approach the single-user bound. In contrast
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to the transmitter side, where only U out of () subcarriers are transmitted by a user, at the
receiver different detector structures might be implemented based on the availability [72] or
lack [78] of the FH pattern information. During the FH pattern acquisition stage, which
usually happens at the beginning of transmission or during hand-over, tentatively all ) sub-
carriers can be demodulated. The transmitted information can be detected and the FH patterns
can be acquired simultaneously by using blind joint detection algorithms exploiting the char-
acteristics of the constant-weight codes [70, 71]. If however, the receiver has the explicit
knowledge of the FH patterns, then only U subcarriers have to be demodulated. However,
if Fast Fourier Transform (FFT) techniques are employed for demodulation - as often is the
case in multicarrier CDMA [79] or OFDM [80] systems, then all () subcarriers might be de-
modulated, where the inactive subcarriers only output noise. In the decision unit of Fig.1.3,
these noise-output-only branches can be eliminated by exploiting the knowledge of the FH
patterns [72,78]. Hence, the decision unit only outputs the information transmitted by the ac-
tive subcarriers. Finally, the decision unit’s output information is parallel-to-serial converted
to form the output data.

At the receiver, the channel states associated with all the subchannels might be estimated
or predicted using pilot signals [75,77]. This channel state information can be utilized for
coherent demodulation. It can also be fed back to the transmitter as highly protected side-
information, in order to invoke a range of adaptive transmission schemes including power
control and adaptive-rate transmission.

1.5 Characteristics of the FH/MC DS-CDMA Systems

In the proposed FH/MC DS-CDMA system the entire bandwidth of future broadband systems
can be divided into a number of sub-bands and each sub-band can be assigned a subcarrier.
According to the prevalent service requirements, the set of legitimate subcarriers can be dis-
tributed in line with the users’ instantaneous infarmation rate requirements. FH techniques
are employed for each user, in order to evenly occupy the whole system bandwidth available
and to efliciently utilize the available frequency resources. In this respect FH/MC DS-CDMA
systems exhibit compatibility with the existing 2nd- and 3rd-generation CDMA systems and
hence constitute a highly flexible air interface.

Broadband Wireless Mobile System — To elaborate a little further, our advocated FH/MC
DS-CDMA system is a broadband wireless mobile system constituted by multiple narrow-
band DS-CDMA sub-systems. Again, FH techniques are employed for each user, in order to
evenly occupy the whole system bandwidth and to efficiently utilize the available frequency
resources. The constant-weight code based FH patterns used in the schematic of Fig.1.2 are
invoked, in order to control the number of subcarriers invoked, which is kept constant during
the FH procedure. In contrast to single-carrier braadband DS-CDMA systems, such as wide-
band CDMA (W-CDMA) [59] exhibiting a bandwidth in excess of 5 MHz - which inevitably
results in extremely high-chip-rate spreading sequences and high-complexity - the proposed
FH/MC DS-CDMA system does not have to use high chip-rate DS spreading sequences,
since each subcarrier conveys a narrow-band DS-CDMA signal. In contrast to broadband
OFDM systems [63] - which have to use a high number of subcarriers and usually resulting
in a high peak-to-average power fluctuation - due to the associated DS spreading the number
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Figure 1.4: Spectrum of FH/MC DS-CDMA signal using subchannel bandwidth of 1.25 MHz and/or 5
MHz.

of subcarriers of the advocated broadband wireless FH/MC DS-CDMA system may be sig-
nificantly lower. This potentially mitigates the crest-factor problem. Additionally, with the
aid of FH, the peak-to-average power fluctuation of the FH/MC DS-CDMA system might
be further decreased. In other words, the FH/MC DS-CDMA system is capable of combin-
ing the best features of single-carrier DS-CDMA and OFDM systems, while avoiding many
of their individual shortcomings. Finally, in comparison to the FH/MC DS-CDMA system,
both broadband single-carrier DS-CDMA systems and broadband OFDM systems are less
amenable to interworking with the existing 2nd- and 3rd-generation wireless communication
systems. Let us now characterize some of the features of the proposed system in more depth.

Compatibility — The broadband FH/MC DS-CDMA system can be rolled out over the bands
of the 2nd- and 3rd-generation mobile wireless systems and/or in the band licensed for future
broadband wireless communication systems. In FH/MC DS-CDMA systems the sub-bands
associated with different subcarriers are not required to be of equal bandwidth. Hence exist-
ing 2nd- and 3rd-generation CDMA systems can be supported using one or more subcarriers.
For example, Fig. 1.4 shows the spectrum of a frequency hopping, orthogonal multicarrier
DS-CDMA signal using a subchannel bandwidth of 1.25 MHz, which constitutes the band-
width of a DS-CDMA signal in the 1S-95 standard [58]. In Fig. 1.4 we also show that seven
subchannels, each having a bandwidth of 1.25 MHz can be replaced by one subchannel with
a bandwidth of 5 MHz (= 8 x 1.25/2 MHz). Hence, the narrow-band IS-95 CDMA system
can be supported by a single subcarrier, while the UMTS and IMT-2000 W-CDMA systems
might be supported using seven subchannels’ bandwidth amalgamated into one W-CDMA
channel. Moreover, with the aid of SDRs, FH/MC DS-CDMA is also capable of embracing
other existing standards, such as the Time-Division Multiple-Access (TDMA) based Global
System of Mobile communications known as GSM [81].

FH Strategy — In FH/MC DS-CDMA systems both slow FH and fast FH techniques can
be invoked, depending on the system’s design and the state-of-the-art. In slow FH several
symbols are transmitted after each frequency hopping, while in fast FH several frequency
hops take place in a symbol duration, i.e. each symbol is transmitted using several subcar-
riers. Moreover, from a networking point of view, random FH, uniform FH and adaptive
FH [72] schemes can be utilized, in order to maximize the efficiency of the network. In the
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context of random FH [72], the subcarriers associated with each transmission of a user are
determined by the set of pre-assigned FH patterns constituting a group of constant-weight
codewords [78]. The active subcarriers are switched from a group of frequencies to another
without the knowledge of the FH patterns of the other users. By contrast, for the FH/MC
DS-CDMA system using uniform FH [72], the FH patterns of all users are determined jointly
under the control of the base station (BS), so that each subcarrier is activated by a similar
number of users. It can be shown that for the down-link (DL) uniform FH can be readily
implemented, since the BS has the knowledge of the FH patterns of all users. However, for
implementing up-link (UL) transmissions, the FH patterns to be used must be signalled by
the BS to each mobile station (MS), in order to be able to implement uniform FH. Finally,
if the near-instantaneous channel quality information is available at the transmitter, advanced
adaptive FH can be invoked, where information is only transmitted over a group of subchan-
nels exhibiting a satisfactory Signal to Interference Ratio (SIR).

Implementation of Multicarrier Modulation — The multicarrier modulation block in
Fig. 1.2 and the multicarrier demodulation block in Fig. 1.3 can be implemented using FFT
techniques, provided that each of the subchannels occupies the same bandwidth. Since
not all of the subcarriers are activated at each transmission in the proposed FH/MC DS-
CDMA system, the deactivated subcarriers can be set to ‘zero’ in the FFT or IFFT algorithm,
However, if an unequal bandwidth is associated with the subchannels, multicarrier modu-
lation/demodulation can only be implemented using less eflicient conventional, rather than
FFT based carrier modulation/demodulation schemes.

Access Strategy — When a new user attempts to access the channel and commences his/her
transmission, a range of different access strategies might be offered by the FH/MC DS-
CDMA system, in order to minimize the interference inflicted by the new user to the already
active users. Specifically, if there are subchannels, which are not occupied by any other users,
or there are subchannels that exhibit a sufficiently high SIR, then the new user can access the
network using these passive subchannels or the subchannels exhibiting a high SIR. However,
if all the subchannels have been occupied and the SIR of each of the subchannels is insuf-
ficiently high, then the new user accesses the network by spreading its transmitted energy
evenly across the subchannels. This access scheme imposes the minimum possible impact on
the QoS of the users already actively communicating. However, the simplest strategy for a
new user to access the network is by randomly selecting one or several subchannels.

Multirate and Variable Rate Services — In FH/MC DS-CDMA systems multirate and vari-
able rate services can be implemented using a variety of approaches. Specifically, the existing
techniques, such as employing a variable spreading gain, multiple spreading codes, a variable
constellation size, variable-rate Forward Error Correction (FEC) coding, etc. can be invoked
to provide multirate and variable rate services. Furthermore, since the proposed FH/MC
DS-CDMA systems use constant-weight code based FH patterns, multirate and variable rate
services can also be supported by using constant-weight codes having different weights, i.e.,
by activating a different number of subcarriers. Note that the above-mentioned techniques
can be implemented either separately or jointly in a system.

Diversity — The FH/MC DS-CDMA system includes frequency hopping, multicarrier mod-
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ulation as well as direct-sequence spreading, hence a variety of diversity schemes and their
combinations can be implemented. The possible diversity schemes include the following
arrangements.

e [fthe chip-duration of the spreading sequences is lower than the maximum delay spread
of the fading channels, then frequency diversity can be achieved on each of the subcar-
rier signals;

e Frequency diversity can also be achieved by transmitting the same signal using a num-
ber of different subcarriers;

e Time diversity can be achieved by using slow frequency hopping in conjunction with
error control coding as well as interleaving;

e Time-frequency diversity can be achieved by using fast frequency hopping techniques,
where the same symbol is transmitted using several time slots assigned to different
frequencies;

e Spatial diversity can be achieved by using multiple transmit antennas, multiple receiver
antennas and polarization.

Initial Synchronization — In our FH/MC DS-CDMA system initial synchronization can be
implemented by first accomplishing DS code acquisition. The fixed-weight code book in-
dex of the FH pattern used can be readily acquired, once DS code acquisition was achieved.
During DS code acquisition the training signal supporting the initial synchronization, which
is usually the carrier modulated signal without data modulation, can be transmitted using
a group of subcarriers. These subcarrier signals can be combined at the receiver using for
example equal gain combining (EGC) [82]. Hence, frequency diversity can be employed
during the DS code acquisition stage of the FH/MC DS-CDMA system’s operation, and con-
sequently the initial synchronization performance can be significantly enhanced. Following
the DS code acquisition phase, data transmission can be activated and the index of the FH
pattern used can be signalled to the receiver using a given set of fixed subchannels. Alterna-
tively, the index of the FH pattern can be acquired blindly from the received signal with the
aid of a group of constant-weight codes having a given minimum distance [71].

Interference Resistance — The FH/MC DS-CDMA system concerned can mitigate the ef-
fects of inter-symbol interference encountered during high-speed transmissions, and it read-
ily supports partial-band and multi-tone interference suppression. Moreover, the multiuser
interference can be suppressed by using multiuser detection techniques [73], potentially ap-
proaching the single-user performance.

Advanced Technologies — The FH/MC DS-CDMA system can efficiently amalgamate the
techniques of FH, OFDM and DS-CDMA. Simultaneously, a variety of performance en-
hancement techniques, such as multiuser detection [83], turbo coding [84], adaptive an-
tennas [85], space-time coding and transmitter diversity [86], near-instantaneously adaptive
modulation [74], etc, might be introduced.
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Flexibility — The future generation broadband mobile wireless systems will aim to support a
wide range of services and bit rates. The transmission rates may vary from voice and low-
rate messages to very high-rate multimedia services requiring rates in excess of 100Mb/s [60].
The communications environments vary in terms of their grade of mobility, the cellular in-
frastructure, the required symmetric and asymmetric transmission capacity, and whether in-
door, outdoor, urban or rural area propagation scenarios are encountered, etc. Hence flexible
air interfaces are required, which are capable of maximizing the area spectrum efficiency
expressed in terms of bits/s/Hz/km? in a variety of communication environments. Future
systems are also expected to support various types of services based on ATM and IP, which
require various Quality of Service (QoS). As argued before, FH/MC DS-CDMA systems ex-
hibit a high grade of compatibility with existing systems. These systems also benefit from the
employment of FH, MC and DS spreading based diversity assisted adaptive modulation [80].
In short, FH/MC DS-CDMA systems constitute a high-flexibility air interface.

1.6 Adaptive Rate Transmission

1.6.1 Why Adaptive Rate Transmission?

There are a range of issues, which motivate the application of adaptive rate transmissions
(ART) in the broadband mobile wireless communication systems of the near future. The ex-
plosive growth of the Internet and the continued dramatic increase in demand for all types of
wireless services are fueling the demand for increasing the user capacity, data rates and the
variety of services supported. Typical low-data-rate applications include audio conferencing,
voice mail, messaging, email, facsimile, and so cn. Medium- to high-data-rate applications
encompass file transfer, Internet access, high-speed packet- and circuit-based network access
as well as high-quality video conferencing. Furthermore, the broadband wireless systems in
the future are also expected to support real-time multimedia services, which provide concur-
rent video, audio and data services to support advanced interactive applications. Hence, in the
future generation mobile wireless communication systems, a wide range of information rates
must be provided, in order to support different services, which demand different data rates
and different QoS. In short, an important motivation for using ART is to support a variety of
services, which we refer to as service-motivated ART (S-ART). However, there is a range of
other motivating factors, which are addressed below.

The performance of wireless systems is affected by a number of propagation phenom-
ena: 1) path-loss variation versus distance; 2) random slow shadowing; 3) random multipath
fading; 4) Inter-Symbol Interference (ISI), co-channel interference as well as multiuser inter-
ference; and 5) background noise. For example, mobile radio links typically exhibit severe
multipath fading, which leads to serious degradation in the link’s signal-to-noise ratio (SNR)
and consequently to a higher bit error rate (BER]. Fading compensation techniques such as
an increased link budget margin or interleaving with channel coding are typically required
to improve the link’s performance. However, today’s cellular systems are designed for the
worst-case channel conditions, typically achieving adequate voice quality over 90-95% of
the coverage area for voice users, where the signal to interference plus noise ratio (SINR) is
above the designed target [74]. Consequently, the systems designed for the worst-case chan-
nel conditions result in poor exploitation of the available channel capacity a good percentage
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of time. Adapting the transmitter’s certain parameters to the time-varying channel conditions
leads to better exploitation of the channel capacity available. This ultimately increases the
area spectral efficiency expressed in terms of b/s/Hz/km?. Hence, the second reason for the
application of ART is constituted by the time-varying nature of the channel, which we refer
to as channel quality motivated ART (C-A

1.6.2 What Is Adaptive Rate Tr:

Broadly speaking, ART in mobile wireless communications implies that the transmission rate
at both the base stations and the mobile terminals can be adaptively adjusted according to the
instantaneous operational conditions, including the communication environment and service
requirements. With the expected employment of SDR-based wireless systems, the concept
of ART might also be extended to adaptively controlling the multiple access schemes - in-
cluding FDMA, TDMA, narrow-band CDMA, W-CDMA and OFDM - as well as the sup-
porting network structures - such as Local Area Networks and Wide Area Networks. In this
chapter only C-ART and S-ART are concerned in the context of the proposed FH/MC DS-
CDMA scheme. Employing ART in respanse to different service requests indicates that the
transmission rate of the base station and the mobile station can be adapted according to the
requirements of the services concerned, as well as to meet their different QoS targets. By
contrast, employing ART in response to the time-varying channel quality implies that for a
given service supported, the transmission rate of the base station and that of the mobile sta-
tion can be adaptively controlled in response to their near-instantaneous channel conditions.
The main philosophy behind C-ART is the real-time balancing of the link budget through
adaptive variation of the symbol rate, modulation constellation size and format, spreading
factor, coding rate/scheme, etc, or in fact any combination of these parameters. Thus, by
taking advantage of the time-varying nature of the wireless channel and interference condi-
tions, the C-ART schemes can provide a significantly higher average spectral efficiency than
their fixed-mode counterparts. This takes place without wasting power, without increasing
the co-channel interference, or without increasing the BER. We achieve these desirable prop-
erties by transmitting at high speeds under favorable interference/channel conditions and by
responding to degrading interference and/or channel conditions through a smooth reduction
of the associated data throughput. Procedures that exploit the time-varying nature of the
mobile channel are already in place for all the major cellular standards worldwide [74], in-
cluding 1S-95 CDMA |, ¢cdma2000 and UMTS W-CDMA [81], IS-136 TDMA, the General
Packet Radio Service of GSM and in the Enhanced Data rates for Global Evolution (EDGE)
schemes. The rudimentary portrayal of a range of existing and future ART schemes is given
below. Note that a system may employ a combination of several ART schemes listed below,
in order to achieve the desired data rate, BER or the highest possible area spectrum efliciency.

e Multiple Spreading Codes — In terms of S-ART, higher rate services can be supported
in CDMA based systems by assigning a number of codes. For example, in IS-95B each
high-speed user can be assigned one to eight Walsh codes, each of which supports a
data rate of 9.6kb/s. By contrast, multiple codes cannot be employed in the context
of C-ART in order to compensate for channel fading, path-loss and shadowing, unless
they convey the same information and achieve certain diversity gain. However, if
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the co-channel interference is low - which usually implies in CDMA based systems
that the number of simultaneously transmitting users is low - then multiple codes can
be transmitted by an active user, in order to increase the user’s transmission rate.

Variable Spreading Factors — In the context of S-ART higher rate services are sup-
ported by using lower spreading factors without increasing the bandwidth required.
For example, in UMTS W-CDMA [58] the spreading factors of 4/8/16/32/64/128/256
may be invoked to achieve the corresponding data rates of 1024/512/256/128/64/32/16
kb/s. In terms of C-ART, when the SINR experienced is increased, reduced spreading
factors are assigned to users for the sake of achieving higher data rates.

Variable Rate FEC Codes — In a S-ART scenario higher rate services can be supported
by assigning less powerful, higher rate FEC codes associated with reduced redundancy.
In a C-ART scenario, when the SINR improves, a higher-rate FEC code associated with
reduced redundancy is assigned, in an effort to achieve a higher data rate.

Different FEC Schemes — The range of coding schemes might entail different classes
of FEC codes, code structures, encoding/decoding schemes, puncturing patterns, inter-
leaving depths and patterns, and so on. In the context of S-ART, higher rate services
can be supported by coding schemes having a higher coding rate. In the context of
C-ART, usually an appropriate coding scheme is selected, in order to maximize the
spectrum efliciency. The FEC schemes concerned may entail block or convolutional
codes, block or convolutional constituent code based turbo codes, trellis codes, turbo
trellis codes, etc. The implementational complexity and error correction capability of
these codes can be varied as a function of the coding rate, code constraint length, the
number of turbo decoding iterations, the puncturing pattern, etc. A rule of thumb is that
the coding rate is increased towards unity, as the channel quality improves, in order to
increase the system’s effective throughput.

Variable Constellation Size — In S-ART schemes higher rate services can be supported
by transmitting symbols having higher constellation sizes. For example, an adaptive
modem may employ BPSK, QPSK, 16QAM and 64QAM constellations [80], which
corresponds to 1, 2, 4 and 6 bits per symbol. The highest data rate provided by the
64QAM constellation is a factor six higher than that provided by employing the BPSK
constellation. In C-ART scenarios, when the SINR increases, a higher number of bits
per symbol associated with a higher order constellation is transmitted for increasing
the system’s throughput.

Multiple Time Slots — In a S-ART scenario higher rate services can also be supported
by assigning a corresponding number of time slots. A multiple time slot based adap-
tive rate scheme is used in GPRS-136 (1-3 time slots/20 ms) and in Enhanced GPRS
(EGPRS) (1-8 time slots/4.615GSM frame) in order to achieve increased data rates.
In the context of C-ART, multiple time slots associated with interleaving or frequency
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hopping can be implemented for achieving time diversity gain. Hence, C-ART can
be supported by assigning a high number of time slots for the compensation of severe
channel fading at the cost of tolerating a low data throughput. By contrast, assigning a
low number of time slots over benign non-fading channels allows us to achieve a high
throughput.

e Multiple Bands — In the context of S-ART higher rate services can also be sup-
ported by assigning a higher number of frequency bands. For example, in UMTS
W-CDMA [58] two 5 MHz bands may be assigned to a user, in order to support the
highest data rate of 2 Mb/s (= 2x 1024kb/s), which is obtained by using a spreading
factor of 4 on each sub-band signal. In the context of C-ART associated with multi-
ple bands, frequency-hopping associated with time-variant redundancy and/or variable
rate FEC coding schemes, or frequency diversity techniques might be invoked, in order
to increase the spectrum efficiency of the system. For example, in C-ART schemes
associated with double-band assisted frequency diversity, if the channel quality is low,
the same signal can be transmitted in two frequency bands for the sake of maintaining
a diversity order of two. However, if the channel quality is sufficiently high, two inde-
pendent streams of information can be transmitted in these bands and consequently the
throughput can be doubled.

e Multiple Transmit Antennas — Employing multiple transmit antennas based on space-
time coding [86] is a novel method of communicating over wireless channels, which
was also adapted for use in the 3rd-generation mobile wireless systems. ART can also
be implemented using multiple transmit antennas associated with different space-time
codes. In S-ART schemes higher rate services can be supported by a higher number
of transmit antennas associated with appropriate space-time codes. In terms of C-ART
schemes, multiple transmit antennas can be invoked for achieving a high diversity gain.
Therefore, when the channel quality expressed in terms of the SINR is sufficiently high,
the diversity gain can be decreased. Consequently, two or more symbols can be trans-
mitted in each signalling interval and each stream is transmitted by only a fraction
of the transmit antennas associated with the appropriate space-time codes. Hence the
throughput is increased. However, when the channel quality is poor, all the transmit
antennas can be invoked for transmitting one stream of data, hence achieving the high-
est possible transmit diversity gain of the system, while decreasing the throughput.

Above we have summarized the philesophy of a number of ART schemes, which can
be employed in wireless communication systems. A S-ART scheme requires a certain level
of transmitted power, in order to achieve the required QoS. Specifically, a relatively high
transmitted power is necessitated for supporting high-data rate services, and a relatively low
transmitted power is required for offering low-data rate services. Hence, a side-effect of a
S-ART scheme supporting high data rate services is the concomitant reduction of the number
of users supported due to the increased interference or/and increased bandwidth. By con-
trast, a cardinal requirement of a C-ART scheme is the accurate channel quality estimation
or prediction at the receiver as well as the provision of a reliable side-information feedback
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between the channel quality estimator or predictor of the receiver and the remote transmit-
ter [75,77], where the modulation/coding mode requested by the receiver is activated. The
parameters capable of reflecting the channel quality may include BER, SINR, transmission
frame error rate, received power, path loss, Automatic Repeat Request (ARQ) status, etc. A
C-ART scheme typically operates under the constraint of constant transmit power and con-
stant bandwidth. Hence, without wasting power and bandwidth, or without increasing the
co-channel interference compromising the BER performance, C-ART schemes are capable
of providing a significantly increased average spectral efficiency by taking advantage of the
time-varying nature of the wireless channel, when compared to fixed-mode transmissions.

1.6.3 Adaptive Rate Transmission in FH/MC DS-CDMA System

Above we have discussed a range of ART schemes, which were controlled by the prevalent
service requirements and the channel quality. Future broadband mobile wireless systems are
expected to provide a wide range of services characterized by highly different data rates,
while achieving the highest possible spectrum efficiency. The proposed FH/MC DS-CDMA
based broadband mobile wireless system constitutes an attractive candidate system, since it is
capable of efficiently utilizing the available frequency resources, as we discussed previously,
and simultaneously achieving a high grade of flexibility by employing ART techniques. More
explicitly, the FH/MC DS-CDMA system can pravide a wide range of data rates by combin-
ing the various ART schemes discussed above. At the same time, for any given service,
the FH/MC DS-CDMA system may also invoke a range of adaptation schemes, in order to
achieve the highest possible spectrum efficiency in various propagation environments, such
as indoor, outdoor, urban, rural scenarios at low to high speeds. Again, the system is expected
to support different services at a variety of QoS, including voice mail, messaging, email, file
transfer, Internet access, high-speed packet- and circuit-based network access, real-time mul-
timedia services, and so on. As an example, a channel-quality motivated burst-by-burst ART
assisted FH/MC DS-CDMA system is shown in Fig. 1.5, where we assume that the number
of subcarriers is three, the bandwidth of each subchannel is 5 MHz and the channel qual-
ity metric is the SINR. In response to the SINR experienced, the transmitter may transmit a
frame of symbols selected from the set of BPSK, QPSK, 16QAM or 64QAM constellations,
or simply curtail transmitting information, if the STNR ie tan low

1.7 Software Defined Radio Assisted FH/MC DS-CDMA

The range of existing wireless communication systems is shown in Fig.1.6. Different legacy
systems will continue to coexist, unless ITU - by some miracle - succeeds in harmonizing all
the forthcoming standards under a joint framework, while at the same time ensuring compati-
bility with the existing standards. In the absence of the ‘perfect’ standard, the only solution is
employing multiband, multimode, multi-standard transceivers based on the concept of Soft-
ware Defined Radios (SDR) [1-3].

In SDRs the digitization of the received signal is performed at some stage downstream
from the antenna, typically after wideband filtering, low-noise amplification, and down-
conversion to a lower frequency. The reverse processes are invoked by the transmitter. In
contrast to most wireless communication systems which employ Digital Signal Processing
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Figure 1.5: A frame structure of burst-by-burst adaptive modulation in multicarrier DS-CDMA sys-
tems.

(DSP) only at baseband, SDRs are expected to implement the DSP functions at an intermedi-
ate frequency (IF) band. A SDR defines all aspects of the air interface, including RF channel
access and waveform synthesis in software. In SDRs wide-band analog-to-digital and digital-
to-analog converters (ADC and DAC) transform each RF service band from digital and ana-
logue forms at IF. The wideband digitized receiver stream of bandwidth W, accommodates
all subscriber channels, each of which has a bandwidth of W.(W, << W}). Thanks to using
programmable DSP chips at both the intermediate frequency as well as at baseband, SDRs are
sufficiently to efficiently support multiband and multi-standard communications. A SDR em-
ploys one or more reconfigurable processors embedded in a real-time multiprocessing fabric,
permitting flexible reprogramming and reconfiguration using software downloaded for exam-
ple with the aid of a signalling channel fram the base-station. Hence, SDRs offer an elegant
solution to accommodating various modulation formats, coding and radio access schemes.
They also have the potential of reducing the cost of introducing new technology superseding
legacy systems, and are amenable to future software upgrades, potentially supporting sophis-
ticated future signal processing functions such as array processing, multi-user detection and
as yet unknown coding techniques.

FH/MC DS-CDMA systems will be designed, in order to provide the maximum grade of
compatibility with the existing CDMA based systems, such as 1S-95 and W-CDMA based
systems. For example, the frequency bands of the IS-95 CDMA system in North America
are 824-849 MHz (uplink) and 869-894 MHz (downlink), respectively. The corresponding
frequency bands for the UMTS-FDD wideband CDMA system are 1850-1910 MHz (up-
link) and 1930-1990 MHz (downlink) in North America, while 1920-1980 MHz (uplink) and
2110-2170 MHz (downlink) in Europe. In order to ensure compatibility with these systems,
the proposed FH/MC DS-CDMA system’s spectrum can be assigned according to Fig.1.7.
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Software Defined Radio (SDR) controlled re-configuration unit

CDMA based systems: Non-CDMA based system:
IS-95A(B), CDMA I, . |GSM/DCS-1800, PDC,
CDMA II, W-CDMA(/NA | FH/MC DS-CDMA | -~ |1S-54/136, UWC-136(+),
cdma2000, TD-CDMA, DECT, EDGE
WIMS W-CDMA, UTRA

| Compatibility |

,,,,,,

18-95: Digital cellular standards in the United States GSM: Global System of Mobile communications

1S-95B: Enhanced version of 15-95 DCS-1800: GSM system in the 1800 MHz band

CDMA I: Multiband synchronous DS-CDMA PDC: Japanese Personal Digital Cellular system

CDMA II: Asynchronous DS-CDMA IS-54; American digital advanced mobile phone system (DAMPS)
W-CDMA: Wideband CDMA 15-136: North American TDMA system

W-CDMA/NA: North American Wideband CDMA UWC-136: Uni | Wireless Ci ions based on IS-136
cdma2000: Multicarrier CDMA system based on 1S-935 UWC-136+: Enhanced version of UWC-136

TD-CDMA: Time-Division synchronous CDMA DECT: Digital Enk 1 Cordless Tel

WIMS W-CDMA: Wireless Multimedia and Messaging EDGE: Enhanced Data Rates for Global Evolution
Services Wideband CDMA
UTRA: UMTS Terrestrial Radio Access

Figure 1.6: Software defined radio assisted FH/MC DS-CDMA and its re-configuration modes.

Specially, in the frequency band of IS-95, 39 orthogonal subcarriers are assigned, each hav-
ing a bandwidth of 1.25 MHz, while in the frequency band of UMTS-FDD W-CDMA, 23
orthogonal subcarriers are allocated, each with a bandwidth of 5 MHz. The multicarrier mod-
ulation used in the FH/MC DS-CDMA system obzeying the above spectrum allocation can be
readily implemented using two [FFT sub-systems at the transmitter and two FFT sub-systems
at the receiver, where a pair of IFFT-FFT sub-systems carries out modulation/demodulation
in the IS-95 band, while another pair of IFFT-FFT sub-systems transmits and receives in the
UMTS-FDD band. If the chip rate for the 1.25 MHz bandwidth subcarriers is 1.2288M chips
per second (cps) and for the 5 MHz bandwidth subcarriers is 3.84 Mcps, then the FH/MC
DS-CDMA system will be compatible with both the 1S-95 and the UMTS-FDD W-CDMA
systems.

However, the terminals of future broadband mobile wireless systems are expected not
only to support multimode and multi-standard communications, but also to possess the high-
est possible grade of flexibility, while achieving a high spectrum efficiency. Hence, these sys-
tems are expected to be capable of software re-configuration both between different standards
as well as within a specific standard. In contrast to re-configuration between different stan-
dards invoked, mainly for the sake of compatibility, the objective of re-configuration within a
specific standard is to support a variety of services at the highest possible spectrum efficiency.
The SDR assisted broadband FH/MC DS-CDMA system is operated under the control of the
software re-configuration unit shown in Fig.1.6. The set of reconfigured parameters of the
broadband FH/MC DS-CDMA system may include:
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Figure 1.7: Exhibition of spectrum compatibility of the broadband FH/MC DS-CDMA system with
18-95 and UMTS-FDD wideband CDMA systems.

Services: Data rate, QoS, real-time ar non-real-time transmission, encryption/decryption
schemes and parameters;

Error Control: CRC, FEC codes, coding/decoding schemes, coding rate, number of
turbo decoding steps, interleaving depth and pattern;

Modulation: Modulation schemes, signal constellation, partial response filtering;

PN Sequence: Spreading sequences (codes), chip rate, chip waveform, spreading fac-
tor, PN acquisition and tracking schemes;

Frequency Hopping: FH schemes (slow, fast, random, uniform and adaptive), FH
patterns, weight of constant-weight codes;

Detection: Detection schemes (coherent or non-coherent, ete.) and algorithms (max-
imum likelihood sequence detection (MLSD) or minimum mean square estimation
(MMSE), etc.), parameters associated with space/time as well as frequency diversity,
beam-forming, diversity combining schemes, equalization schemes as well as the re-
lated parameters (such as the number of turbo equalization iterations, etc.) and channel
quality estimation algorithms, parameters;

Others: Subchannel bandwidth, power control parameters.

In the context of different standards - in addition to the parameters listed above - the
transceiver parameters that must be re-configurable have to include the clock rate, the radio
frequency (RF) bands and air interface modes.
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1.8 Chapter Summary and Conclusions

We have presented a flexible broadband mobile wireless communication system based on
FH/MC DS-CDMA and reviewed a variety of existing as well as a range of forthcoming
techniques, which might be required for developing broadband mobile wireless systems ex-
hibiting a high flexibility and high communications efficiency. We argued that this broadband
FH/MC DS-CDMA system exhibits a high grade of compatibility with the existing CDMA
based systems, since it is capable of incorporating a wide range of techniques developed for
the 2nd- and 3rd-generation mobile systems. At the time of writing research is well under
way towards the SDR-based implementation of a range of existing systems. It is expected
that these efforts will soon encompass a generic scheme not too different from the FH/MC
DS-CDMA scheme advocated here. The rest of this monograph will provide an overview of
various communications techniques, which may be accommodated by the system framework
introduced in this Prologue.
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CDMA Overview

2.1 Introduction to Code Division Multiple Access

Spread spectrum communications have long been used in military systems [87]. The dis-
tinguishing feature of spread spectrum communications is that the transmission bandwidth
is significantly higher than that required by the information rate, resulting in the “spread”
terminology. Typically, a pseudo-random code is used to ‘spread’ the information signal to
the allocated frequency bandwidth.

Multiple access systems designed for mobile communications have traditionally em-
ployed Time Division Multiple Access (TDMA) [81] and Frequency Division Multiple Ac-
cess (FDMA) [81] techniques. In FDMA., the allocated spectrum is divided into frequency
slots, while in TDMA the time-domain transmission frame is periodically divided into time
slots. Thus each user accesses its own slot in either the time-domain or frequency-domain
and hence they are thus orthogonal to each other either in time or frequency, respectively.
from Qualcomm Inc. was one of the first to propose using Code Division Multiple Access
(CDMA) [88] for civilian mobile communications, which eventually led to the North Ameri-
can IS-95 standard [89,90]. CDMA is a multiple access technique that allows multiple users
to transmit independent information within the same bandwidth simultaneously. Each user
is assigned a pseudo-random code that is either orthogonal to the codes of all the other users
or the code possesses appropriate cross-correlation properties that minimize the multiple ac-
cess interference (MAI). This code is superimposed on the information signal, making the
signal appear noise-like to all the other users. Only the intended receiver has a replica of
the same code and uses it to extract the information signal. This then allows the sharing of
the same spectrum by multiple users without causing excessive MAL It also ensures message
privacy, since only the intended user is able to “decode” the signal. This code is also known
as a spreading code, since it spreads the bandwidth of the original data signal into a much
higher bandwidth before transmission. Therefore the term Spread Spectrum Multiple Access
(SSMA) is also used interchangeably with the term CDMA. These aspects are explained in
further detail later in this chapter.

Figure 2.1 shows a classification tree of the various types of CDMA techniques. These
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DS-CDMA FH-CDMA TH-CDMA Hybrid CDMA
SFH FFH MecnhM A DS/FH DS/TH FH/TH DS/FH/TH
Key :
CDMA Code Division Multiple Access
DS Direct Sequence

FH Frequency Hopping

SFH Slow Frequency Hopping
FFH Fast Frequency Hopping
TH Time Hopping

MC Multi Carrier

Figure 2.1: Classification of CDMA schemes according to the modulation method used to obtain the
spread spectrum signal

techniques differ from each other in the way that the information signal is transformed to
produce a high-bandwidth spread signal. In Direct Sequence CDMA (DS-CDMA), a pseudo-
random sequence having a higher bandwidth than the information signal is used to modulate
the information signal directly. The resultant signal has a significantly higher bandwidth than
the original signal. In Frequency Hopping CDMA (FH-CDMA), the transmission bandwidth
is divided into frequency sub-bands, where the bandwidth of each sub-band is equal to the
bandwidth of the information signal. A pseudo-random code is then used to select the sub-
band, in which the information signal is transmitted and this sub-band changes periodically
according to the code. There are two sub-categories of FH-CDMA, namely Slow Frequency
Hopping (SFH) [91] and Fast Frequency Hopping (FFH) [91]. In FFH, the frequency sub-
band used to transmit one bit of information is changed multiple times within the bit-duration,
while in SFH, the sub-band is changed only after multiple bits have been transmitted. Time
Hopping CDMA (TH-CDMA) [91] transmits the information signal in short bursts. These
short bursts render the transmission bandwidth high. The start of each burst for one user is
determined by a pseudo-random code. Hybrid CDMA [91] encompasses a group of tech-
niques that combine two or more of the other techniques already described. One of these
hybrid techniques is known as Multi-Carrier CDMA (MC-CDMA) [91]. There are many
variations of this technique, which were summarized, for example, by [79, 91], but their
common characteristic is that a spreading code is used to spread a user’s signal either in the
time or frequency domain, and that more than one carrier frequency is used for transmission.
This thesis discusses DS-CDMA only. For more detailed information on the other multiple
access schemes, the reader is referred to the excellent monographs by [88], [91], and [92],
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as well as and [93].

CDMA as a multiple access scheme has advantages and disadvantages over the more
traditionally employed FDMA and TDMA. [94] has provided an insightful comparison of
CDMA, FDMA and TDMA. If all three multiple access schemes are compared under the
hypothetical conditions of a Gaussian channel and all the users are perfectly orthogonal to
each other, then all three schemes are equivalent with respect to Shannon’s channel capacity

[95]. However, mobile communications are usually conducted over radio channels that are
more hostile than the ideal Gaussian channel and these radio channels lead to performance
differences amongst the three multiple access schemes. In comparison to FDMA and TDMA
systems, CDMA systems suffer more severe multiple access interference (MAI) due to the
often imperfect cross-correlation properties of the spreading codes used. The user signals in
FDMA and TDMA are inherently orthogonal to each other due to the orthogonal frequency
and time slots used. However, FDMA and TDMA are primarily dependent on the availability
of bandwidth, which is a costly resource, and the capacities of both these schemes are there-
fore bandwidth-limited. CDMA, on the other hand is only interference-limited. In second
generation CDMA systems, specifically, in the Qualcomm IS-95 CDMA standard [11, 88],
the multiple access interference (MAI) is treated as noise. We note, however that upon ex-
ploiting the extra knowledge of the users’ spreading sequences and their associated channel
impulse responses (CIR) the MAI can be substantially reduced, resulting in corresponding
user capacity gains.

One of the effects of the mobile radio channel is dispersive multipath propagation. This
is due to the reflections and scattering of the signal by objects present in the propagation
environment. The multipath channel destroys the orthogonality between spreading codes,
thus further increasing the cross-correlation between the users. The multipath spreading of
the signal results in inter-symbol interference (ISI), which severely degrades the performance
of the system. However, an advantage of CDMA schemes is that the multipath propagation
can be exploited to give multipath diversity gains. With the aid of multipath receivers, namely
RAKE receivers [96,97], the correlation properties of the spreading codes can be exploited
and the energy from the different paths can be coherently combined, in order to provide
a multipath diversity gain. A detrimental effect of the mobile channel is its time-varying
property, more commonly known as fading. This time-varying property is caused by the
movements of mobile stations and other objects in the propagation environment. This results
in the received signal having a large variance about its mean, again resulting in a degraded
performance. These effects will be explained in more detail in our further discussions. Other
advantages of CDMA include the privilege of privacy through the use of unique spreading
codes for different users and diversity techniques to combat multipath fading [98,99]. Some
of these diversity techniques include multipath diversity combining [100], cell-site antenna
diversity combining [100] and “soft-handoff”” combining, where signals from two or more
cell sites are combined [100]. Another advantage of CDMA is that it is well suited to support
variable bit rate transmission and data rates can be chosen individually for each user, as
proposed for example by Baier [101]; and [102]; and [103]. Further discussions on variable
bit rate and adaptive-rate transmissions are provided in Chapter 4.

A disadvantage of CDMA is that multiple access interference (MAI) is the main limiting
factor imposed by the cross-correlation between spreading codes. Additionally, even when
the spreading codes are designed to be perfectly orthogonal, the wideband mobile chan-
nel destroys this orthogonality between the codes. Traditionally, powerful error-correcting
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Figure 2.2: Block diagram of a simple asynchronous DS-CDMA system in a noiseless channel. The
signals from all the K users arrive at the receiver with different propagation delays, 7.
Only the receiver for user 1 is shown. The despreading and demodulation processes shown
in the figure assume perfect synchronizatian.

codes [104] are used to overcome this problem. Other interference reduction techniques used
in CDMA are voice activity-based bit rate control [98,99] and cell-site sectorization [98,99].
Current research on CDMA receivers includes multiuser detection [83] that exploits the avail-
able information about the spreading sequences and CIR estimates, in order to reduce the
MALI. An introduction to the basic principles of these receivers was given, for example by

[91] and [83]. Multiuser receivers are dealt with in Chapters 3 to 5. Furthermore, due to
the time-varying nature of the mobile radio channel, the powers of the received signals vary
widely among the users. This results in the phenomenon commonly termed as the “near-far”
effect, where the stronger signals “swamp” the weaker signals. Therefore, stringent power
control [98] is required to ensure that the signals from all the different users arrive at the
receiver with relatively similar strengths.

Following the above brief introduction to CDMA, let us now consider the basics of this
multiple access technique and the foundations of conventional DS-CDMA receivers in a little
more depth.
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2.2 DS-CDMA transmission model

This section explains the basic principles of operation in a DS-CDMA scheme. For a more
detailed discussion, the reader is referred to the monographs by [88], [91], and [92] as well
as and [93]. The block diagram of a simple asynchronous CDMA modem in a noiseless
channel is shown in Figure 2.2. This system supports K users, each transmitting its own
information. The users are identified by k = 1,2,... , K. The modulation scheme used is
Binary Phase Shift Keying (BPSK). Each user’s data signal is denoted by d.(¢) and each user
is assigned a unique pseudo-random code also known as a spreading code denoted by ¢ (t).
There are two classes of spreading codes in general, binary and complex. For simplicity, the
following discussion considers only binary codes. Each spreading code consists of () pulses,
commonly known as chips. Spreading codes are discussed in more detail in Section 2.6.

In this discussion, the wanted signal is the signal of user & = 1 and all the other (X — 1)
signals are considered to be interferine sionals.

2.3 Dd-CDNMA transmitter

At the transmitter of user k, each data bit of user £ is first multiplied by the spreading code
ci(t). This causes the spectrum of the information signal to be spread across the allocated
bandwidth. Next, the signal is modulated onto its carrier before it is transmitted. The trans-
mitted signal is given by :

si(t) = Ady()eg(t) cos(wet), (2.1)

where w,. is the carrier frequency in rad/sec and A is the amplitude of the carrier signal. Let
us now consider the recovery of the DS-CDMA signal at the receiver.

2.4 DS-CDMA receiver

At the receiver, the composite of all the I user signals is received, consisting of the trans-
mitted signal from user 1 and the other (/' — 1) interfering signals. Ignoring the noise, the
received signal is given by :
K
r(t) =Y skt —m), (2.2)

k=1

where 7. is the propagation delay from the transmitter to the receiver of the k-th user. Let us
now concentrate on the recovery of the information signal.
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Figure 2.3: The power spectral density (PSD) plot of a despread signal in the presence of interfering
users, normalized to the total power in the signal. The received signal consists of the
superposition of the signals from more than one user. The PSD values are normalized to
the PSD value at frequency 0. The despread signal has a bandwidth of approximately 1/T'
compared to the other signals, which remain spread and have bandwidths of 1/7,, where
T is the duration of one chip in the spreading sequence. The ratio of T'/T is 128.

2.4.1 Recovery of the information signal

Let us first consider the simplest case, where K = 1, yielding :

?'(t) s Sl(ff e 1-1) (23)
Ady(t — 11)er(t — 71) cos(wet + '), (2.4)

where the propagation delay-induced carrier shift

In order to recover the original information of user 1, the received signal is despread by
multiplying the received signal with a synchronized replica of the spreading code of user 1,
as follows :

51(t) = rB)e(t—1") (2.5)
Ady(t = 1)er(t — m1)er(t — 7') cos(wet + 6), (2.6)

where 7' is the delay estimate. This despreads the spread signal of user 1 back to its original
bandwidth, as illustrated in Figure 2.3.

In order to demodulate the signal, it is then multiplied by the carrier and passed through a
correlator followed by a thresholding device, as demonstrated in Figure 2.2, At the correlator
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output, we then have :

where #; is the time of commencement for the data bit, 1" is the period of one data bit and ¢
is the phase synchronization error.

If we assume that the replica of the spreading code at the receiver is perfectly synchro-
nized to the code used to spread the signal at the transmitter, then 71 = 7’ and we can set

—~ — 1 whaldiaa -

DSUDSLILUINY CQUALTOT £.0 1MW EYUALIOn £,/ and dssurmng mdl nere 1s no pndase syncnro-
nization error, i.e. ¢ = 0, we then have :

t1+T
2 = [ Ady(t)c3 (t) cos® (wet) (2.9)
1(H)E (1) [cos 2(wet) + 1] dt. (2.10)

1ne nign frequency term cos 2{w.t) tends to zero after the correlator-based receiver, since the
frequency w, is significantly higher than that of d; (t)c3(t), resulting in an equal number of
positive and negative terms in the integral, yielding :

A t1+T
“:E/ dy(t)c3(t) dt. (2.11)
ty

Since it is assumed that there is no timing error, d; () is BPSK demodulated, giving d, () =
+1, and fOT ¢i(t) = T, hence we have :

N = :l:T. (2‘]2)

The above derivation assumes that there is accurate phase and timing synchronization. If
these assumptions are invalid, then we arrive at :

t +T
7 = / Ady(t —m)er(t — m)er(t — 7) cos(wet + 0') cos(wet + 0 + @)R13)
t3

14T A
/ Edl (t— 1 )ei(t — m)er(t — 77) cos(p)dt, (2.14)
t

where we used the identity that cos A cos B = §[cos(A+ B) +cos(A— B)] and we exploited
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again that the high-frequency term of $ cos[2(wci + ) + )] tends to 0 after the correlator.
Since d; (t — 71) = +1, the following ensues :

A t+T
21 :l:E cos(p) / eyt —m)ey(t —7')dt (2.15)

ty

:I:% cos(@) Ree(m1 — 1), (2.16)

where R..(7 — 7') is the auto-correlation of the spreading code ¢, () given by :
T
Rcc('rl - TI) :/ &1
0

Therefore |z | is maximum, when (7; — 7') = 0 and ¢ = 0. Synchronization errors will
result in lower |z; | values, leading to lower signal-to-noise ratios (SNR) and hence higher
bit-error-rates (BER). When inaccurate synchronization occurs, we have 71 # 7' and hence
the high values of out-of-phase autocorrelation contributions due to R..(m3 — 7') result in
high BERs. Therefore, the spreading codes have to be carefully designed in order to have
low out-of-phase autocorrelation values, an issue to be addressed in Section 2.6 in greater
depth.

Z.4.2 Kecovery oI tne injormauon signal in multiple access interference

In the case where there are several users, i.e. K’ > 1, the received signal is given by :

K

r(t) = Zsk(t — Tk ) (2.18)

k=1

After multiplying the received signal, »(t), with the spreading code, ¢, (t), the information
signal of user 1, d;(t), is despread into its original bandwidth. However, the signals of all
the other K — 1 users remain spread, since ¢; () is orthogonal to the other spreading codes,
resulting in :

K
510) = si(t —m)ea(t — 1) (2.19)
=1

Next the signal is demodulated and passed through a correlator as well as the thresholding

63



43

device, as seen in Figure 2.2. The output of the correlator is formulated as :

t+T K

z(t) = Z skt — m)er(t — 1) cos(wet + 07)dt (2.20)
b k=1
t1+T
= / [31 (t—7)ea(t — ) + s2(t — m2)ea(t —71) + ...
ty
+sp(t — 7 )er (t — 'rf\-l eoalia t 4 0 At 7271

In a synchronous system, the start of each data bit of a user coincides with the start of the
data bits of all the other users. Assuming that there are no phase or timing synchronization
errors, i.e. 7, = O and &' = 0, we have :

t1+T K
/ z"?k(t)"l (t) cos
: k=1

z1(t)

1

t +T K
] Z Ady(t)er(t)es

t =1

A AT K
> [ D di(t)ex(t)e
=t k=1

1

t 4T
g/;l [dl{t)r_:%(t) +da(t)ea(t)er(B) + ... + di(t)ex(t)e (t)]d{Z‘ZS]

where again, the high frequency term of cos(2w.t) integrates to zero.

If the spreading sequences are designed such that they constitute an orthogonal set, where

/Tf'-(t)r‘-(f)a!f— 1" ey = (2.26)
, GOGWE= g iz :

then all the interference terms integrate to zero, leaving only the data bits of the wanted user,
namely user 1. Since d;(t) = +1 and fuT c2(t) = T, we have :
AT
2z = :l:T., (2‘2?)

as seen for a single user in Equation 2.12.

Thus, under the assumption of perfect synchronization the data bits of user 1 can be
recovered despite the other interfering users. In practice, it is difficult to design a large set
of spreading codes that are perfectly orthogonal, since two different demands have to be
satisfied. Firstly, zero out-of-phase correlation is required, i.e. j;]T ci(t — 7)ei(t) = 0, for
7 # 0. Secondly, Equation 2.26 has to be satisfied. In addition, a range of other practical
code design constraints have to be satisfied, as we will see in Section 2.6. The result is
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usually a compromise by approximating the ideal conditions, where the spreading codes are
not perfectly uncorrelated with each other, but the cross-correlation values are kept as small as
possible. These cross-correlations result in multiple access interference (MAI) that degrades
the performance of the system. These correlations are given by :

Considering Equation 2.25 again in conjunction with the correlation constraints of Equa-
tion 2.28, we have :

Yea(t)ex (t) + di (B)ex (E)es (r)] dt (2.29)
= 5[:!:'1':t'l'!f.lg-l-...j:'l'iﬁlg]. (2.30)

The first term is the wanted data and all the other terms contribute to the MAL
Let us now consider the corresponding operations in the frequency domain.

2.5 Frequency-domain represe

The spreading and despreading of the information signal is more easily represented in the
frequency domain. If the information signal, dj.(¢), is BPSK-modulated, having an amplitude
of =1 and a bit rate of 1/7 bits/sec, then the power spectral density (PSD) of the information
signal is given by :

S(f) = Tsinc?(fT). (2.31)

This is shown in Figure 2.4(a). The frequencies of the first nulls of the spectrum are at +1 /7",
giving an approximate bandwidth of 1,/7".

The spreading signal, ¢;,(¢), has a chip rate of 1/7.. If the chip amplitudes are also =1,
then the spreading signal has a PSD of :

Se(f) = T sinc®t

If the spread time-domain signal is giVCH UY U PIUMUGL G UG )y U LSO
frequency-domain PSD is that of the corresponding convolved spectra, which is shown in
Figure 2.4(b). Since the T,./T ratio is typically high, the PSD of Equation 2.31 is a ’near-
Dirac’ impulse and hence the PSD of Figure 2.4(b) is similar to S.(f) in Equation 2.32,
Therefore, for conventional receivers, the bandwidth of the original information signal is
spread by the ratio of T'/T.. The ratio of the spread bandwidth to the information bandwidth
is known as the processing gain . Historically, the term processing gain was used in jamming
systems, which employed the principles of spread spectrum to protect a signal against jam-
ming interference from an unknown or hostile source. The term processing gain was used
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1.0

T ¢
f(Hz)

W s e s s nsvi s mgedl hefore enreading . The firet nulle are at

+1/T, where T is the bit rate of

0 T,

f(Hz)

(b) PSD of the information signal after spreading. The first PSD nulls are at
+1/T, where T is the chip rate of the signal.

Figure 2.4: Power spectral density (PSD) plot of the signal before and after spreading, normalized to
the total power in the signal. The PSD values are normalized to the PSD value at fre-
quency 0. Note that the frequency scales in (a) and (b) are different for simple graphical

representation reasons, since 7/7,. = 128.
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to quantify the factor of advantage of a signal that had been spread over the jammer interfer-
ence. In DS-CDMA systems, the spread bandwidth is approximately the spreading code chip
rate, 1 /T, and the information bandwidth is approximately 1/7". This thus gives a processing
gain of T'/T... The term spreading factor is also used interchangeably with processing gain
to convey a similar meaning.

If at the receiver, the spread signal, dy(t)cy(f), is multiplied by the spreading signal,
cr(t), again, the spread signal is then despread into its original bandwidth and will have a
PSD of :

while all the other signals remain spread. Figure 2.3 shows the PSD of a despread signal in
the presence of interfering users, which corresponds to the convolution of the received signal
spectrum with that of the spreading code for an arbitrary 7"/7. ratio of 128.

In the next section, a few examples of spreading sequences will be considered.

2.6 Spreading sequences

In Section 2.4.2, we noted that the multiple access interference (MAI) of Equation 2.30 is
largely dependent on the cross-correlation (CCL) between the spreading code of the wanted
user and the spreading codes of all the other interfering users. The ideal CCL value is zero
for all values of t # 0. Ideally, the out-of-phase auto-correlation (ACL) of the spreading
sequences should also be zero, in order to tolerate inaccurate synchronization of the spreading
sequences. Therefore, for the conventional CDMA receiver, the design of the set of spreading
sequences to be used in a CDMA system is very important as to its performance. The design
is usually based on a set of criteria which will be the topic of the forthcoming sections. Let
us commence by considering the correlation properties of the spreading sequences.

2.6.1 Correlation of sequences

The periodic ACL of a complex spreading sequence, ¢(*), is defined as:

forqg = —(¢ — 1),...,{; where the expressicn [(g + @) 2 (/| represents the remamnder
after dividing (¢ + 1) by Q, ¢/*)* is the complex conjugate of ¢*) and @ is the length of the
sequence. The periodic CCL of two different sequences, c/) and ¢!*) is defined as :

Q
Rjk(q) = ZCS‘J]
i=1

forq=—-(Q—1),...,Q.
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A user’s signal that has been spread has to appear noise-like to all the other users. This can
be achieved by using a random spreading code, having an infinite repetition time. However,
if the code is truly random, the original data signal cannot be recovered at the receiver by
correlation techniques. For the spreading code to be useful, it has to be deterministic, but
known only to the transmitter and the intended receiver. However, it still has to appear like
random noise to non-intended receivers. Therefore, the spreading codes are generally known
as pseudo-random or pseudo-noise (PN) sequences. These codes have a length of () and are
repeated periodically with a period of (). Each spreading code set has a family size of K, i.e.
there are K codes in the set. This will be explained later in the following sections. There are
basically two classes of spreading sequences, namely the binary and the non-binary sequences
also known as polyphase sequences [105]. The latter are complex-valued sequences.

Traditionally, the measure used to compare different code sets was defined as R,,q.,
where :

1 a2V LS| bl B 0 A TR ot A A B T NN N S (2 3'?)

R, = max|Rjp(q)| for 1< k<K, j#k —-(Q@-1)<q¢g<@.

The value of the periodic CCL or out-of-phase periodic ACL that has the highest mag-
nitude is taken to be the R,,,. of a particular code set. A low out-of-phase periodic ACL
allows easier code acquisition or synchrenization, while a low periodic CCL reduces the
MAI A measure of “goodness™ of R4, is how well it compares with the well-known Welch

[87] or Sidelnikov [87] bounds. For a set of K sequences having a period of ), the Welch
bound is defined as [87] :

Rypaz 2 G

This value is dependent on the number, K, of codes in the set, and the length, @), of the codes.
Therefore, for a code set to be optimum, according to Welch, it had to achieve the minimum
value given by Equation 2.38.

For the same set of sequences, the Sidelnikov bound is defined as [87] :

Romaz > (2Q — 2)3. (2.39)

A code set is optimum according to these criteria, if its performance measure, 12,42,
approaches the Welch or Sidelnikov lower bounds, given by Equations 2.38 and 2.39, respec-
tively. Some numerical examples will be given in Sections 2.6.3 and 2.6.4 in the context of
Gold sequences and Kasami sequences, respectively.

The criterion of family size, K, is important because large families of good codes enable
more users to be accommodated in the same bandwidth, thus increasing the user capacity of
the system. Since a CDMA system is interference-limited, as it will be shown in Section
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2.7, the larger the code set having low CCL values, the higher the capacity. The difficulty in
designing spreading codes lies in achieving a large family size having good CCL values for
a specific value of spreading code length, (). These issues will be demonstrated in Sections
2.6.2, 2.6.3 and 2.6.4 using various examples, namely the m-sequences [87], Gold codes
[106] and Kasami sequences [107], respectively.

2.6.2 m-sequences

An important class of binary sequences is the binary maximal-length shift register sequences,
commonly known as m-sequences [87]. Sequences can be generated using the well-known
linear generator polynomials of degree 1, where :

9(z) = g™ + gm-12™ " + Gm-22™ "2 + ... + g17 + go. (2.40)

In order to generate m-sequences, the generator polynomial, (), must be from the class of
polynomials known as primitive polynomials, which implies in simple terms, that g(x) can-
not be factorized into lower-order polynomials. For a more detailed discussion on primitive
polynomials, the reader is referred to s excellent monograph on error correction coding [104],
where generator polynomials are used extensively. The m-sequence generated has a period
of @ = 2™ — 1, where m is the degree of the generator polynomial. By contrast, a sequence
generated by a non-primitive generator polynomial, g(x), may have a period of less than
2™ — 1 and hence this sequence is not an /mn-sequence.

One of the properties of m-sequences is that the ACL of these sequences can be calculated
as:

Ry (0) Q
Rie(g) = -1 forqg#0, (2.41)

which accrues from the simple binary nature of the sequences. Explicitly, when a Q-chip
sequence is perfectly aligned with itself, corresponding to a shift of ¢ = 0 chip intervals,
there are () number of +1 terms in the autocorrelation sum of Equation 2.34, By contrast, for
q # 0, the summation always consists of one extra —1 value compared to the number of +1
values. These ACL properties are near-ideal for code acquisition or synchronization, where
the perfectly aligned condition of ¢ = 0 between the received and locally stored sequences
has to be detected. As an additional constraint, in multi-user communications, a large set of
spreading sequences exhibiting low CCL values is needed. The m-sequences do not satisfy
this requirement, since some rm-sequence pairs have large CCL values. Let us now consider
the family of Gold codes.

2.6.3 Gold sequences

One of the best-known binary sequences having relatively good correlation values is the Gold
sequence set [106]. A set of Gold sequences is constructed from a preferred pair of m-
sequences, x and y, having identical length ). In 1967, Gold proved that these preferred
pairs of m-sequences of length  have only three possible CCL values, which are shown in
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Equations 2.43, 2.44 and 2.45. The period of the Gold sequences generated by z and y is also
(. Each Gold sequence in a set is generated by a modulo-2 sum of z and cyclic shifts of 3.
The set also includes the m-sequences & and y. The entire set of Gold sequences having a
period of () is given by :

8y = {L % EBY, @ T_IE. z® T_ZH' T T_(Q_I)Q} (2.42)

where 779y forg = 0,1,... ,Q — 1, represents a cvelic shift of u bv a chin intervals: and
the symbol < represents modulo-2 additios

The family size of a Gold sequence set having a period ot () 15 K = () + 2. A property
of Gold sequences, as stated earlier, is that the CCLs and out-of-phase ACLs have only three
possible values, which are given by :

_ Q forq=10
Riw(a) = { {-1, —t(m), t(m) —2} forq#0 (2.43)
Ri(q) = {-1, =t(m}, t(m)—2} forallgandj# k, (2.44)

whara

/2 41 misodd
2 41 miseven. @49
Since Gold sequences are constructed from preferred pairs of 1m-sequences, the ACL is given
by (2, as seen in Equation 2.41. The detailed derivation of the CCL values and out-of-phase
ACL values was given by Simon et al [87]. In order to compute the correlation values, the
binary bits 0 and 1 are mapped to +1 and —1, respectively. From the correlation values, it
can be seen that for a set of Gold sequences, R, = t(m). Consider a Gold sequence set of
period @) = 63, corresponding to m = 6. Then from Equation 2.45 we have :

Romaz = t(m) =20¥2/2 4 1 =17, (2.46)

The Welch bound of Equation 2.38 for this Gold sequence set, which has a family size of
K = (@ + 2 = 65, is computed as follows :

] 4

o —1
il —— 2 7.88, 2.4
Rz = 63 63(65) — 1 7.88 (2.47)

Note that the Welch bound is as low as 46% of | Rnq| = 17 in Equation 2.46, computed for
our example of a code set of ) = 63 and K’ = 65. Two examples of Gold sequences are
shown in Figure 2.5.

The periodic CCL of these two sequences was calculated using Equation 2.35 and the
CCL is plotted in Figure 2.6. The binary bits 0 and 1 were mapped to +1 and —1, respectively.
It can be seen from Figure 2.6 that the CCL has three values, i.e. —1, —17 and +15. This set
of spreading sequences yields comparatively high CCLs, where the spikes are located in the
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Figure 2.6: Cross-correlation values between two pairs of Gold sequences versus ¢ as specified in
Equation 2.35. The binary bits 0 and 1 were mapped to +1 and —1 respectively to compute
the correlation values. The CCL values are —1, —17 or 15.

figure.

Following the above brief notes on Gold codes, let us now consider Kasami sequences.

2.6.4 Kasami sequences

A set of binary sequences that are near-optimum with respect to the Welch bound is the
Kasami sequence family [107]. Each sequence set is generated from one m-sequence, z,
which has a period of (). The m-sequence x is decimated by sampling it periodically. Then,
a second sequence, ¥, is formed by concatenating the decimated sequence repeatedly, until a
sequence of length @ is obtained. The entire Kasami set is then generated by the modulo-2
addition of the sequence x and the sequences generated by cyclic shifts of y.

The generator polynomial of z is of degree m and 2 has a period of @ = 2™ — 1.
Kasami sequences can only be generated for even values of /. The decimation factor used
to decimate z is given by s(m) = 2™/ + 1. The decimated sequence, Y, has a shorter period
of (2™ — 1)/s(m) = 2™/2 — 1. Hence, the set of Kasami sequences is given by :

S = {L 2@y, z®T 'y, 20T %y, ..., 20 T‘Qmﬂ_z)g}. (2.48)

The correlation values of a Kasami sequence set are also ternary, similar to those of the
Gold sequences, but the values are lower for sequences of the same length, which are given
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forqg =0
n)—2} forg#0

Ri(q) = -{—1. —s(m), s(m)—2} forallgandj# k. (2.50)

(2.49)

The number of Kasami sequences is now reduced to K = 2™/2, which is lower than
that of the m-sequences. More explicitly, the usage of a decimated sequence reduces the
number of sequences in a set, compared to the Gold sequence set, having the same period.
For example, a Gold sequence set having a period of () = 63 has a family size of K = 65,
while Kasami sequences of the same length have a set size of K’ = 8. However, due to the
reduced set size, the high CCL sequences can be eliminated and hence the Kasami sequences
have lower CCL values, which is essentially due to the usage of a decimated sequence. This
is explained in more depth by et a/ [87]. These lower CCL values result in Kasami sequences
being nearer to achieving the optimum Welch lower bound compared to Gold sequences of
the same length. The Welch bound of Equation 2.38 for the Kasami setof () = 63 and K = 8
is given by :

s(m) [=206/2 +1 =9, (2.52)

Therefore, the optimum Welch lower bound is now 83% of R,,,., compared to the previous
46% for the equivalent Gold sequence set. Having considered a range of spreading sequences,
let us now concentrate our discussions on the performance of the DS-CDMA system.

2.7 DS-CDMA system perform

In this section, a model for a DS-CDMA system using BPSK modulation is presented and a
theoretical analysis of its performance is obtained. The model shown in Figure 2.7 is similar
to the model shown in Figure 2.2, the difference being that the noise signal n(t) is now
added to the received signal. From this model, an expression for the bit-error-rate (BER)
performance of the system is derived. The conditions under which this model is presented
are :

e BPSK modulation is used for the information signal. The carrier signal has a frequency
of w. and amplitude of A = /P, where P is the average power of the signal. This
gives an energy per bit of £, = A’T = PT.

e The length of the spreading code used is ().

73



PSfrag replacements

2.7. DS-CDMA SYSTEM PERFORMANCE 53

Usar 1 dy(t) ® dy (t)er (t) ® s1() = Ad(t)er (t) cos(wet)

|

cp(t) Acos(wet)
User2 20 ® da(t)cz(t) ® s2(¢) = Adz(t)eg(t) cos(wet)

‘ ] \ ) _@ r(t) = 2 st — ) + n(t)
-/

-
ealt) Acos(wet) ]

n(t)

e ) o dir(tex(t)
Viee @ @ s (D) = Adg (t)ex (t) cos(wet)

! 1

ci(t) Acos(wet)

dy (t) T r(#)er () cos(wet) T | r(t)er (t) cos(wet) r{t)er(8)
i—}u 1 {ﬁJ} 1 §> 1 (X

cos(wet) c1(t)

Figure 2.7: Block diagram of a simple asynchronous DS-CDMA system transmitting over a Gaussian
channel. The signals from all the K users arrive at the receiver with different propagation
delays, 7. Only the receiver for user 1 is shown. The despreading and demodulation
processes shown in the figure assume perfect synchronization.

e Each information/data bit has a period of 1" and each chip has a period of T, where
T'=QT.

e The pulse shape is rectangular and has an amplitude of +1 for the information signal.
The pulse shape for each chip of the spreading code is also rectangular, having an
amplitude of £1.

e The total number of users in the system is represented by K and each user is identified
by the subscript k.

e All K users are transmitting at the s:
e There is perfect power control for al

e This system operates in a single cell
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2.7.1 Theoretical BER performance of asynchronous BPSK/DS-CDMA

over Gaussian channels

In this section a BER expression is derived for a Gaussian channel, where it is assumed that
for each user, all errors are caused by zero-mean Additive White Gaussian Noise (AWGN)
at the receiver and multiple access interference (MAI) from the other (K — 1) users. The
derivation is performed at the baseband level, which greatly simplifies the analysis. However,
the derivation is still valid for a bandpass system, because baseband and bandpass systems
are equivalent [97].

The desired user is user 1 and all the other (" — 1) users are interferers. The received
signal, r(t), is a sum of the transmitted signals from all K users and it is corrupted by Gaus-
sian noise. The signal of each user arrives at a different propagation delay, given by 7. The
received signal is formulated as :

w(t) = 30 VPdu(t — i)k

k=1

This signal is then despread with a replica of the spreading code of user 1. A correlator-
based receiver is used to obtain the associated decision statistic, z;, from which a decision is
made concerning the bit transmitted. Therefore, we have :

where 7’ is the code synchronization error, which degrades the demodulator’s correlation
properties; § = —w,.m1, which is the delay-induced carrier-phase term; and ¢ = —w.7’ is the
demodulator’s phase error.

If perfect synchronization is assumed for user 1. then we can set 7 = 7/ = ). Suhstitutine
Equation 2.53 into Equation 2.54 leads to :

T
21 = f?’(t)cl{t)dt
0

T K
/ [\/Fd; (B3 (t) + Z \/ﬁdk_(f. = ThJCR\L — TE)CINL) T IEJCLLL) | UOV)
2 k=2

Dy+1T+mn, (2.57)

where the corresnondine terms are defined below. namelv. ) is the bit transmitted bv user 1
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and taking into account that ¢3(t) = 1 and d, (t) = =1, this yields :
Bi, = PP, (2.59)

The term ) in Equation 2.57 is the component due to the AWGN, n(t), which corresponds
to the despread and demodulated term of :

T
n:/ e mcm s
0

Since n(t) is the zero-mean AWGN having a variance of Ny /2 = o2, 1) is a Gaussian variable
with zero mean and variance Var[n], which is derived as :

Varlnl =  Eln?] (2.61)
T
t)er () d.t/ 'r.'.(-u)(:l(-u.)-‘.l'u] (2.62)
0
Dl nla) e (Hea (1) dt das. (2.63)
Jo Jo

But E[n(t)n(u)] is the autocorrelation of ¢

E[n(t)n(u))

Therefore, the variance Var[rn] becomes :

T
/ A(t —u)er(t)ey (u) dtdu (2.65)
0

c2(u) du. (2.66)
= Ju
Since fr;r c?(u) =T, we have :

Var(]

The middle term, 7, in Equation 2.57 is the MAI component from all the other (K — 1)
users, which is given by :

K T
= Z ﬁf di(t — 1) er(t — ) (t) dt. (2.68)
k=2 @

From the central limit theorem [95], the summation of (K — 1) independent random vari-
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ables can be modelled by the Gaussian distribution and hence in our analysis, I is approxi-
mated by a Gaussian random variable. By using the Gaussian approximation method [108]
and assuming that there is perfect power control, the variance of I was derived by Pursley as
follows :

k=2
_ Mtc
3
Substituting 7' = Q1, we arrive at :
1‘2
Varll| = —I
1= 33

Therefore, the equivalent SNR at the output of the correlator receiver is :

D}

NR, = —————.
s Var[n] + Var[I]

2.71)

Substituting Equations 2.59, 2.67 and 2.69 into Equation 2.71 and employing the expression
Ey = PT, yields :

The second term of (K — 1)/(3(Q) in the brackets in Equation 2.74 represents the MAI
that causes an SNR degradation resulting in a degraded SNR performance for a particular
value of Ej,/Ny. It can be seen that this degradation depends on the number of users, K, and
the sequence length, . An increase in K or a decrease in (Q would degrade the performance
because it would increase the cross-correlation (CCL) between the received signals from all
the users.

By assuming that the MAI has a Gaussian PDF, the BER of a BPSK-modulated system
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Figure 2.8: BER versus E; /Ny plots for an asynchronous CDMA system in a Gaussian channel. The
number of users is fixed at K = 10, but varying values of sequence lengths, @, are used.
These graphs were plotted using Equation 2.75. As the sequence length, ), decreases, the
BER performance degrades.

in a Gaussian channel is given as BER = (J(1/SNR,), leading to :

BER = Q(1/SNR,)
Q([‘Nﬂ ' I(_1‘|_%\ T

where () is the Gaussian Q-function [9:

According to Equation 2.75, if there is only one user, then X' = 1 and the equation
simplifies to BER = Q(+/2E}/Ny), which is the same as the theoretical BER performance
of a BPSK system.

Figure 2.8 shows a plot of three BER versus E}, /Ny curves, These curves were plotted
using Equation 2.75 for K = 10 users and for sequence lengths of () = 31, 63 and 127. The
curves show that as the sequence length, ¢/, decreased, the BER performance degraded.

Figure 2.9 shows another plot of three BER versus Ej, /Ny curves. These curves were also
plotted using Equation 2.75, but for () = 63 and for K = 10, 20 and 30. The curves show
that as the number of users, K, increased, the BER performance degraded. This was due to
the increase in MAL

Having characterized the system performance for K asynchronous users over a Gaussian
channel, let us now consider synchronous users.
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Figure 2.9: BER versus Ej /Ny plots for an asynchronous CDMA system in a Gaussian channel. The
sequence length is fixed at @ = 63 chips, but varying numbers of users, K, are used. These
graphs were plotted using Equation 2.75. As the number of users, K, increases, the BER
performance degrades.

2.7.2 Theoretical BER performance of bit-synchronous BPSK/DS-

CDMA systems over Gaussian channels

As stated above, the BER performance expression given in Equation 2.75 is valid for a sys-
tem, where the users are asynchronous with respect to each other. Simulation studies are
often conducted in a synchronous environment due to limited resources since then no over-
sampling of the signals is necessary. This is especially true for studies that combine Time
Division Multiple Access (TDMA) and CDMA transmission. The users are allocated time
slots and all the users in the same time slot transmit simultaneously, leading to synchronous
reception at the receiver. Therefore, the BER performance of a perfectly synchronous system
is analysed next.

Again, the output of the integrator in Figure 2.7 is often referred to as the decision statistic,
z1, and its expression was given in Equation 2.57

21:D1+I‘|‘

where D); is the component representing the original bit transmitted by user 1. 1he expression
for Dy was given in Equation 2.59 as :

D] = :i:\/ﬁj‘.
The variance of the noise component 7} was previously derived as :

N,
Var[n] = %T (2.76)
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Lastly, I is the interference component contributed by all the other (K — 1) users, which is
given by :

T K
I= f > VP (t)ex(t)er (t) dt. .77
0 k=2

The interference, I}, from the k-th user is represented as :

T
Irk = / Ly Tepap— — s
0

T
+V/P / cr(t)er(t) dt. (2.79)
1]

T : G ;
The term j;] ep(t)ey (t) dt represents the normalized periodic in-phase cross-correlation be-
tween the spreading codes of user 1 and user k, which can be rewritten as :

T
/ cx(t)ey (DA — R (7'M
0

Substituting this into Equation 2.79 leads t
Iy, = VPRt (£.81)

If we assume that the power of I, represented by 57, is the sum of the powers of all the K — 1
interfering users, then we have :

5 =
= L[\/PR;;‘IT]” (2.83)
k=2
The signal-to-noise ratio is given as :
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Table 2.1: MAI term of Equation 2.88 for various values of ¢ and for K’ = 10.

Combining Equations 2.59, 2.67 and 2.84 into Equation 2.85, we arrive at :

+ ;1_2“ J : (2.87)

e
Since the amplitude of each user’s signal is /P, the energy per bit is Fy, = PT. This leads
to:

~1
SNR, = [2&/\ +Z “] . (2.88)

The second term in Equation 2.88 represents the SNR degradation due to MAI. This
term depends directly on the CCL between the spreading codes, rather than indirectly as in
Equation 2.74. This is because the signals from all the users are synchronized with each
other and therefore the CCL values of the spreading codes determine the amount of excess
interference at the output of the integrator in Figure 2.7.

Assuming that the combined noise and interference components have a Gaussian distri-
bution, the BER performance is given as :

X

where () is the Gaussian Q-function [95].

Figure 2.10 shows a plot of three BER versus FE},/Nj curves. These curves were plotted
using Equation 2.90 for K = 10 and for Gold sequences of () = 31, 63 and 127. In general,
the curves show that as the sequence length, (), decreased, the BER performance degraded.
However, there is virtually no difference between the curves for @ = 31 and (} = 63. This
is because the MAI term in Equation 2.88 has very similar values for both of these sequence
lengths, as shown in Table 2.1.

Figure 2.11 portrays a plot of three BER versus £, /Ny curves using Equation 2.90 for
() = 63 and for K = 10, 20 and 30. In harmony with our expectations, as the number of

—4
) ; (2.90)

(zﬂ,/f\ ZR* 1
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Figure 2.10: BER versus E3 /Ny plots for a synchronous CDMA system in a Gaussian channel. Gold
sequences are used with varying sequence lengths, (), but the total number of users in
the system is fixed at X' = 10. These graphs were plotted using Equation 2.90. As the
sequence length, @, decreases, the BER performance degrades.

K | MAI value
10 0.0587
20 0.0612
30 0.0637

Table 2.2: MAI term of Equation 2 88 for various values of K and for QQ = 63.

users, /{, increased, the BER performance degraded. However, the performance degradation
was small compared to the performance degradation shown in Figure 2.9. In a synchronous
system, the BER performance depends directly on the CCL values between the spreading
codes, which indirectly depends on the number of users. If the CCL values are small, then
the increase in MAI is small, leading to a small degradation in performance. Table 2.2 shows
the corresponding MAI values, i.e. the second term in Equation 2.88 for K = 10, 20 and 30.

Having considered the theoretical performance of a DS-CDMA system, let us now turn
our attention to the results of our simulation studies.

2.8 Simulation results and discussion

Let us now study the performance of a BPSK-modulated DS-CDMA system, quantifying :
e the effect of increasing the number of users in the system on the BER performance,

e the effect of spreading sequence length on the BER performance of the system,
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Figure 2.11: BER versus E}, /Ny plots for a synchroncus CDMA system in a Gaussian channel. Gold
sequences are used with the sequence length fixed at @ = 63 chips, but varying numbers
of users, K, are used. These graphs were plotted using Equation 2.90. As the number of
users, /U, increases, the BER performance degrades.

o the effect of various spreading codes having different cross-correlation values on the
BER performance.

The simulation model used is shown in Figure 2.12. At the transmitter, the data bits were
generated by a pseudo-random bit generator for all the K users. Each user was assigned
a unique spreading code and the data bits of each user were spread using this code. Both
the data bits and chips were binary. The spread signals were then summed synchronously,
whereby the first chip of each bit for each user coincided with the first chip of each bit of all
the other users.

At the receiver, Gaussian noise was added to the received signal. The noisy signal was
then despread using a synchronous replica of the spreading code of the wanted user, i.e. it
was assumed that there were no timing errors. The despread signal was fed to a so-called
correlation receiver, where it was then integrated over one bit period. The output of the
receiver was used to make a decision concerning the transmitted bit. The experiments were
conducted under the following conditions :

e The simulations were performed at baseband, because the performance of baseband
systems is equivalent to that of bandpass systems [97], but simulations carried out at
baseband are more economical on computing resources.

e Perfect synchronization of the spreading codes was assumed at the receiver.

e Perfect power control was assumed.
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Figure 2.12: Simulation model of a synchronous BPSK DS-CDMA modem in a Gaussian channel

2.8.1 Estimation of £},/N,

The Ej,/Ny value at point X of Figure 2.13, in a communications system is estimated by
first obtaining the average signal power, S, and the average noise power, N. The average
signal-to-noise ratio, SNR, is calculated as :

SNR= —/———— = —. 291
Noise power N ( )

The energy per bit, Ej, is defined as I, = ST, while the noise power spectral density, Ny,
is defined as Ny = N /W, where W}, is the bandwidth of the noisy signal at the point where
the SNR is measured. Therefore, the relationship between Fj /Ny and SNR is :

E{, . EXT

= = 292
J\'r{) N/W}, ( )
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T
d) (ED ) +n) (=
!

where 7" is the bit period and i = 1/7 is the data bit rate.

For a simple BPSK modem as shown in Figure 2.13, the bandwidth, W, at point X, is
equal to the data bit rate, R. Therefore, at point X, we have £,/Ng = SNR.

For the DS-CDMA system shown in Figure 2.12, at point X, the bandwidth requirement
was extended due to the spreading of the signal by a factor of :

Wy T

_ = = (2.95)
_ e
Tx = (2.97)
IxQ, (2.98)

where T is the bit period and 7. is the period of one chip in the spreading code.

2.8.2 Simulated DS-CDMA BER performance over Gaussian channels

for synchronous users

Our initial simulations were carried out in a synchronous environment, where all the users
were perfectly synchronized at the receiver. The simulation results were compared with the
analytical ones given in Equation 2.75, which exploited the Gaussian approximation and in
Equation 2.90, which modelled a perfectly synchronous system. The graphs are presented
in Figure 2.14, showing the BER versus Ej, /Ny curves for a synchronous BPSK/DS-CDMA
system using Gold codes of length, ) = 63. Figures 2.14(a) and 2.14(b) have different
number of users in the system, namely K = 31 and K = 63, respectively.

From the figures it can be seen that the simulation curves match the theoretical BER
curves of the synchronous model quite well. Let us now consider explicitly the effect of the
MALI due to different number of users.
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Figure 2.14: Simulated BER versus Ey /Ny curves for a synchronous BPSK/DS-CDMA system using
Gold codes of @ = 63 and supporting K = 31 users as well as K = 63 users as specified.

The curve for the synchronous model was obtained from Equation 2.90.
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|

Figure 2.15: Comparison of simulation-based BER versus Ej, /Ny curves for a synchronous BPSK/DS-
CDMA system for various numbers of users in the system, K. The spreading codes used
were Gold codes having a length of @ = 63.

2.8.3 Simulated DS-CDMA BER performance versus the number of
users over Gaussian channels

Figure 2.15 shows the plot of BER versus F /N, curves for synchronous DS-CDMA sim-
ulations using different values of K. It was expected that as the number of users, K, in
the system increased, the BER performance would also suffer due to the increase in multi-
ple access interference (MAI). This was evident in the simulation results using Gold codes,
as shown in Figure 2.15. However, it should be noted that the performance differences for
K =17, 31 and 63 are small compared to the difference between K = 1 and K = 7. This is
due to the fact that the MAI term of Equation 2.90 has similar values for K = 7, 31 and 63,
as explained before in Section 2.7.2. We continue our elaborations by investigating the effect
of the spreading code length.

2.8.4 Simulated DS-CDMA BER performance versus spreading code
length over Gaussian channels

Figure 2.16 shows the BER versus E}, /Ny performance for K = T users, in conjunction with
different Gold code lengths, (. Increasing () from 7 to 31 and to 63 decreased the BER for
a given F},/Ny. However, there was only a slight difference between the BER curves for
2 = 31 and () = 63. This can be explained by examining the maximum in-phase cross-
correlation (CCL) values, R,,q.(0) of Equation 2.36, for the different values of (7 in Table
2.3, where @ = 31 and = 63 had rather similar CCL values. Only the in-phase CCL
values were considered, since the simulations were conducted in a synchronous environment,
where the received signals of the different users were bit-synchronous.

From Table 2.3, R,,4,(0) for @ = 7 is approximately three times higher than that of
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'CL (Rnaz(0))
0.714
0.226
0.238
| 127 | 0.133

Table 2.3: Maximum normalised in-phase CCL values of Equation 2.36 for Gold codes of various
lengths

Figure 2.16: Comparison of BER versus E3/No curves for a synchronous BPSK/DS-CDMA system
and for various Gold code lengths, (), while supporting K = T users.

) = 31 and Q = 63, which accounts for the BER curves of () = 31 and ) = 63 showing
lower BERs. However, again, the R,,,,.(0] values for @ = 31 and ) = 63 are similar, which
results in the similarity between the BER curves despite their different code lengths. Again,
for () = 127, the R,,,4.(0) value is half as high as that of () = 63, resulting in a better BER
performance for (J = 127. Therefore, the performance of the system is dependent on the
Rynaz(0) values of Equation 2.36 and not specifically on (). Let us now study the effect of
various spreading codes.

2.8.,5 Simulated DS-CDMA BER performance for spreading code sets

having different cross-correlation values over Gaussian channels

Figure 2.17 offers a BER versus E},/ Ny comparison for two different code sets, namely Gold
codes with ¢ = 63 and Walsh codes for ¢} = 64. The number of users, K = 15 is the same
for both code sets. The Walsh codes are perfectly orthogonal to each other. Therefore, in
a perfectly synchronous environment, the BER curve matches that of the theoretical single-
user BPSK curve. In comparison to the Gold codes, they perform much better. However,
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Figure 2.17: Simulated BER versus E,/Ny curves for synchronous BPSK/DS-CDMA supporting
K = 15 users in the system, and comparing different types of codes, namely Gold codes
and Walsh codes. Walsh codes have perfect cross-correlation properties i.e. the codes are
perfectly orthogonal to each other, while Gold codes are not perfectly orthogonal codes.

Walsh codes are not very effective as spreading codes, since they do not spread the spectrum
of the signal sufficiently widely in order to cater for high multipath diversity gains, an is-
sue to be treated in our forthcoming discussions throughout the thesis. The power spectral
density (PSD) plot of a data signal spread by a Walsh code of length (Q = 64 and the PSD
of that spread by a Gold code of length () = 63 are shown in Figures 2.18(a) and 2.18(b),
respectively.

2.9 Discussion

In the preceding sections of this chapter, a basic puiuayar 1 we cunvenuvnar oA uans-
mitter and receiver was provided. A few examples of binary sequences were presented and
the effects of their cross-correlation values on the BPSK CDMA BER performance were ex-
amined. The BER performance for an asynchronous CDMA system utilizing the Gaussian
approximation was presented along with a modified version for the bit-synchronous CDMA
system. The theoretical and simulation performances of bit-synchronous CDMA systems in
Gaussian channels employing the conventional correlation receiver were compared. It was
concluded that for these simple CDMA systems, the BER performance was dependent on the
cross-correlation between the spreading codes of the users and the total multiple access in-
terference in the system. Many of our early assumptions were impractical. For instance, syn-
chronization and timing errors at the receiver will increase the correlation between spreading
codes and increase the MAI. Furthermore, synchronous transmission is difficult to achieve
practically for the uplink, since the transmissions from different mobiles will commence and
terminate at different times. In a wideband channel the orthogonality between spreading
codes will be destroyed and this increases the cross-correlation between users and degrades
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(a) PSD plot of a signal that has been spread with a Walsh code of length
Q =64
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(b) PSD plot of a signal that has been spread with a Gold code of length
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Figure 2.18: Power spectral density plots of a signal that has been spread with two different codes, in
order to show the difference in bandwidth spread.
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the BER performance. Other propagation phenomena such as fast fading, shadowing and
path loss affect the power of the received signal making it impossible to achieve perfect
power control. Imperfect power control has a very significant effect, because a strong signal
from one source can completely obscure a weak signal from another source. This will render
the BER performance for some users to be much worse than the average. Lastly, the simula-
tions were carried out in a single cell environment. In practice, interference arises both from
users within the same cell and also from other cells.

Having gained a basic knowledge of the theoretical and simulation performance of the
conventional BPSK/DS-CDMA receiver in a Gaussian environment, let us turn our attention
to the non-conventional multiuser detection techniques in the forthcoming section.

2.10 Multiuser detection

Multiple access communications using DS-CDMA is interference-limited due to the multiple
access interference (MAI) generated by the users transmitting within the same bandwidth si-
multaneously. The signals from the users are separated by means of spreading sequences that
are unique to each user. These spreading sequences are usually non-orthogonal. Even if they
are orthogonal, the asynchronous transmission or the time-varying nature of the mobile radio
channel may partially destroy this orthogonality. The non-orthogonal nature of the codes re-
sults in MAIL, which degrades the performance of the system. The frequency selective mobile
radio channel also gives rise to inter-symbol interference (ISI) due to multi-path propagation.
This is exacerbated by the fact that the mobile radio channel is time-varying.

Conventional CDMA detectors — such as the matched filter [95, 109] and the RAKE com-
biner [97] — are optimized for detecting the signal of a single desired user. RAKE combiners
exploit the inherent multi-path diversity in CDMA, since they essentially consist of matched
filters for each resolvable path of the multipath channel. The outputs of these matched
filters are then coherently combined according to a diversity combining technique, such
as maximal ratio combining, equal gain combining or selection diversity combining [97].
These conventional single-user detectors are inefficient, because the interference is treated
as noise and there is no utilization of the available knowledge about the mobile channel or
the spreading sequences of the interferers. The efficiency of these detectors is dependent on
the cross-correlation (CCL) between the spreading codes of all the users. The higher the
cross-correlation, the higher the MAI. This CCL-induced MAI is exacerbated by the multi-
path channel or by asynchronous transmissions. Conventionally, this MAI is reduced by the
use of voice-activity monitoring and cell sectorization [10]. The utilization of these conven-
tional receivers results in an interference-limited system and soft hand-over capabilities are
required in order to provide an acceptable grade of service [98]. Another weakness of the
conventional CDMA detectors is the phenomenon known as the “near-far effect” [10, 98].
For conventional detectors to operate efficiently, the signals from all the users have to arrive
at the receiver with approximately the same power. A signal that has a much weaker signal
strength compared to the other signals will be “swamped” by the relatively higher powers of
the other signals and the quality of the weaker signal at the output of the conventional receiver
will be severely degraded. Therefore, stringent power control algorithms are needed to ensure
that the signals arrive at relatively similar powers at the receiver, in order to achieve similar
qualities of service for different users [10]. Using conventional detectors to detect a signal
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rigure 2.7 pon penvnnanve cwves o we RAKE receiver with K7 = 8 users using BPSK, and
over the seven-path Bad Urban channel with the impulse response shown in Figure 2.20.
Different modulation modes, including BPSK, 4-QAM and 16-QAM, were investigated
along with the spreading sequence lengths of () = 32 and () = 64.

corrupted by MAI, while encountering a hostile channel results in an irreducible BER, even
if the E/; /Ny is increased. This is because at high E /Ny values the errors due to thermal
noise are insignificant compared with the errors caused by the MAI and the channel. There-
fore, detectors that can reduce or remove the effects of MAI and ISI are needed in order to
achieve capacity gains. These detectors also have to be “near-far resistant” in order to avoid
the need for stringent power control requirements. The performance of RAKE receivers for
a synchronous uplink DS-CDMA system is shown in Figure 2.19 in conjunction with BPSK,
4-QAM and 16-QAM modulation, where an error floor is observed for all the different mod-
ulation modes, including BPSK. The simulations were carried out over the COST 207 [110]
seven-path Bad Urban channel shown in Figure 2.20. The performance improves, however,
with an increase in the spreading sequence length, ), although the error floor still remains.

The COST 207 [110] channel profiles were developed approximately around the time,
when the GSM system was standardised, in order to assist for example in GSM performance
investigations. The third generation wideband CDMA systems [81] have, however, a higher
bandwidth and a significantly higher chip rate than the bit rate of the GSM system [81],
thus leading to a higher multipath resolution and a larger number of resolvable multipath
components. Nonetheless, in our performance investigations the COST 207 channels were
adopted for the sake of the comparabilitv of our results, since these channels are widely
utilized in the CDMA research community.

In order to mitigate the problem of MAI, [111] proposed and analyzed the optimum
multiuser detector for asynchronous Gaussian multiple access channels. The optimum detec-
tor searches all the possible bit sequences in order to find the sequence that maximizes the
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Figure 2.20: Normalized channel impulse response for the COST 207 [110] seven-path Bad Urban
channel.

correlation metric given by [83] :
Q(r,d) =2d"r — d"Rd, (2.99)

where the elements in vector r represent the cross-correlation of the received signal with
each of the user spreading sequences, the vector d consists of the bits transmitted by the
users and the matrix R is the correlation matrix of the spreading sequences. This optimum
detector significantly outperforms the conventional detector and it is near-far resistant, but
unfortunately its complexity grows exponentially in the order of O(2V), where N is the
number of overlapping asynchronous bits considered in the detector window and K is the
number of interfering users. In order to reduce the complexity of the receiver and yet provide
acceptable BER performances, significant research efforts have been invested in the field of
sub-optimal CDMA multiuser receivers [83]. Multiuser detection exploits the base station’s
knowledge of the spreading sequences and that of the estimated channel impulse response
(CIR) in order to remove the MAI. These multiuser detectors can be categorized in a number
of ways, such as linear versus non-linear, adaptive versus non-adaptive algorithms or burst
transmission versus continuous transmission regimes. Excellent summaries of some of these
sub-optimum detectors can be found in the monographs by [91], and [93] and [83]. Other
MAI-mitigating techniques include the employment of adaptive antenna arrays in order to
suppress the level of MAI at the receiver. Research efforts invested in this area include,
amongst others, research carried out by, and [112,113]; and [114]; [115]; as well as , , and
[116]. However, the area of adaptive antenna arrays is beyond the scope of this thesis and
the reader is referred to the references cited for further discussion. In the next section, a brief
survey of the sub-optimal multiuser receivers will be presented.

2.10.1 Survey of multiuser receivers

Following the seminal work by [111], numerous sub-optimum multiuser detectors have been
proposed for a variety of channels, data modulation schemes and transmission formats. and

93



2.10. MULTIUSER DETECTION 73

[117] initially suggested a sub-optimum linear detector for symbol-synchronous transmis-
sions and further developed it for asynchronous transmissions in a Gaussian channel [118].
This linear detector inverted the CCL matrix, which was constructed from the spreading codes
of the users and was termed the decorrelating detector. It was shown that this decorrelator
exhibited the same degree of near-far resistance, as the optimum multiuser detector. A further
sub-optimum multiuser detector investigated was the minimum mean square error (MMSE)
detector, where a biased version of the CCL matrix was inverted in order to optimize the
receiver obeying the MMSE criterion. and [119] proposed a multiuser detector for a syn-
chronous CDMA system designed for a frequency-selective Rayleigh fading channel. This
approach also used a bank of matched filters followed by a whitening filter, but maximal ratio
combining was used to combine the resulting signals. The decorrelating detector of [118]
was further developed for differentially-encoded coherent multiuser detection in flat fading
channels by Zvonar et al [120]. Zvonar also amalgamated the decorrelating detector with
diversity combining, in order to achieve performance improvements in frequency selective
fading channels [121]. A multiuser detector jointly performing decorrelating channel esti-
mation and data detection was investigated by and [122]. Path-by-path decorrelators were
employed for each user in order to obtain the input signals required for channel estimation
and the channel estimates as well as the outputs of a matched filter bank were fed into a decor-
relator for demodulating the data. A variant of this idea was also presented by , and [123],
where training sequences and a decorrelating scheme were used for determining the channel
estimate matrix. This matrix was then used in a decorrelating decision feedback scheme for
obtaining the data estimates. , and [124] proposed iterative schemes for obtaining the decor-
relator and linear MMSE detectors in order to reduce the complexity. and [125] advocated
using a sequential estimator for minimizing the mean square error. The cross-correlations
between the spreading codes and estimates of the faded amplitude of the received signal of
each user were needed in order to obtain estimates of the transmitted data of each user. Duel-
Hallen [126] proposed a decorrelating decision-feedback detector for removing the MAI from
a synchronous system in a Gaussian channel. The outputs from a bank of filters matched to
the spreading codes of the users were passed through a whitening filter. This filter was ob-
tained by decomposing the CCL matrix af the user spreading codes through the Cholesky
decomposition [127] technique. The results showed that MAI could be removed from each
user successively, assuming that there was no error propagation. However, estimates of the
received signal strengths of the users were needed, because the users had to be ranked in
order of decreasing signal strengths so that the more reliable estimates were obtained first.
The decorrelating feedback detector was improved by and [128] with a sub-optimum variant
of the Viterbi algorithm, where only those metrics which were most likely were retained.
Decorrelating decision feedback detection was improved with the assistance of soft-decision
convolutional coding by and [129]. Soft decisions from a Viterbi decoder were fed back into
the filter for signal cancellation.

The effect of MAI on the desired signal is similar to the impact of multipath propagation-
induced ISI inflicted upon the same signal. Each user in a K -user system suffers from MAI
due to the other (K — 1) users. This MAI can also be viewed as a single-user signal per-
turbed by ISI from (A" — 1) paths in a multipath channel. Therefore, classic equalization
techniques [95, 130] used to mitigate the effects of ISI can be modified for multiuser detec-
tion and these types of multiuser detectors can be classified as joint detection receivers. These
joint detection receivers were developed for burst-based rather than continuous transmission.
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The concept of joint detection for the uplink was proposed by and [131] for synchronous
burst transmission, where the performance of a zero-forcing block linear equalizer (ZF-BLE)
was investigated for frequency-selective channels. Other joint detection schemes for uplink
situations were also proposed by , , , , and , such as the minimum mean-square error block lin-
ear equalizer (MMSE-BLE) [132-135], the zero-forcing block decision feedback equalizer
(ZF-BDFE) [134, 135] and the minimum mean-square error block decision feedback equal-
izer (MMSE-BDFE) [134,135]. These joint-detection receivers were also combined with co-
herent receiver antenna diversity (CRAD) techniques [133-136] and turbo coding [137,138]
for performance improvement. Joint detection receivers were also proposed for downlink
scenarios by , , and [139, 140]. Channel estimates were required for the joint detection re-
ceivers and some channel estimation algorithms were proposed by and [141] for employment
in conjunction with joint detection. [142] extended the joint detection receiver by combin-
ing ZF-BLE and MMSE-BLE techniques with a multistage decision using soft inputs to a
decoder.

Interference cancellation (IC) schemes constitute another variant of multiuser detection
and they can be broadly divided into three categories, parallel cancellation, successive can-
cellation and a hybrid of both, and [143] proposed a multistage detector for an asynchronous
system, where the outputs from a matched filter bank were fed into a detector that performed
MALI cancellation using a multistage algorithm. At each stage in the detector, the estimates
of all the other users from the previous stage were used for reconstructing an estimate of the
MALI and this estimate was then subtracted from the interfered signal representing the wanted
bit. The computational complexity of this detector was linear with respect to the number of
users, I{'. further modified the parallel cancellation scheme in order to create a parallel group
detection scheme for Gaussian channels [144] and later developed it further for frequency-
selective slow Rayleigh fading channels [145]. In this scheme, K users were divided into PP
groups and each group was demodulated in parallel using a group detector. , and [146] then
extended the applicability of the multistage interference cancellation detector to a multipath,
slowly fading channel. At each cancellation stage, hard decisions generated by the previous
stage were used for reconstructing the signal of each user and for cancelling its contribution
from the composite signal. The effects of CIR estimation errors on the performance of the
cancellation scheme were also considered. A multiuser receiver that integrated MAI rejection
and channel decoding was investigated by and [147]. The MAI was cancelled via a multi-
stage cancellation scheme and soft-outputs were fed from the Viterbi decoder of each user to
each stage for improving the performance.

The parallel interference cancellation (PIC) receiver [143] was also modified for employ-
ment in multi-carrier modulation [148] by and , where convolutional coding was used in order
to obtain improved estimates of the data for each user at the initial stage and these estimates
were then utilized for interference cancellation in the following stages. The employment of
convolutional coding improved the performance by 1.5 dB. , and [149] enhanced the per-
formance of the parallel interference cancellation receiver by feeding back channel estimates
to the signal reconstruction stage of the multistage receiver and proposed an algorithm for
mitigating error propagation. , , and [150] combined multistage detection with channel es-
timation techniques utilizing the outputs of antenna arrays. The channel estimates obtained
were fed back into the multistage detector in order to refine the data estimates. An advanced
parallel cancellation receiver was also proposed by , and [151]. At each cancellation stage,
only partial cancellation was carried out by weighting the regenerated signals with a less
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than unity scaling factor. At each following stage, the weights were increased based on the
assumption that the estimates became increasingly accurate.

A simple successive interference cancellation (SIC) scheme was analyzed by and [152].
The received signals were ranked according to their correlation values, which were obtained
by utilizing the correlations between the received signal and the spreading codes of the users.
The transmitted information of the strongest user was estimated enabling the transmitted
signal to be reconstructed and subtracted from the received signal. This was repeated for the
next strongest user, where the reconstructed signal of this second user was cancelled from
the composite signal remaining after the first cancellation. The interference cancellation was
carried out successively for all the other users, until eventually only the signal of the weakest
user remained. It was shown that the SIC receiver improved the BER and the system’s user
capacity over that of the conventional matched filter for the Gaussian, narrowband Rayleigh
and dispersive Rayleigh channels. Multipath diversity was also exploited by combining the
SIC receiver with the RAKE correlator [152]. and [153] extended the SIC receiver by using
reference symbols in order to aid the CIR estimation. The performance of the receiver was
investigated in flat and frequency-selective Rayleigh fading channels, as well as in emulated
multi-cell scenarios. A soft-decision based adaptive SIC scheme was proposed by and [154]
where soft decisions were used in the cancellation stage and if the decision statistic did not
satisfy a certain threshold, no data estimation was carried out for that particular data bit, in
order to reduce error propagation.

Hybrid SIC and PIC schemes were proposed by , and [155, 156], where SIC was first
performed on the received signal, followed by a multistage PIC arrangement. This work was
then extended to an adaptive hybrid scheme for flat Rayleigh fading channels [157]. In this
scheme, successive cancellation was performed for a fraction of the users, while the remain-
ing users’ signals were processed via a sub-parallel cancellation stage. Finally, multistage
parallel cancellation was invoked. The number of serial and sub-parallel cancellations per-
formed was varied adaptively according to BER estimates. , , and [158] proposed a pilot
symbol-assisted multistage hybrid successive-parallel cancellation scheme. At each stage,
data estimation was carried out successively for all the users, commencing with the user hav-
ing the strongest signal and ending with the weakest signal. For each user, interference from
other users was regenerated using the estimates of the current stage for the stronger users and
the estimates of the previous stage for the weaker users. Channel estimates were obtained
for each user by employing pilot symbols and a recursive estimation algorithm. Another hy-
brid successive and parallel interference cancellation receiver was proposed by , , and [159],
where the users to be detected were split into a number of groups. Within each group, PIC
was performed on the signals of these users belonging to the group. Between the separate
groups, SIC was employed. This had the advantage of a reduced delay and improved perfor-
mance compared to the SIC receiver. A further variant of the hybrid cancellation scheme was
constituted by the combination of MMSE detectors with SIC receivers, as proposed by and
[160]. Single-user MMSE detectors were used to obtain estimates of the data symbols, which
were then fed back into the SIC stages. An adaptive interference cancellation scheme was
investigated by and [161] for a multicellular scenario, where interference cancellation was
performed for both in-cell interferers and aut-of-cell interferers. It was shown that cancelling
the estimated interference from users having weak signals actually degraded the performance,
since the estimates were inaccurate. The adaptive scheme exercised interference cancellation
in a discriminating manner, using only the estimates from users having strong received sig-
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nals. Therefore signal power estimation was needad and the threshold for signal cancellation
was adapted accordingly.

Several tree-search detection [162—164] receivers have been proposed in the literature, in
order to reduce the complexity of the original maximum likelihood detection scheme pro-
posed by [111]. Specifically, , and [162] investigated a tree-search detection algorithm,
where a recursive, additive metric was developed in order to reduce the search complex-
ity. Reduced tree-search algorithms, such as the well-known M-algorithms [165] and T-
algorithms [165] were used by , and [163] in order to reduce the complexity incurred by
the optimum multiuser detector. Motivated by the M-algorithm, at every node of the search
algorithm, only M paths were retained, depending on certain criteria such as the highest-
metric M number of paths. Alternatively, all the paths that were within a fixed threshold, T',
compared to the ideal metric were retained. At the decision node, the path having the highest
metric was chosen as the most likely transmitted sequence. Maximal-ratio combining was
also used in conjunction with the reduced tree-search algorithms and the combining detectors
outperformed the “non-combining™ detectors. The T-algorithm was combined with soft-input
Viterbi detectors for channel-coded CDMA multiuser detection in the work carried out by ,
and [164]. The recursive tree-search detector generated soft-outputs, which were fed into
single-user Viterbi channel decoders, in order to generate the bit estimates.

Multiuser projection receivers were proposed by , , and [166] and by Alexander, and
Schlegel [167]. These receivers reduced the MAI by projecting the received signal onto a
space which was orthogonal to the unwanted MAI, where the wanted signal was separable
from the MAL

In all the multiuser receiver schemes discussed earlier, all the required parameters except
for the transmitted data estimates were assumed to be known at the receiver. In order to re-
move this constraint while reducing the complexity, adaptive receiver structures have been
proposed [168]. An excellent summary of these adaptive receivers has been provided by and
[169]. Several adaptive algorithms have been introduced for approximating the MMSE re-
ceivers, such as the Least Mean Squares (LMS) [130] algorithm, the Recursive Least Squares
(RLS) algorithm [130] and the Kalman filter [130]. , and [170] showed that the adaptive
MMSE approach could be applied to multiuser receiver structures with a concomitant reduc-
tion in complexity. In the adaptive receivers employed for asynchronous transmission by and

[168], training sequences were employed, in order to obtain the estimates of the parame-
ters required. , and introduced a multiuser receiver for an asynchronous flat-fading channel
based on the Kalman filter [171], which compared favourably with the finite impulse response
MMSE detector. An adaptive decision feedback joint detection scheme was investigated by
and [172], where the least mean squares (LMS) algorithm was used to update the filter coef-
ficients, in order to minimize the mean square error of the data estimates. New adaptive filter
architectures for the downlink DS-CDMA receivers were suggested by , , , and [173], where
an adaptive algorithm was employed in order to estimate the CIR, and this estimated CIR was
then used by a channel equalizer. The output of the channel equalizer was finally processed
by a fixed multiuser detector in order to provide the data estimates of the desired user.

The novel class of multiuser detectors, referred to as “blind” detectors, does not require
explicit knowledge of the spreading codes and CIRs of the multiuser interferers. These de-
tectors do not require the transmission of training sequences or parameter estimates for their
operation. Instead, the parameters are estimated *“blindly™ according to certain criteria, hence
the term “blind” detection. RAKE-type blind receivers have been proposed, for example
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by , and [174] for fast-fading mobile channels, where decision-directed channel estimators
were used for estimating the multipath components and the output of the RAKE fingers was
combined employing various signal combining methods. and [175] also proposed a RAKE-
type receiver for frequency-selective fading channels. In [175], a weight vector was utilized
for each RAKE finger which was calculated based on maximizing the signal-to-interference-
plus-noise ratio (SINR) at the output of each RAKE finger. , , and [176] proposed an ap-
proximate Maximum Likelihood Sequence Estimation (MLSE) solution known as the per-
survivor processing (PSP) type algorithm, which combined a tree-search algorithm for data
detection with the aid of the Recursive Least Squares (RLS) adaptive algorithm used for
channel amplitude and phase estimation. The PSP algorithm was first proposed by [177]; as
well as by , and [178, 179] for blind equalization in single-user ISI-contaminated channels.
, , and extended their earlier work [176] in order to include the estimation of user-delays
along with channel- and data-estimation [180]. and [181] combined the PSP algorithm with
the Kalman filter, in order to adaptively estimate the amplitudes and delays of the CDMA
users. In other blind detection schemes, and compared the application of neural networks
and LMS filters for obtaining data estimates of the CDMA users [182]. In contrast to other
multiuser detectors, which required the knowledge of the spreading codes of all the users,
only the spreading code of the desired user was needed for this adaptive receiver [182]. An
adaptive decorrelating detector was also developed by Mitra and Poor [183], which was used
to determine the spreading code of a new user entering the system. Blind equalization was
combined with multiuser detection for slowly fading channels in the work published by and

[184]. Only the spreading sequence of the desired user was needed and a zero-forcing as
well as an MMSE detector were developed for data detection. As a further solution, a sub-
space approach to blind multiuser detection was also proposed by and [185], where only
the spreading sequence and the delay of the desired user were known at the receiver. Based
on this knowledge, a blind sub-space tracking algorithm was developed for estimating the
data of the desired user. Further blind adaptive algorithms were developed by , and [186],
and [187], as well as by and [188]. In [186], the applicability of two adaptive algorithms
to the multiuser detection problem was investigated, namely that of the stochastic gradient
algorithm and the least squares algorithm; while in [188] an adaptive detector that converged
to the decorrelator was analyzed.

The employment of the Kalman filter for adaptive data, CIR and delay estimation was ad-
vocated for example by and [189], demonstrating that the Kalman filter gave a good perfor-
mance and exhibited a high grade of flexibility. However, the Kalman filter required reliable
initial delay estimates in order to initialize the algorithm. and [190] modified the well-known
constant modulus approach [191, 192] to blind equalization for ISI-contaminated channels in
the context of multiuser interference suppression. and [193] proposed an orthogonalizing
matched filtering detector, which consisted of a bank of despreading filters and a signal com-
biner. One of the despreading filters was matched to the desired spreading sequence, while the
other despreading sequences were arbitrarily chosen such that the impulse responses of the
filters were linearly independent of each cther. The filter outputs were adaptively weighted
in the complex domain with the criterion that the average output power of the combiner was
minimized. A constraint was imposed on the combining process such that the combiner’s
response to the desired user’s signal was kept constant. In another design, an iterative scheme
used to maximize the log-likelihood function was the basis of the research by and [194].
RAKE correlators were employed for exploiting the multipath diversity and the outputs of
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the correlators were fed to an iterative scheme for joint channel estimation and data detection
using the Gauss-Seidel [195] algorithm.

Several hybrid multiuser receiver structures have also been proposed recently [196-199].
[196] advocated the hybrid multiuser detector that consisted of a decorrelator for detecting
asynchronous users, followed by a maximum-SNR data combiner, an adaptive canceller and
another data combiner. The decorrelator matrix was adaptively determined. A multiuser
receiver employing an iterative hybrid genetic algorithm as a search technique has also been
proposed by ef al [197]. The search-space for the most likely sequence was limited to a
certain population of sequences and the sequences were updated at each iteration according
to certain probabilistic, aptly termed genetic operations, known as reproduction, crossover
or mutation operations. Commencing with a population of tentative decisions, the best n
sequences were selected as so-called “parent” sequences according to a fitness criterion in
order to generate the “offspring” for the next generation of sequence estimates. The offspring
of sequence estimates were generated by employing a uniform “crossover process” where the
bits between two parent sequences were exchanged according to a random mask and a certain
probability value. Finally, “mutation” was performed where the value of a bit is flipped
according to a certain probability. In order to prevent the loss of “high-fitness” individuals
that were not selected as parents, the worst offspring was replaced by the best non-parent
individual of the earlier generation.

Neural network-type receivers have also been proposed as CDMA receivers [200, 201].
and proposed a non-linear receiver that exploited neural-network structures and employed
pattern recognition techniques for data detection [200]. This work [200] was extended to a
reduced complexity neural network receiver for the downlink scenario [201].

Other novel techniques employed for mitigating the multipath fading effects inflicted
upon multiple users include joint transmitter-receiver optimization proposed by , and
[198, 199]. In these schemes, transmitter precoding was carried out, such that the mean
squared errors of the signals at all the receivers were minimized. This required the knowl-
edge of the CIRs of all the user channels and the assumption was made that the channel fading
was sufficiently slow, such that the channel prediction could be employed reliably.

Recently, there has been significant interest in iterative detection schemes where channel
coding was exploited in conjunction with multiuser detection, in order to obtain a high BER
performance. The spreading of the channel-coded symbols and their corruption by the wide-
band channel was viewed as a serially concatenated code structure, where the CDMA channel
was viewed as the mner code and the single user convolutional codes made up the outer codes.
After processing the received signal in a bank of matched filters or orthogonalizing whiten-
ing matched filter, the matched filter outputs were processed using the turbo-style iterative
decoding (TEQ) [202] process. In this process, a multiuser decoder was used to produce con-
fidence measures which were used as soft inputs to the single-user channel decoders. These
single-user decoders then provided similar confidence metrics for the multiuser detector. This
iterative process continued, until no further performance improvement was recorded.

and [203] presented the maximum likelihood solution for the asynchronous CDMA chan-
nel, where the user data was encoded with the aid of convolutional codes. Near-single-
user performance was achieved for the two-user case in conjunction with fixed-spreading
codes. The decoder employed was based on the Viterbi algorithm, where the number of
states increased exponentially with the product of the number of users and the constraint
length of the convolutional codes. Later, a suboptimal modification of this technique was
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proposed [147], where the MAI was cancelled via multistage cancellation and the soft out-
puts from the Viterbi algorithm were fed to each stage for improving the performance. Fol-
lowing this, several proposals of iterative multiuser detection for channel-coded signals have
been presented [204-209]. For example, , , and [206,208] proposed the multiuser maxi-
mum a-posteriori (MAP) detectors for the decoding of the inner CDMA channel code and
single-user MAP decoders for the outer convolutional codes. A reduced complexity solution
employing the M-algorithm [165] was alsc suggested which resulted in a complexity that in-
creased linearly — rather than exponentially, as in [203] — with the number of users [207]. and
[209] employed a soft-output multiuser detector for the inner channel code, which combined
soft interference cancellation and instantaneous linear MMSE filtering, in order to reduce the
complexity. These iterative receiver structures showed considerable promise and near-single-
user performance was achieved at high SNRs.

Figure 2.21 portrays the classification of most of the CDMA detectors that have been dis-
cussed previously. All the acronyms for the detectors have been defined in the text. Examples
of the different classes of detectors are also included.

2.11 Chapter Summary and Conclusions

In this chapter we commenced our discussions with a rudimentary introduction to CDMA
systems and classified the various techniques that are applicable to spreading the signal before
transmissions. We then briefly considered the operation of the DS-CDMA transmitter and
receiver as well as the effects of the channel and the MUI. The correlation properties of m-
sequences, Gold-sequences as well as Kasami-sequences were reviewed next and a range of
basic results were presented for characterising the achievable performance as a function of
the various system parameters. The chapter was conscluded by a brief overview of various
multiuser detectors.

In conclusion, multiuser detectors reduce the error floor due to MAI and this translates
into user capacity gains for the system. If the performance of multiuser detectors is inde-
pendent of the spreading codes used, then the codes can be chosen in order to optimize the
system’s spectral efficiency. These multiuser detectors are also near-far resistant to a certain
extent and this results in less stringent power control requirements.

On the other hand, multiuser detectors are more complex than conventional detectors.
Coherent detectors require knowledge of the CIR estimates, which means that a channel
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estimator is needed in the receiver and training sequences have to be included in the bursts
that are transmitted. These multiuser detectors also exhibit an inherent latency, which results
in a delayed reception.

Multiuser detection is more suitable for uplink receivers due to its increased complexity.
A hand-held mobile receiver has to be compact and lightweight, rendering multiuser detec-
tion impractical for the downlink. Recent research into blind receivers has shown that data
detection for the desired user — without using the spreading sequences and channel estimates
of other users — is possible, as discussed in Section 2.10.1, hence using these detectors for
downlink receivers may become a reality. However, the inherent latency in convergence and
the increased complexity may still remain a limiting factor in these downlink receivers. less
harmful to the mobile station, because all the signals of all the users in one transmission burst
are generated at the same signal strength from the base station. The near-far problem becomes
serious only, when the interference from other cells is high. To mitigate the problem of MAI
for the downlink, measures such as using spreading codes with good cross-correlation and
auto-correlation properties can be employed. The cross-correlation property is less likely
to be destroyed, as downlink transmissions can be made synchronous, especially in hybrid
TDMA/CDMA systems such as the ones in the FRAMES proposal [210]. To combat fading,
RAKE receivers can be employed, in order to exploit multi-path diversity.
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9.1 Introduction

In this chapter, we will apply a GA-assisted scheme as a suboptimal multiuser detection tech-
nique in bit-synchronous CDMA systems over single-path Rayleigh fading channels. This
provides a simple model for investigating the feasibility of applying GAs in CDMA multiuser
detection as well as for determining the GA’s configuration, in order to obtain a satisfactory
performance. Based on the results obtained in this chapter, the GA-assisted CDMA multiuser
detector will then be subsequently extended to an asynchronous system model incorporating
multipath Rayleigh fading channels in Chapter 12.

This chapter is organised as follows. We will first highlight our system model used in
this chapter in Section 9.2. The notations defined here will also be used in the subsequent
chapters. An equivalent discrete-time system model is also highlighted in Section 9.3. We
will then derive the optimum multiuser detector based on the Maximum Likelihood (ML)
criterion for the system model adopted in this chapter in Section 9.4, which can be seen to
have a computational complexity exponentially proportional to the number of users. GA-
assisted multiuser detectors are then developed through a series of experiments, in order to
find the GA configuration that is best suited for our application and the results will be shown
in Section 9.5. Finally, using this GA configuration, the BEP performance of the GA-assisted
multiuser detector based on our system model is assessed by simulations in Section 9.6.
The summary of this chapter is given in Section 9.7. Before we commence our in-depth
discourse, a few observations are made regarding our mathematical notations used in this
dissertation. Vectors and matrices are represented in boldface, while (-)7 and (-)* denote the
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Figure 9.1: Block diagram of the K'-user synchronous CDMA system model in a flat Rayleigh fading
channel.

transpose matrix and the conjugate matrix of (-), respectively. Hermitian matrices, defined as
the complex conjugate transpose of the matrices, are denoted as (-). Furthermore, diag(-)
represents a diagonal matrix, where the diagonal elements correspond to the vector (-).

9.2 Synchronous CDMA System Model

We consider a bit-synchronous CDMA system as illustrated in Figure 9.1, where K users
simultaneously transmit data packets of equal length to a single receiver. In this dissertation
we will adopt the Binary Phase Shift Keying (BPSK) modulation technique for all the trans-
missions. The transmitted signal of the kth user can be expressed in an equivalent lowpass
representation as :

M-1

() = Ve Z bim)ax-(f . W I @ n

m=0

where &, is the kth user’s signal energy per bit, b;(‘.m) € {+1, —1} denotes the mth data bit
of the kth user, a;(t) is the kth user’s signature sequence, Ty is the data bit duration and M
is the number of data bits transmitted in a packet. When considering a synchronous system
experiencing no multipath interference, it is sufficient to observe the signal over a single bit
duration T}, since there is no interference inflicted by symbols outside this duration. Hence
without loss of generality, we can omit the superscript (m) from all our equations in this
chapter.
The kth user’s signature sequence ay (1) may be written as :
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where T, is the chip duration, ag’”) € {+1,—1} denotes the hth chip, N, is the spreading
factor, which refers to the number of chips per data bit duration T}, such that N. = 7}, /T, and
I'r.(t) is the chip pulse shape. In practical applications, I"(7) has a bandlimited waveform,
such as a raised cosine Nyquist pulse. However, for the sake of simplicity in our analysis
and simulation, we will assume that I",.(¢) is a rectangular pulse throughout this dissertation,
which is defined as :

O | A<
Ff(t) = { n nfl:...m:.-:- 9.3)

Without loss of generality, we assume that the signature sequence ay(t) of all K users has
unit energy, as given by :

Ty y
/ ap (Bt =1, NE=1:.0, K. (9.4)
0

Each user’s signal 5. (f) is assumed to propagate over a single-path frequency-nonselective
slowly Rayleigh fading channel, as shown in Figure 9.1 and the fading of each path is statis-
tically independent for all users. The complex lowpass channel impulse response (CIR) for
the link between the kth user’s transmitter and the receiver, as shown in Figure 9.1, can be
written as :

hi(t) = ap(t)eI?*D§(t), Vh=1,... ,K (9.5)

where the amplitude oy, (t) is a Rayleigh distributed random variable and the phase ¢y (t) is
uniformly distributed between [0, 27).

Hence, when the kth user’s spread spectrum signal $;.(¢) given by Equation (9.1) propa-
gates through a slowly Rayleigh fading channel having an impulse response given by Equa-
tion (9.5), the resulting output signal sy (¢) over a single bit duration can be written as :

se(t) = VEarbrap (e, Ye=1,... K (9.6)

Upon combining Equation (9.6) for all K users, the received signal at the receiver, which
is denoted by r(¢) in Figure 9.1, can be written as :

r(t) =Y _ si(t) +n(t), 9.7)
k=1

where n(t) is the zero-mean complex Additive White Gaussian Noise (AWGN) with inde-
pendent real and imaginary components, each having a double-sided power spectral density
of o2 = Ny/2 W/Hz

At the receiver, the output of a bank of filters matched to the corresponding set of the
users’ signature sequences is sampled at the end of the bit interval. The output of the [th
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user’s matched filter, denoted as z; in Figure 9.1, «

Th
q = f r(t)a(t)dt

0
Ty, K

Z \/aﬂ'k br.ay, (t)cj'
0 k=1

K

— ra

b pe?r + ng o, (9.8)
—~—

Desired signal kel Noise

Multiple Access Interference

where py;. is the cross-correlation of the [th user’s and the £th user’s signature sequence, as

S0

As seen in Equation (9.8), apart from the Gaussian noise n,, the desired signal is interfered
by signals transmitted by the other users. This interference due to the other users’ signals is
also known as Multiple Access Interference (MAI).

Assuming that the receiver has perfect knowledge of the [th user’s CIR coeflicients
aped®t | the detected bit by as p of the [th user based on the conventional coherent single-user
detector will be given by the sign of the matched filter output in Equation (9.8) as :

Multiplication by aye™ % is necessary for coherent detection, because the phase rotation
introduced by the channel has to be removed. By approximating the MAI as a Gaussian
distributed random variable by virtue of the central limit theorem [305-307], the Bit Error
Probability (BEP) of the desired user can be shown to be given by [308] :

1 &
P==|1—-,{/—m—mmm—m——— | . A2
2 ( \/Nu/? + 3k Ekpuc) (el

Hence from Equation (9.12), we can see that unless the signature sequences of the interfering
users are orthogonal to that of the desired user, yielding py, = 0 fork = 1,... K,k # [,
the BEP performance of the desired user will be inferior to that achieved in a single-user
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environment in conjunction with a single-user matched filter. Furthermore, since the BEP
performance will deteriorate in conjunction with an increasing number of users, the conven-
tional single-user detector is highly vulnerable to near-far effects [309].

9.3 Discrete-Time Synchronous CDMA Model

For our application, it is more convenient to express the associated signals in discrete-time
format. Invoking Equation (9.6) describing the transmitted signal of each user, the sum of the

tranemitted cionale af all neare ran he avnreccad in vertar nntatinn ac -

veee s (t)]
nel L, a'h—(r"’";’“]

VRN

b = [by,...,bk)". (9.14)
Hence the received signal of Equation (9.7) can be written as :

)= —

Based on Equations (9.13) and (9.15), the output vector Z of the bank of matched filters
portrayed in Figure 9.1 can be formulated as :

T
Z = [z1,...,2kK]
1 P12z .. K
P21 1 ... mxk
R = . B . ) (9.17)
pPE1 P2 ... 1
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is the ' x K dimensional user signature sequence cross-correlation matrix having elements
given by Equation (9.9) and

n = [?11....,-111;]T

is a zero-mean Gaussian noise vector with a covariance matrix R,, = 0.5NyR. Based on
this discrete-time model, we will next derive the optimum multiuser detector based on the
maximum likelihood criterion for the synchronous CDMA system considered [310].

9.4 Optimum Multiuser Detector for Synchronous CDMA
Systems

In this section we will derive the joint optimum decision rule for a K -user CDMA system
based on the synchronous system model highlighted in Section 9.2. Specifically, we want to
maximise the probability of jointly correct decisions of the K users supported by the system
based on the received signal r(¢) of Equation (9.15).

From Equation (9.14) we note that there are m = 2 possible combinations of b. We
shall denote the ith combination as b; and the combined transmit signal of all users in Equa-
tion (9.13) corresponding to the ith combination as b; « s;(t).

Based on the above notations, we can express the joint maximum a posteriori probability
(MAP) criterion as [95] :

b = arg { max [P (s
@,{ 08 [P (

i

where b denotes the detected bit combination. Using Bayes’ rule, the a posteriori probability
expression of Equation (9.18) can be written as [95] :

p(r(t)]si(t)) P(si(t))
p(r(t)) '

P (s:(8)lr (1) = 9.19)

where p (r(1)|s;(¢)) is the conditional joint probability density function (pdf) of the received
signal r(t) in Equation (9.15), P(s;(t)) is the a priori probability of the signal containing the
ith bit combination and p(r()) is the pdf of the received signal. Since the transmitted data
bits of the K users are independent, the a priori probability ?(s;(t)) = 1/2% is equal for
all m = 2% bit combinations. Furthermore, the received signal pdf p(r(t)) is independent
of which of the m = 2K bit combinations is transmitted. Consequently, the decision rule
based on finding the signal that maximises I (s;{t)|r(t)) is equivalent to finding the signal
that maximises p(r(t)|s;(t)). This decision criterion based on the maximum of p(r(¢)|s;(t))
is termed as the Maximum Likelihood (ML) criterion and p(r(t)|s;(t)) is referred to as a
likelihood function [95].

According to Equation (9.7), the received signal r(f) is a Gaussian distributed random
variable having a mean equal to that of s(¢) given by Equation (9.13). Hence, it can be shown
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that the likelihood function p(r(#)|s;(t)) is given by [308] :

Ty
p(Z|s) = exp (_%fu [r(t) — .‘;()‘.)[2 dt)

1 (%
exp | ——
! 202 /u

Taking the natural logarithm of the likelihood function of Equation (9.20), the resulting so-
called Log-Likelihood Function (LLF) can be written as :

1 T, 4 Ty
Inp(Z|s) = ~5a f |r(t)] dt+/
0 0

Ty it Ly
—2R [ fo (t) ; \/gu-kbkak(t)c_ﬂ"”’*dt} } : (9.21)

2

dt]. (9.20)

K
r(t) — Z \/a(rkbkak (f-){%jm
k=1

2
dt

K B
Z VErapbrag (t)(ﬁj Pk
k=1

The term |“."(rt]|2 is common to all decision metrics, and hence it can be ignored during the
optimisation. Similarly, the constant term 1/2¢2 will not influence the maximisation. Thus
we can express the log-likelihood function of Equation (9.21) in the form of a correlation

metric as [95] :

T K Ty | K ?
Q) = 2R [/ 'r(t)Z\/5(1-,\.?);‘,(1,;-_(?1)(?”‘“dt:| —f Z\/a(x;\._h;\._(u.-_(t)ej“""‘ dt
0 k=1 0 k=1
K K K
= 2R [Z VEraybre % zk:| = Z Z VE&Erbibragage? e %% py (922)
k=1 =1 k=1

where z;, and py;. are given by Equation (9.8) and Equation (9.9), respectively. Employing
our discrete-time model highlighted in Section 9.3, the correlation metric of Equation (9.22)
ran he exnrecead in vertar notation ae [3081 -

FENCe e UeCISION TUIe 10T e OPUINUIN ULAVIA MUILUSET UEleClion SCOEIE Dased 0N e
maximum likelihood criterion is to choose the specific bit combination b, which maximises
the correlation metric of Equation (9.23). Hence,

b= arg {mglx [©2 (b)]} . (9.24)

The maximisation of Equation (9.23) is a combinatorial optimisation problem, which
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requires an exhaustive search for each of the m = 2% combination of b, in order to find
the one that maximises the correlation metric of Equation (9.23). Explicitly, since there are
m = 2% possible combinations of b, the optimum multiuser detection has a complexity that
grows exponentially with the number of users K.

We have mentioned in Chapter 8 that GAs have been known to solve combinatorial opti-
misation problems efficiently in many other applications [9]. Hence, in this dissertation, we
will investigate the feasibility of invoking GAs in dealing with the CDMA multiuser detection
optimisation problem as governed by Equation (9.23).

9.5 Experimental Results

As we have mentioned in Section 8.1 of Chapter 8, a GA’s performance is dependent on nu-
merous factors, such as the population size P, the choice of the selection method, the genetic
operation employed, the specific parameter settings as well as the particular termination cri-
terion used. In this section, we will attempt to find an appropriate GA setup and parameter
configurations that are best suited for our optimisation problem.

Our objective function is defined by the correlation metric of Equation (9.23). Here,
the legitimate solutions are the m = 2% possible combinations of the K-bit vector b.
Hence, each individual will take the form of a K'-bit vector corresponding to the K users’
bits during a single bit interval. We will denote the pth individual here as 5p(y) =
[5 o1 (Y)se e s b oK ( y)} , where y denotes the yth generation. Our goal is to find the specific
individual that corresponds to the highest fitness value. However, we note that the fitness
values corresponding to certain combinations of b evaluated from the correlation metric of
Equation (9.23) will be negative. However, we have mentioned in Section 8.4.2 that some
selection schemes can only operate with the aid of positive fitness values. Hence, in order to
ensure that the fitness values are positive for all combinations of b, we modify the correlation
metric of Equation (9.23) according to [300] :

exp {2 (b)} = exp {zare [bTEC*Z] - bTECRC*fb} . (9.25)

Our performance metric is the average Bit Error Probability (BEP) evaluated over the
course of several generations. In the context of CDMA multiuser detection the three most
important criteria to be satisfied by an efficient detection scheme are its BEP performance,
its detection time as well as its computational complexity. The detection time of the GA is
governed by the number of generations Y required, in order to obtain a reliable decision. We
also mentioned in Section 8.4.6 that the computational complexity of the GA, in the context
of the total number of objective function evaluaticns, is related to I” x Y. On the other hand,
it is well-known that the convergence accuracy of the GA is mainly determined by the popu-
lation size P, as alluded to in Section 8.1. Hence, in this section the purpose of our study is
to find GA configurations that achieve a satisfactory BEP performance at the expense of an
acceptable computational complexity within a reasonable time. Since our GA-assisted mul-
tiuser detector is based on optimising the modified correlation metric of Equation (9.25), the
computational complexity is deemed to be acceptable, if there is a significant amount of re-
duction in comparison to the optimum multiuser detector, which requires m = 2% objective
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[ Parameter

Spreading factor NV,

Modulation mode

Number of CDMA user ) ) _ _
SNR per bit &,/ Ny [ 9dBfork=1,... K

Table 9.1: Simulation parameters for the experiments of Figures 9.2-9.9.

| Setup/Parameter I Mathad/Valua I
Individual initialisation
method
Selection method Fitness-Proportionate
Crossover operation Single-point
Mutation operation Standard binary mutation
Elitism No
Incest Prevention No
Population size [? Given in Figure 9.2
Mating pool size T’ Population size P
Probability of mutation p,,, | 0.01

Table 9.2: Configuration of the GA used to obtain the results of Figure 9.2. Explicit description of the
fitness-proportionate selection scheme and the single-point crossover operation can be found
in Section 8.4.2 and Section 8.4.3, respectively.

function evaluations, in order to reach a decision, as highlighted in Section 9.4. In order to
evaluate the average BEP performance of the GA-assisted multiuser detectors, randomly gen-
erated signature sequences will be used in our simulations. The simulation parameters used
for our investigations in this section are presented in Table 9.1 and the following assumptions
are stipulated :

e We will assume that perfect power control is invoked by all users such that, on average,
their signals arrive at the receiver with the same power.

e Initially only the AWGN channel is invoked, such that o, = 1.0 and ¢, = 0 for
k=1,...,K,ie. there is no fading

9.5.1 Effects of the Population S

Let us commence our experiments by investigating the effects of the population size I” on the
convergence rate of the GA. Since at this moment we have no knowledge of which configura-
tion of the GA is best suited for our optimisation problem, we shall adopt the most commonly
used GA configuration found in the literature for our initial simulations. This configuration is
tabulated in Table 9.2, which follows the flowchart of Figure 8.1. Basically, the individuals,
which represent the candidate solutions of b, are randomly created during the initialisation
phase of the GA. Upon evaluating their associated fitness values based on the modified ob-
jective function of Equation (9.25), pairs of individuals found in the mating pool are selected
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Figure 9.2: The bit error probability performance with respect to the number of generations of the GA-
assisted multiuser detector for various population sizes and K = 10 users. The configura-
tion of the GA used to obtain these results is tabulated in Table 9.2, while the simulation
parameters are listed in Table 9.1.

for crossover and mutation operations, in order to produce offspring. The associated fitness
values of these offspring are then evaluated and these offspring will form the new popula-
tion of the next generation. The processes of selection, crossover, mutation and evaluation
are repeated for a total of ¥ — 1 generations!. Based on this configuration, the BEP perfor-
mance of the GA-assisted multiuser detector was evaluated and the results, which showed
the achievable BEP at the end of each generation are displayed in Figure 9.2. Note that the
BEP at each generation, with the exception of the Oth generation, is derived by identifying
the offspring associated with the highest fitness value amongst all the offspring created at that
generation. The BEP at the Oth generation is derived by identifying the specific individual
that exhibits the highest fitness value after the random initialisation. It is seen from the figure
that the BEP performance of the GA-assisted multiuser detector improved with increasing
the population size. However, the computational cost also increases as a function of the pop-
ulation size, as highlighted in Section 8.4.6. In order to maintain a moderate computational
complexity, we shall adopt a fixed population size of /7 = 30 for all our simulations in this
section. Upon closer inspection of Figure 9.2, we will notice that the BEP performance of the
GA-assisted multiuser detector based on the configuration of Table 9.2 is far from promising.
Furthermore, the convergence rate of the GA is very slow. Let us now study whether the per-

I'The Oth generation only consists of initialisation and evaluation.
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e e e as v g 5 persnsenen.C€ With respect to the number of generations of the GA-
assisted multiuser detector for various probability of mutation values p,, and for K = 10
users. The configuration of the GA is specified in Table 9.3, while the simulation parame-
ters are listed in Table 9.1.

formance can be improved by varying some of the GA parameters and the GA configuration,
commencing with the probability of mutation.

9.5.2 Effects of the Probability of Mutation

As we have mentioned in Section 8.4.4, the rate of mutation plays an important role in deter-
mining the quality of convergence of a GA. A high probability of mutation p,,, may disrupt
schemata of potentially high fitness values and hence may lead to suboptimal solutions, while
a low probability of mutation may result in premature convergence due to the lack of diver-
sity in the population. This assertion is supported by Figure 9.3, which shows the achievable
BEP performance of the GA-assisted multiuser detector over Y = 20 generations for various
values of p,,,. The configuration of the GA implemented for this simulation study is listed
in Table 9.3, which is similar to the one given in Table 9.2 of Section 9.5.1.  Consider-
ing the results shown in Figure 9.3, we will immediately notice that the BEP performance
has improved significantly over the rather poor results obtained in the previous section for
Pm > 0.01. Furthermore, according to Figure 9.3, p,, = 0.1 appears to give the best per-
formance. All the other values of p,, have a slower convergence rate, leading to solutions
far from the optimal one. On the other hand, the value of p,,, is very much dependent on the
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[ Setup/Parameter | Meth:
Individual initialisation Randc
method
Selection method Fitnes
Crossover operation Single
Mutation operation Stand:
Elitism No
Incest Prevention No
Population size PP 30
Mating pool size T’ Popul _ ,
Probability of mutation p,,, | Given in Figure 9.3 and Figure 9.4. |

Table 9.3: Configuration of the GA used to obtain the results of Figures 9.3 and 9.4. Explicit description
of the fitness-proportionate selection scheme and the single-point crossover operation can be
found in Section 8.4.2 and Section 8.4.3, respectively.

length of the individual, as exemplified in Figure 9.4 for K’ = 20 users. Here, each individual
will consist of 20-bit variables to be optimised. In this case, p,,, = 0.07 gives the best perfor-
mance?, Since our simulations performed in this dissertation are based on a CDMA system
supporting ' = 10 — 20 users, we will adopt a probability of mutation p,,, = 0.1 for all our
subsequent simulations, since this value was shown in Figures 9.3 and 9.4 to give a good BEP
performance for this user population range. However, further investigations concerning the
suitable value of p,, must be performed for a higher number of users. Let us now consider,
whether we can further improve the achievable BEP performance by using different crossover
operations.

9.5.3 Effects of the Choice of Crossover Operation

In this section, we will investigate, whether the choice of the crossover operation will have
an effect on the convergence rate of the GA. Three types of crossover operations are in-
vestigated, namely the single-point crossover, the double-point crossover and the uniform
crossover, which were highlighted in Section 8.4.3. The configuration of the GA is charac-
terised by Table 9.4 and the associated results are shown in Figure 9.5. Judging from the
results displayed in Figure 9.5, there is no significant performance disparity amongst the dif-
ferent crossover operations. Nonetheless, the GA employing the uniform crossover can be
seen to exhibit a slightly faster convergence rate, than that using the single-point and double-
point crossover. This may be due to the fact that for the uniform crossover operation, every
bit of the individual has an equal probability of being exchanged, unlike in the single-point
crossover or the double-point crossover, where the leftmost and the rightmost bits have a
lower probability of being exchanged. Hence, we shall be adopting the uniform crossover
operation for all our subsequent simulations.

2The poor BEP shown in Figure 9.4 is due to the inadequate population size in handling a sizeable search space
for K = 20.
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Figure 9.4: The bit error probability performance with respect to the number of generations of the GA-
assisted multiuser detector for various probability of mutation value p., and for K = 20
users. The configuration of the GA is specified in Table 9.3, while the simulation parame-
ters are listed in Table 9.1.

| Setup/Parameter
Individual initialisation
method
Selection method Fitness-Proportionate
Crossover operation Given in Figure 9.5
Mutation operation Standard binary mutation
Elitism No
Incest Prevention No
Population size P 30
Mating pool size T’ Population size P
Probability of mutation p,,, | 0.1

Table 9.4: Configuration of the GA used to obtain the results of Figure 9.5. Explicit description of the
fitness-proportionate selection scheme and the various crossover operations can be found in
Section 8.4.2 and Section 8.4.3, respectively.
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Figure 9.5: The bit error probability performance with respect to the number of generations of the GA-
assisted multiuser detector employing the single-point crossover, double-point crossover
and the uniform crossover for X' = 10 users. The configuration of the GA is specified in
Table 9.4, while the simulation parameters are listed in Table 9.1.

9.5.4 Effects of Incest Prevention and Elitism

Let us now investigate the effects of invoking the incest prevention and the elitism strategy,
as featured in Section 8.4. In the case of the incest prevention strategy, we will ensure that
the individuals in the mating pool are not identical. Hence, the mating pool size T" < P will
not be fixed, because it depends on the number of non-identical individuals in the population.
As for the elitism strategy, we will only replace the offspring having the lowest fitness value
in the new population with the individual corresponding to the highest fitness value in the old
population. The configuration of the GA for this investigation is specified by Table 9.5 and
the associated results are shown in Figure 9.6. A welcome improvement that can be gleaned
from Figure 9.6 is that the GA-assisted multiuser detector has finally managed to achieve the
optimum performance for K = 10, based on the configuration of Table 9.5 in conjunction
with the incest prevention and elitism strategies. Furthermore, we can see that the optimum
performance is attained only, if both strategies are invoked. This can be explained as follows.
Firstly, the incest prevention strategy will always ensure that a high diversity of individuals
is maintained in the population, since only non-identical individuals are allowed to mate.
Hence, the offspring that are produced by the crossover and mutation operations will have a
high probability that they are not identical to their parents. This will ensure that new areas
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[ Setup/Parameter | Method/\
Individual initialisation | Random
method
Selection method Fitness-Pr
Crossover operation Uniform
Mutation operation Standard t
Elitism Given in F
Incest Prevention Given in F
Population size P 30 |
Matine nool size T' — Ponulation size P if incest nrevention is not invoked |

‘Table 9.5: Conhguration of the GA used to obtain the results of Figure 9.6. Exphcit description of
the fitness-proportionate selection scheme and the incest prevention strategy can be found in
Section 8.4.2 while the uniform crossover operation and the elitism strategy can be found in
Section 8.4.3 and Section 8.4.5, respectively.

in the search space will be explored, which is always a good trait from an optimisation point
of view. On the other hand, this will also obliterate the parents associated with high fitness
values, since the offspring will constitute the new population. This is undesirable especially,
if the parent is actually the optimum solution. Hence the elitism strategy can be invoked
in order to counteract this effect. Since in our optimisation problem we are interested in
finding only one specific individual that gives the highest fitness value and not a set of likely
individuals, the elitism strategy is required to keep track of the individual having the highest
fitness value found during the course of evolution. Hence by combining these two strategies,
a fast convergence rate and a good performance can be achieved. Now that we know that the
GA-assisted multiuser detector is capable of attaining the optimum performance within 20
generations, as shown in Figure 9.6, let us now consider, whether the detector is capable of
achieving this level of performance at a faster convergence rate by invoking various selection

9.5.5 Effects of the Choice of Selection Schemes

In this section, we will attempt to identify the specific selection scheme for our GA-assisted
multiuser detector that is capable of offering a fast convergence rate, while maintaining the
same level of BEP performance that was attained in Figure 9.6. The selection schemes that
were reviewed in Section 8.4.2, namely the fitness-proportionate selection, the sigma scaling
selection, the linear ranking selection and the tournament selection, will be investigated. The
configuration of the GA is listed in Table 9.6. For the linear ranking selection scheme, we set
n* and = in Equation (8.11) to 1.9 and 0.1, respectively so as to place a higher emphasis
on the individuals exhibiting higher fitness values. As for the tournament selection scheme,
t = 5 individuals are selected from the pepulation randomly with equal probability and the
individual that corresponds to the highest fitness value within this group of ¢ individuals
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Figure 9.6: The bit error probability performance with respect to the number of generations of the GA-
assisted multiuser detector employing the incest prevention strategy and/or elitism strategy,
as featured in Section 8.4. The configuration of the GA is specified in Table 9.5, while the
simulation parameters are listed in Table 9.1 for K = 10 users.

[ Setup/Parameter | Methos
Individual initialisation Randor
method
Selection method Given i
Crossover operation Uniforr
Mutation operation Standar
Elitism Yes
Incest Prevention Yes
Population size P 30
Mating pool size T T < P depending on the total number
of non-identical individuals
Probability of mutation py,, | 0.1

Table 9.6: Configuration of the GA used to obtain the results of Figure 9.7. Explicit description of the
various selection schemes and the uniform crossover operation can be found in Section 8.4.2
and Section 8.4.3, respectively.
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assisted multiuser detector employing various selection schemes. The configuration of the
GA is specified in Table 9.6, while the simulation parameters are listed in Table 9.1 for
K =10 users.

will be chosen as the parent. Finally, for sigma scaling selection, if the probabability of
selection p; corresponding to the ¢th individual is a negative value when calculated according
to Equation (8.10), then we will set this p; value to 0.0 and discard the associated individual
from the selection process. The BEP results are shown in Figure 9.7.

As we can see, GAs utilising the fitness-proportionate selection scheme gave the best
performance. On the other hand, GAs using either the sigma scaling selection scheme or the
linear ranking selection scheme exhibited a slow convergence rate. A plausible explanation is
due to the fact that the mating pool size T" spanned over all non-identical individuals. Hence
the fitness value variance of the mating pool was high. As a result, individuals having high
fitness values are not given sufficient priority to be selected as a parent in the case of the
sigma scaling selection. Similarly, because of the linearity of Equation (8.11), the higher-
rank individuals are not assigned with a high probability of selection.

A feasible way of overcoming these shortcomings is to reduce the size T of the mating
pool, such that " < P. This implies that only the 7" < P number of non-identical individu-
als that are associated with the highest fitness values in the current population will be placed
in the mating pool. If the number of non-identical individuals in the population happens to be
less than T', then the value of T is set to be equivalent to the number of available non-identical
individuals, in order to prevent incest mating. We set 7" = 10 and when using the GA con-
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| Setup/Parameter | Mett
Individual initialisation Rand
method
Selection method Giver
Crossover operation Unifc
Mutation operation Stanc
Elitism Yes
Incest Prevention Yes
Population size I 30
Mating pool size T' T<_.. ., -
of non-identical individuals
Probability of mutation p,,, | 0.1

Table 9.7: Configuration of the GA used to obtain the results of Figure 9.8. Explicit description of the
various selection schemes and the uniform crossover operation can be found in Section 8.4.2
and Section 8.4.3, respectively.

figuration given by Table 9.7, the corresponding simulation results are shown in Figure 9.8.
Now we can see that the achievable BEP performance of the GAs employing either the sigma
scaling selection scheme or the linear ranking selection scheme has improved significantly. In
particular, the GA-assited MUD employing the sigma scaling selection scheme has an almost
identical performance to that using the fitness-proportionate selection scheme. From these
results we conclude that the mating pool size T" plays a significant part in determining the
convergence rate of the GA using a particular type of selection scheme. More specifically,
for the sigma scaling selection and the linear ranking selection the value of T" must be set
appropriately. We also have to determine the best value of ¢ for the tournament selection
scheme. On the other hand, the results obtained in Figure 9.8 for the fitness-proportionate
selection scheme are similar to those shown in Figure 9.7, where no specific mating pool size
T constraint was imposed, using 7" equal to the number of non-identical individuals in the
population during the particular generation. Furthermore, the fitness-proportionate selection
scheme does not involve any external parameters for it to work and judging from Figure 9.7
and Figure 9.8, GAs utilising the fitness-proportionate selection scheme gave the best perfor-
mance from the range of selection schemes considered. Hence, in order to reduce the number
of parameters to be optimised for the GAs to perform reliably, we will only consider the
fitness-proportionate selection scheme hereafter. In most cases, the mating pool size T' will
also be set according to the number of non-identical individuals in the population. However,
as we will see in our further discourse, there are certain situations, where a specific value of
T must be set, in particular, when the population contains many non-identical individuals.

9.5.6 Effects of a Biased Generated Population

In Section 8.1, we mentioned that instead of randomly creating the initial population of indi-
viduals at the commencement of a GA-assisted search, we can invoke any useful information
that is available to aid us in creating the initial papulation of individuals, in order to aid our
search at the beginning. In our case, we can use the hard decisions offered by the matched
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assisted multiuser detector employing various selection schemes. The configuration of the
GA is specified in Table 9.7, while the simulation parameters are listed in Table 9.1.

filter outputs Z of Equation (9.16), in order to aid our search. We shall denote these hard
decisions here as :

barr = [!'}1,.-\-.' Fyboarey oo bicar .‘-‘] (9.26)

where !;)k__ﬂ‘rp for k = 1,..., K is given by Equation (9.11). Two methods of biasing are
proposed for our investigations. Firstly, we will assign the hard decisions of Equation (9.26)
to only one individual. The remaining P — 1 individuals will be randomly generated. This
will ensure that a high diversity of individuals are present in the population at the beginning.
We shall refer to this method as M1. For our second method, we will assign a different
randomly ‘mutated” version of the hard decision vector !A)_.x 1 of Equation (9.26) to each of
the individuals in the initial population. We shall adopt the same probability of mutation
as py,. In this way, the individuals in the initial population will be almost identical. Note
that we cannot assign the same hard decision vector by to all the individuals, since incest
prevention is invoked, which will not allow identical individuals to mate. We shall refer to
this method as M2. Using the GA configuration listed in Table 9.8, the simulation results
are shown in Figure 9.9. As the figure suggests, method M2 gives a better performance in
terms of a faster convergence rate due to a good initial population of individuals. This fact
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[ Setup/Parameter | Method/Value
Individual initialisation Given in Figure 9.9
method
Selection method Fitness-proportionate
Crossover operation Unifi
Mutation operation Stanc
Elitism Yes
Incest Prevention Yes
Population size PP 30
Mating pool size T Tr<_ ., o - :

of nen-identical individuals
Probability of mutation p,,, | 0.1

Table 9.8: Configuration of the GA used to obtain the results of Figure 9.9. Explicit description of the
fitness-proportionate selection scheme and the uniform crossover operation can be found in
Section 8.4.2 and Section 8.4.3, respectively.

conforms to the results obtained in [300]. Hence we shall adopt method M2 of initialising
the initial population.

Based on the results gathered from our simulations, the final GA configuration that we
will be utilising for most of our simulations in this dissertation, unless specified otherwise
in the associated plots, is given in Table 9.9. The associated flowchart is depicted in Fig-
ure 9.10. Further useful information can be gleaned by comparing our GA configuration to
the previously proposed GA-assisted multiuser detectors [300-303] in the literature, as given
by Table 8.3. Notice that a low probability of mutation p,,, as well as no incest prevention
strategy were invoked in these proposals [300-303]. On the other hand, according to our re-
sults summarised in Section 9.5.2 and Section 9.5.4, the effects of the value of p,,, and those
of the incest prevention strategy can have a significant impact on the convergence rate and
hence also on the BEP performance of the GA-assisted multiuser detector. As shown in Fig-
ure 9.9, our proposed GA-assisted multiuser detector is capable of reaching a near-optimal
BEP performance within ¥ = 10 generations with the aid of a population size of I = 30
for k' = 10 users over an AWGN channel at an SNR of 9 dB. This constitutes a total of
P x Y = 300 number of correlation metric evaluations according to Equation (9.25). In fact,
as we have mentioned in Section 8.4.6, this number was derived based on the fact that the
fitness value is calculated for every individual in the population at every generation. However
in reality, certain individuals will reappear over the course of the evolution. Hence, the fitness
values of these individuals need not be recalculated, if they are stored in memory. Based on
our simulations for P = 30, Y = 10 and K = 10, we found that the average number of
unique K -bit combinations that were evaluated by the GA for a single bit interval was 2z 89.
Comparing this number to that of the optimum multiuser detector, which requires 2! = 1024
correlation metric evaluations for every b combination, our proposed GA-assisted multiuser
detector is capable of attaining a significantly reduced computational complexity and yet
delivering a near-optimum BEP performance up to a specific SNR value. Hence the imple-
mentation of our proposed GA-assisted multiuser detector is feasible in practical terms and
offers an alternative to the implementation of the optimum multiuser detector.
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Figure 9.9: The bit error probability performance with respect to the number of generations of the GA-

assisted multiuser detector employing different methods of initialising the individuals at
the beginning. The configuration of the GA is specified in Table 9.8, while the simulation
parameters are listed in Table 9.1 for K* = 10 users.

Setup/Parameter

Method/Value

Individual initialisation
method

Mutation of by, of Equation (9.26)

Selection method

Fitness-proportionate

Crossover operation

Uniform crossover

Mutation operation

Standard binary mutation

Elitism Yes
Incest Prevention Yes
Population size PP 30

Mating pool size T’

T < P depending on the number
of non-identical individuals

Probability of mutation p,,

0.1

Termination generation Y

10

specified.
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Table 9.9: Configuration of the GA that will be used in this disseration hereafter, unless otherwise
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Figure 9.10: A flowchart depicting the structure of the genetic algorithm adopted for our GA-assisted
multiuser detection technique, which is a - ’ o o
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Finally, it should be stressed that we have only explored a fraction of the numerous pos-
sible configurations of GAs, a fact noted at the beginning of Chapter 8. Furthermore, the
settings of certain parameters were not investigated extensively, such as the probability of
mutation p,,, the ideal mutation pool size T' and the population size P. These values will
depend very much on the number of users K and the desired quality of detection. There
are also many variants of GAs that have not been studied or indeed even highlighted in this
dissertation. Hence we made no claims about the optimality of the GAs used in this disser-
tation for the application in CDMA multiuser detection. Hence it is possible that different
GA variants, which were not covered in this dissertation, or a different set of parameters may
give an even better performance. However, we will show with the aid of the following sim-
ulation results of this chapter as well as in subsequent chapters that the GA configuration of
Table 9.9 together with the set of GA parameters that we have adopted is capable of offering
a satisfactory trade-off between computational complexity, detection delay and an acceptable
BEP performance. Using the GA configuration of Table 9.9, let us now consider the BEP per-
formance of the GA-assisted CDMA multiuser detector in both an AWGN channel as well as
in a non-dispersive-Rayleigh fading channel.

9.6 Simulation Results

9.6.1 AWGN Channel

All the results in this section were based on evaluating the BEP performance of a bit-
synchronous K'-user CDMA system over an AWGN channel. The signature sequences were
randomly generated 31-chip per bit sequences and the transmit bit energy &;, was assumed to
be equal for all users.

Figure 9.11 shows the average BEP as a function of the SNR per bit for the GA-assisted
multiuser detector for various population sizes I and different number of generations Y
for K = 10. The values of P and Y are assigned such that the maximum number of
times the objective function of Equation (9.25) was evaluated upon detecting the bit vec-
tor b during a bit interval is approximately 300. The optimum performance of the mul-
tiuser detector utilising an exhaustive search for X' = 10 is also shown. In this case,
the optimum multiuser detector has to compute the objective function of Equation (9.25)
210 — 1024 times, which corresponds to every possible combination of b. Upon observing
Figure 9.11, we notice that the GA-assisted multiuser detector is capable of achieving a near-
optimum performance up to an SNR of 8 dB at a lower computational complexity than that
of the optimum multiuser detector. Specifically, the minimum reduction in the computational
complexity offered by the GA-assisted multiuser detector over its optimum counterpart is
[(1024 — 320)/1024] x 100 = 68.75%. As mentioned previously in Section 9.5, this re-
duction in the computational complexity is expected to be higher if the repeated fitness value
evaluation of the same individual is circumvented. From Figure 9.11, we can see that the BEP
performance curves began to flatten at an SNR of 10 dB. This is due to the inadequate pop-
ulation size and/or number of generations required for the GA to converge to the optimum
performance. Recall that in Section 8.1 we stated that the GAs are not guaranteed to find
the optimal solution, unless a sufficiently large population size and an appropriate number
of generations are guaranteed. On the other hand, it is not a prerequisite that the optimum
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Figure 9.11: The bit error probability performance of the GA-assisted multiuser detector as a function
of the SNR per bit with populations size of P = 20, 30, 40 using binary random signature
sequences of length N. = 31 for K' = 10 users. The GA configuration used is listed
in Table 9.9. The values in round brackets in the legend denote the maximum number
of times the objective function of Equation (9.25) was evaluated upon detecting the bit
vector b during a bit interval.

performance must be achieved for every SNR value. The integrity of detection required is
usually dependent on the type of service the detection scheme is intended for. For example,
a speech signal may tolerate a relatively high BEP of 10~ but no latency, while a data sig-
nal may require a BEP performance below 1076, but it can tolerate a higher detection delay.
Hence we can immediately see that the GA-assisted multiuser detector is capable of offering
this trade-off by simply adjusting the values of /” and Y.

Let us now consider what happens, if the number of users K is increased to 20. In the
context of the optimum multiuser detector, an exhaustive search would required a staggering
220 = 1,048, 576 number of objective function evaluations, in order to obtain the optimum
solution. The BEP performance of the GA-assisted multiuser detector for various values of P
and Y is shown in Figure 9.12. Again, we see that by simply expanding the population size I
and by extending the number of generations Y, the near-optimal BEP performance of the GA-
assisted multiuser detector found for K = 10 can be maintained, when the number of users
is increased to X' = 20. While this will increase the associated computational complexity of
the GA-assisted multiuser detector, the maximum number of objective function evaluations
given by P x Y is still significantly lower, than that required by the optimum detector.
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m e rmmr i e vmavs prvamunie pesausenl1C€ O the GA-assisted multiuser detector as a function
of the SNR per bit with various populations sizes P and number of generations Y~ for
K = 20 using binary random signature sequences of length N. = 31. The GA config-
uration used is listed in Table 9.9. The values in round brackets in the legend denote the
number of times the objective function of Equation (9.25) was evaluated upon detecting
the bit vector b during a bit interval.

Figure 9.13 shows the average BEP performance of the GA-assisted multiuser detector as
a function of the number of users K for an SNR value of 7 dB. As we can see, for a given
number of generations Y, the population size I” must be increased, in order to maintain the
same level of BEP performance as K is increased. However, the required increase in the
population size P is not exponentially proportional to the number of users. Furthermore,
there is a gradual degradation in the BEP performance for a given population size P and
termination generation Y, as the number of users K increased.

9.6.2 Single-path Rayleigh Fading Channel

In this section, the BEP performance of the GA-assisted multiuser detector is evaluated for a
bit-synchronous K -user CDMA system over a non-dispersive Rayleigh fading channel. The
signature sequences were randomly generated N. = 31-chip per bit sequences and the users’
CIR coefficients e/ were assumed to be known at the receiver. With the exception of
Figure 9.17, the transmit bit energy &;. was assumed to be equal for all users.

Figure 9.14 shows the BEP performance of the GA-assisted multiuser detector for differ-
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Figure 9.13: The bit error probability performance of the GA-assisted multiuser detector as a function
of the number of K users with populations size of P = 40, 80, 120, 160, 200 and " = 10
using binary random signature sequences of length N. = 31. The GA configuration used
is listed in Table 9.9. The values in round brackets in the legend denotes the number of
times the objective function of Equation (9.25) was evaluated upon detecting the K -bit
vector b during a bit interval,

ent number of generations Y and for different population sizes I°. The optimum performance
for K = 10 users was also plotted for comparison. As it can be seen from the figure, the
combination of 7 = 40 and ¥ = 10 — which constitutes a maximum of 40 x 10 = 400 num-
ber of objective function evaluations according to Equation (9.23) — was capable of achieving
a near-optimal BEP performance. For SNR values beyond 40 dB, the system exhibited an
error floor due to the performance limitations of the GA in conjunction with the given [/ and
Y values studied. At lower values of Y and P, the error floor occured at a lower SNR value.
For instance, at Y = 10 and P = 20, which requires a maximum of 200 number of ob-
jective function evaluations according to Equation (9.23), the error floor occured at an SNR
value of about 32 dB, while for SNR values up to 24 dB, the detector exhibited near-optimum
BEP performance. Hence, again it was shown here that the GA-assisted multiuser detector
was capable of offering a trade-off between computational complexity and the optimum BEP
performance.

In order to show that the computational complexity of the GA is not exponentially depen-
dent on the number of users i, the BEP performance was evaluated in Figure 9.15 for various
number of users, employing 7 = 40, 80, 120, 160, 200 in conjunction with ¥” = 10. The re-
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nmen sen ee ane v vesus pavamuanesg pesasaandCE Of the GA-assisted multiuser detector as a function
of the SNR per bit for K’ = 10 users with various combinations of P and Y in conjunction
with perfect channel estimation using binary random signature sequences of length N. =
31. The GA configuration used is listed in Table 9.9. The values in round brackets in the
legend denote the maximum number of times the objective function of Equation (9.25)
was evaluated upon detecting the bit vector b during a bit interval.

sults are shown in Figure 9.15. At P = 40 and Y = 10, we can see that the BEP performance
gradually degrades upon increasing the number of users, due to the limited population size
P, which was too small for adequately exploring a significantly larger search space. As the
population size P is increased, the BEP improves. For a population size of P = 160, we can
see that the GA-assisted detector is capable of attaining a near-optimal performance, while
supporting /X = 20 users. More importantly, we noted that the number of correlation metric
evaluations, seen within the brackets in the legend of Figure 9.15 increases slower than expo-
nentially as a function of the number of users. For example, when K is increased from 10 to
16, the population size I” has to be increased from 40 to 120, in order to maintain the same
level of performance. This constituted a factor of 1200/400 = 3 increased computational
complexity, when K was increased from 10 to 16, while maintaining a near-optimum BEP
performance. By contrast, the computational complexity of the optimum multiuser detection
using exhaustive search would be increased by a factor of 2'%/210 = 64. Similarly, when
K is increased to 20, a population size of 7 = 160 is sufficient for attaining the same level
of BEP performance. This constituted only a factor of 1600/400 = 4 increased computa-
tional complexity. Furthermore, in contrast to the reduced-complexity tree-search type algo-
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Figure 9.15: The bit error probability performance of the GA-assisted multiuser detector as a function
of the number of K users with populations size of P = 40, 80, 120, 160, 200 and " = 10
in conjunction with perfect channel estimation using binary random signature sequences
of length N. = 31. The GA configuration used is listed in Table 9.9. The values in round
brackets in the legend denote the number of times the objective function of Equation (9.25)
was evaluated upon detecting the K -bit vector b during a bit interval.

rithms [311,312] — which can also achieve a near-optimum BEP performance at a complexity
lower than that of the optimum detector — the detection time required by our GA-based mul-
tiuser detector to reach a decision is independent of the number of users. Additionally, for the
tree-search algorithms a noise whitening filter is required. Figure 9.16 portrays the achiev-
able complexity reduction factor of the GA-assisted multiuser detector, which was defined
as % Specifically, the numerator quantifies the number of correlation metric evaluations
required by the optimum multiuser detector, while the denominator indicates the number of
correlation metric evaluations required by the GA-assisted multiuser detector, in order to at-
tain the optimum performance at an SNR value of 24 dB. This figure was extracted from the
results obtained in Figure 9.15. As seen from the figure, the complexity reduction offered by
the GA-assisted multiuser detector over the optimum detector becomes more significant, as
the number of users is increased.

Figure 9.17 shows the near-far resistence of the proposed GA-assisted multiuser detector
in conjunction with perfect CIR estimation. The average received bit energy &; of the desired
user remained unchanged, while the energies of all other users & for k = 2,..., K were
either 6 dB or 10 dB higher, than that of the desired user. We can see that the GA-assisted
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Figure 9.16: The complexity reduction factor between the optimum multiuser detector and the GA-
assisted multiuser detector according to ;?: > where the numerator denotes the number
of correlation metric evaluations required by the optimum multiuser detector, while the
denominator denotes that required by the GA-assisted multiuser detector, in order to attain

the optimum performance at an SNR value of 24 dB, based on the results of Figure 9.15.

multiuser detector was near-far resistent.

9.7 Chapter Summary and Conclusions

In this chapter, our model of a bit-synchronous CDMA system communicating over a single-
tap Rayleigh fading channel was presented in Section 9.2 and its equivalent discrete represen-
tation was considered in Section 9.3. Based on this model, the optimum multiuser detector
based on the maximum likelihood criterion was derived in Section 9.4. It was shown that the
correlation metric of Equation (9.23) for the optimum multiuser detection scheme is cast in
the form of a combinatorial optimisation function and its computational complexity is expo-
nentially proportional to the number of users. Thus its implementation becomes impractical,
when there is a high number of users. A GA-assisted multiuser detector was proposed in this
chapter, in order to circumvent the above-mentioned complexity problem. According to the
results obtained from other similar GA-assisted multiuser detector proposals [300-303] found
in the literature, which were summarised in Section 9.5.1, traditional GAs generally have a
slow convergence rate, rendering them unsuitable for real-time data detection. In order to

136



332 CHAPTER 9. GA-ASSISTED MULTIUSER DETECTION FOR SYNCHRONOUS CDMA

10 —

. O —- &/£,=0dB for k=2,...K

A -—- £/6=6dB for k=2....K

O —- £/6,=10dB fork=2,...K

— Optimum,K=10 (1024)
[} o ;
-D -
2 x :
a4 i
§ 10 E
T :
= 2 K=10 . :

SN Iiner bit fo?vU ser 1

Figure 9.17: The bit error probability performance of the GA-assisted multiuser detector for K =
10 users with & /€, at 0 dB, 6 dB and 10 dB for k = 2,... ., K in conjunction with
perfect channel estimation using binary random signature sequences of length 31. The
GA configuration used is listed in Table 9.9. The values in round brackets in the legend
denote the number of times the objective function of Equation (9.25) was evaluated upon
detecting the -bit vector b during a bit interval.

mitigate this impediment, we conducted a series of experiments presented in Section 9.5, for
finding a particular GA configuration, from the family of techniques highlighted in Chapter 8,
which can offer the best trade-off between the detection delay, computational complexity and
BEP performance. Based on the results obtained from our experiments, the GA configura-
tion that we have adopted in our GA-assisted multiuser detector was given in Table 9.9. The
notable differences between our favoured GA configuration and those utilised in [300-303],
as shown in Table 8.3, are the probability of mutation p,, and the employment of the incest
prevention strategy. As suggested by in Figure 9.3 and in Figure 9.6, these two features can
have a significant impact on the convergence rate and hence on the achievable BEP perfor-
mance of the GA-assisted multiuser detector. For our advocated GA configuration, the incest
prevention strategy and a relatively high value of p,, were invoked, since a faster conver-
gence and aan improved BEP performance can be achieved, as illustrated in Figure 9.3 and
in Figure 9.6. Last but not least, the BEP performance of the GA-assisted multiuser detector
was assessed in Section 9.6 for a bit-synchronous CDMA system for transmission over an
AWGN channel as well as a single-path Rayleigh fading channel. We have shown that with
the aid of a sufficiently high population size I” and for a reasonable number of generations
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Y, the BEP performance of the GA-assisted multiuser detector approaches that of the opti-
mum multiuser detector at the cost of a significantly lower computational complexity. Our
results for a single-tap Rayleigh fading channel were obtained based on the perfect knowl-
edge of each user’s CIR coeflicients at the receiver. In reality, these CIR coeflicients have to
be estimated by some means. In our next chapter, we will show that it is possible to extend
the GA-assisted multiuser detector introduced in this chapter, such that the users” CIR coef-
ficients can be estimated concurrently with the data detection without the assistance of any
pilot signals.
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Orthogonal frequency division multiplexing (OFDM) [80,422-424] is a parallel data trans-
mission scheme in which high data rates can be achieved by transmitting U orthogonal sub-
carriers. The inter-symbol interference (ISI) and inter-channel interference (ICI) in OFDM
systems are reduced by the insertion of guard intervals and code synchronization is made
easier by the extended symbol period engendered by the associated serial-to-parallel conver-
sion preceeding the parallel transmission of low-rate subchannels. Recently, code-division
multiple-access (CDMA) systems based on the combination of CDMA schemes and OFDM
signaling, which are referred to as multicarrier CDMA systems, have attracted attention in
the field of wireless communications [20,69-71,78,79,424-462]. This is mainly due to the
need to support high data rate services in wireless environment characterized by highly hos-
tile radio channels. These signals can be efficiently modulated and demodulated using Fast
Fourier Transform (FFT) devices without substantially increasing the receiver’s complexity.
These systems also exhibit the attractive feature of high spectral efficiency, since they can
operate using a low Nyquist roll-off factor [80]. Hence, OFDM systems can approach the
2 Baud/Hz maximum bandwidth efficiency associated with Nyquist sampling. The combi-
nation of code division and OFDM can combat the effects of fading channels by spreading
signals over several carriers, in order to achieve frequency diversity.

Depending on whether all the subcarriers are activated on each transmission, multicarrier
CDMA arrangements can be classified as the non-frequency hopping multicarrier CDMA and
the frequency-hopping assisted multicarrier CDMA schemes. The family of non-frequency
hopping multicarrier CDMA schemes includes multicarrier CDMA using frequency-domain
spreading [447,454,457,462], subchannel band-limited multicarrier direct-sequence CDMA
(DS-CDMA) [448,453], orthogonal multicarrier DS-CDMA [69,431,449,460] and multitone
DS-CDMA [450,463]. The class of frequency-hopping assisted multicarrier CDMA schemes
belongs to the extended family of the above multicarrier schemes, which include multicar-
rier DS-CDMA using adaptive frequency-hopping [461], as well as multicarrier DS-CDMA
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using adaptive subchannel allocation [439] and the subclass of constant-weight code assisted
multicarrier DS-CDMA using slow frequency-hopping [70, 78,425].

Based on their signal spreading model, multicarrier schemes can also be categorized
mainly into two types. In the first class of schemes, the serial data stream is first spread
by a spreading code and then converted into N, parallel chip sequences with each chip mod-
ulating a different subcarrier. The number of subcarriers is /NV,,, which equals the number
of chips per data symbol. The spreading operation in this type of multicarrier CDMA ar-
rangements occurs in the frequency-domain. This type of systems combine the robustness
of orthogonal modulation with the flexibility of CDMA schemes [79,440]. In the second
type of multicarrier CDMA systems, the original data stream is first serial-to-parallel con-
verted into U substreams. Then, each substream is spread using a given spreading code in the
time-domain, and finally, modulates a different subcarrier with each of the data stream. In the
second type of multicarrier CDMA each subcarrier’s signal is similar to that of a conventional
the normal single carrier DS-CDMA scheme [69]. The first class of multicarrier CDMA only
includes one particular scheme, namely multicarrier CDMA using frequency-domain spread-
ing [447,454,457,462], while other known multicarrier CDMA schemes belong to the second
family.

One of the main implementation disadvantages at the transmitter side of OFDM based
multicarrier CDMA systems is the high peak-to-average power ratio [423,436] of the trans-
mitted signal. Whenever the peak transmitted power is limited by regulatory or implementa-
tional constraints - such as the minimum required transmit power or the power efficiency of
the amplifier - this has the effect of reducing the average power of the transmitter and limiting
the range of transmissions. Moreover, since the multicarrier signal exhibits a high amplitude
variation, it is subject to nonlinear distortions inflicted by the power amplifier. This distortion
inevitably results in out-of-band emissions and co-channel interference, potentially causing a
significant degradation in the system’s performance.

In this chapter the performance of different multicarrier CDMA systems is investigated
over frequency-selective Rayleigh fading channels. Section 17.2 reviews family of the multi-
carrier CDMA schemes, analyzes their characteristics and discusses their advantages as well
as disadvantages in terms of their transmitter and receiver structures. We will also consider
their spectral efficiency and spreading gain. In Sections 17.4 to 17.8 we analyze a range of
typical multicarrier CDMA schemes in depth and derive their corresponding bit error proba-
bility. Let us now commence our overview of multicarrier CDMA systems.

17.2  Overview of Multicarrier CDMA Systems

In this section we review the class of multicarrier CDMA schemes, which have been dis-
cussed in the literature. Specifically, we discuss their design parameters, spectral characteris-
tics, advantages and disadvantages in terms of the transmitter and receiver structures as well
as their spectral efficiency. The bit error rate (BER) performance analysis of these multicar-
rier CDMA schemes is provided in the following sections. Before considering these schemes
in more detail, we first list some their common parameters.

o W, (Hz): Overall spectral null-to-null system bandwidth;

o Wy, (Hz): Null-to-null transmission bandwidth of each subcarrier signal;
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o Wy (Hz): null-to-null bandwidth of the binary baseband data signal;

e T}: Binary bit duration;

e T,: Transmitted symbol’s duration;

e T.: Chip duration of the spreading codes in the multicarrier CDMA system;

e T.;: Chip duration of the spreading codes in the single-carrier CDMA system;
e fo: RF carrier frequency;

o N = W,/Wy = Ty/T.1: Spreading gain of BPSK modulated single-carrier DS-
CDMA signals;

e N, = T,/T.: Spreading gain of BPSK modulated subcarrier DS-CDMA signal. or
number of chips per symbol;

o N, =T,/T.: Number of chips per b

L4 Lli Numbcr Of TESO]VElbIE propagauun paus CAPCLICHILEU UY UIT dIIEIC-LALLITL L0
CDMA signal;

e A: Spacing between two adjacent subcarriers;

e SG: Spectral gain, which is defined as the ratio between the bandwidth required by the
multicarrer scheme without overlapping and the actual bandwidth of the corresponding
multicarrier scheme.

Having defined the common multicarrier CDMA parameters, let us first highlight the
concepts associated with frequency-domain spreading.

17.2.1 Frequency-Domain Spreading Assisted Multicarrier CDMA

Fig.17.1 shows the transmitter diagram of the multicarrier CDMA (MC-CDMA) scheme
associated with frequency-domain spreading [447, 454, 457,462]. The MC-CDMA trans-
mitter spreads the original data stream over NV, subcarriers using a given spreading code of
{ei[0], ex[1],. .. . cx[Np — 1]} in the frequency domain. Observe in Fig.17.1 that this scheme
does not include serial-to-parallel data conversion and there exists no spreading modulation
on each subcarrier. Therefore, the data rate on each of the N, subcarriers is the same as the
input data rate. However, by spreading each data bit across all of the IV, subcarriers the fad-
ing effects of multipath channels is mitigated. With reference to Fig.17.1 the kth MC-CDMA
user’s transmitted signal can be expressed as:

Ny—1

si(t) = ?\I—P i bi.(t)ek[n] cos(2m frt), (17.1)
Np

n=0
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Figure 17.1: The transmitter diagram of frequency-domain spreading assisted MC-CDMA systems.

Figure 17.2: Spectrum of the frequency-domain spreading assisted MC-CDMA signal.
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where I represents the transmitted power of the MC-CDMA signal, N, is the number of sub-
carriers as well as the spreading gain, {¢;[0], e [1],... ,cx[N, — 1]} is the spreading code,
{fn, n=0,1,..., N, — 1} are the subcarrier frequencies, and finally, by (t) represents the
binary data sequence.

The spectrum of the transmitted MC-CDMA signal is shown in Fig.17.2, where we as-
sume that the MC-CDMA system has eight subcarriers and that all the chip values of the
spreading code of {¢¢[0], ex[1], ... . ex[N, — 1]} are +1. In this MC-CDMA system the sub-
carrier frequencies are chosen to be orthogonal to each other, i.e. the subcarrier frequencies
satisfy the following condition:

T
[ costemfit +61) - cos(amt + 6,)de =0, fori £ (17.2)
0

where T}, is the bit duration. Therefore, the minimum spacing A between two adjacent sub-
carriers satisfies A = TL which is a widely used assumption [447,454,457,462] and is also
the case employed in Fig.17.2, where f, = fo + # forn = 0,1,... ,N, — 1. If A = =
associated with 50% over]ap is assumed, then the bandw1dth reqmred by the MC- CDMA
system is (N, + 1) - . However, the MC- CDMA system having N, non-overlapping sub-
carriers requires a tota] bandwidth of N, - 7, Hence, the spectral gain of this MC-CDMA
system is given by:

Ny(2/Tp)

(17.3)

which approaches two, as IV, increases. Thus, this MC-CDMA system exhibits an increased
processing gain given by NV, = 2N, as explained by the 50% overlap of the main lobes of
the adjacent MC-CDMA subcarrier spectra.

Yee [447] et al. have considered a MC-CDMA system, in which the subcarriers” fre-
quency separation is higher than the coherence bandwidth of the channel, and therefore the
individual subcarriers experience independent fading. As a result, the frequency diversity is
maximized. However, this system requires a considerable transmission bandwidth. Never-
theless, the addition of an interleaver after the chip spreading would lessen this bandwidth
requirement.

This scheme can be applied in conjunction with the same set of subcarriers, to a multiple
access system by allocating each user a different spreading code. The separation of different
users is provided by the spreading codes. In the receiver the fading impaired signals of the
subcarriers are first equalized and then the different user’s signals are separated by exploit-
ing their different spreading codes. Due to the orthogonality of the subcarrier signals, in a
downlink mobile radio communication channel, we can use the Hadamard-Walsh codes as an
optimum spreading code set [79], since we do not have to pay attention to the auto-correlation
characteristic of the spreading codes.

The receiver structure of the MC-CDMA scheme is shown in Fig.17.3. In this MC-
CDMA receiver the received signal is combined, in a sense, in the frequency domain. There-
fore the receiver can always make use of all the received signal energy scattered in the fre-
quency domain. This is the main advantage of the MC-CDMA scheme of Fig. 17.1 and
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17.3 over other multicarrier CDMA schemes [79]. However, in a frequency selective fad-
ing channel different subcarriers may encounter different amplitude attenuations and phase
shifts, which can consequently result in destroying the orthogonality of the subcarriers. There
are many combining and detection techniques that can be employed by the MC-CDMA re-
ceiver, in order to efficiently exploit the received signal energy [79]. One of the most common
approaches is Maximum Ratio Combining (MRC), where the subcarrier signals’ weighting
factors, gili], i = 0,1,... ,N — 1 in Fig.17.3, are computed as the complex conjugate of
the received subcarrier signal’s envelope. This approach can minimize the BER, as long as a
single-user system is considered.

Note that the number of subcarriers does not have to be the same, as the processing gain.
If the original symbol rate is high, the signal experiences frequency selective fading. Then the
input data has to be serial-to-parallel converted, mapping the data to a number of reduced-rate
streams before spreading over the frequency domain. This is because it is crucial for MC-
CDMA signal transmission to have frequency non-selective fading over each subcarrier [79].
This arrangement has been studied in [435,440].

17.2.2 Orthogonal Multicarrier DS-CDMA scheme — Type I

In [448,453] a multicarrier DS-CDMA system has been proposed (we refer to this scheme
as multicarrier DS-CDMA-I system), in which a data sequence multiplied by a spreading
sequence modulates U subcarriers. The transmitter diagram of the multicarrier DS-CDMA-I
system used in [453] is similar to Fig.17.4, except that band-limited subcarrier signals are
employed in [453]. Similarly to Fig.17.1, this scheme does not include serial-to-parallel data
conversion either. However, each subcarrier signal is direct sequence (DS) spread using a
common spreading sequence ¢ (t), as shown in Fig.17.4. Therefore, the symbol duration of
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Figure 17.4: The transmitter diagram of the orthogonal multicarrier DS-CDMA-I system.

Figure 17.5: Spectrum of time-domain spreading assisted MC-CDMA signals.
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the multicarrier DS-CDMA signal is the same, as that of the input data bit duration. With the
aid of Fig.17.4, the transmitted signal of user k in the multicarrier DS-CDMA-I system can
be expressed as [453]:

2 u
sp(t) = 1!% Z br.(t)er () cos(2m ful + Oku)s (17.4)
u=1

where P is the transmitted power of the multicarrier DS-CDMA-I signal, U is the number of
subcarriers, while bi(t) and ¢ (t) are the baseband data sequence and the spreading wave-
forms, respectively. Finally, f, foru = 1,2,... ,U are the subcarrier frequencies and ¢y,
foru = 1,2,...,U are the initial phases introduced by the subcarrier modulation.

The spectrum of the multicarrier DS-CDMA-I signal without overlap having eight subcar-
riers is shown in Fig.17.5. In the multicarrier DS-CDMA-I system the subcarrier frequencies
are usually chosen to be orthogonal to each other after spreading, which can be formulated
as:

T,
f cos(2m fit + ¢;) - cos(2m fit + ¢ )dt = 0, fori # j, (17.5)
0

where T, is the chip duration Therefore, the minimum 5pacing A between two ddjacent
subcarriers satisfies A = 7-. Fig.17.5 shows the case of A = £ For the case of A = £,
there exists no spectral overlap between the spectral main-lobes of two adjacent subcarriers
and hence the spectral gain is SG' = 1. However, if the spacing between adjacent subcarriers
is assumed to be A = Tlr_, the spectral gain is then given by:

. u@e/m)
S¢=wr /Ty (17.6)

that approaches two, when the number of subcarriers is high.

Let us assume that T,; is the chip duration of the spreading code corresponding to a
single-carrier DS-CDMA system. The processing gain of a corresponding single-carrier DS-
CDMA system — which is defined as the ratio of the system’s ‘null-to-null” bandwidth to
the binary data’s ‘null-to-null’ bandwidth — is assumed to be N = T}, /T.1. Hence, for the
multicarrier DS-CDMA-I system using A = T , the bandwidth of each subcarrier is a factor
of U lower, than that of the corresponding smgle carrier DS-CDMA system having identical
data rate and identical system bandwidth. Therefore, the chip duration of the spreading code
corresponding to the multicarrier DS-CDMA-1 system of Fig.17.4 is a factor of U higher, than
that of the corresponding single-carrier DS-CDMA system. Consequently, the processing
gain of each subcarrier signal is N. = T, /UT,; = N/U and the system’s processing gain is
N, =U: N, = N, which is the same as that of the corresponding single-carrier DS-CDMA
system. For the case of A = T , the chip duration of the spreading code corresponding to the
multicarrier DS-CDMA-I system is given by T.. = (U + 1)T,1/2 and hence, the processing
gain of each subcarrier signal is N, = T3,/T. = 2N /(U + 1). By contrast, the multicarrier
DS-CDMA-I system’s processing gain is N, = U - N, = 2UN/(U + 1). The multicarrier
DS-CDMA-I system increased the processing gain by about a factor two, if 50% overlap of
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Figure 17.6: The receiver block diagram of the time-domain spreading assisted multicarrier DS-
CDMA-I systems.

the main lobes of the adjacent subcarrier sj

The receiver block diagram of the multicarrier DS-CDMA-I system is shown in Fig.17.6.
In the multicarrier DS-CDMA-I system frequency diversity is achieved by combining the
U correlator’s outputs associated with the U subcarriers. The receiver provides a correlator
for each of the U subcarriers, and the outputs of the U correlators are combined to yield a
processing gain comparable to that of a single -carrier DS system, provided that the spacing
between two adjacent subcarriers is A = T This system has a range of advantages [453].
Firstly, the multicarrier DS-CDMA-I system is robust to multipath fading due to the fre-
quency diversity achieved over the subcarriers. Secondly, the multicarrier DS-CDMA-I sys-
tem exhibits narrowband interference suppression effect due to the DS spreading. Thirdly,
a lower chip rate is required - which has the advantage of reduced-complexity parallel im-
plementation - since, in a multicarrier DS-CDMA-I system having [/ subcarriers the entire
bandwidth of the system is divided into U equi-width frequency bands. Thus each subcarrier
frequency is modulated by a spreading sequence having a chip duration, which is U times as
long as that of the corresponding single-carrier DS-CDMA system. In other words, a multi-
carrier system requires a lower speed, parallel-type of signal processing, in contrast to a fast,
serial-type of signal processing in a single carrier RAKE [95] receiver. This, in turn, might
be helpful for implementing a low power consumption device. Finally, the multicarrier DS0-
CDMA-I system does not require a contiguous frequency band, hence available spectral gaps
can be efficiently exploited.

In [453] the performance of the multicarrier DS-CDMA-I system has been investigated by
assuming that each subcarrier signal encounters independent non-frequency selective fading.
If the DS spreading code’s chip rate is high, the signal is subject to frequency selective fading.
Then, RAKE receivers associated with each of the subcarriers can be implemented, in order
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Figure 17.7: The transmitter diagram of the orthogonal multicarrier DS-CDMA-II system.

to combine the energy scattered over different paths. However, if the subcarriers are subject
to correlated fading, then, interleaving over time can be employed, in order to guarantee
the independence of the subcarrier signals. For example [453], suppose the first I/ symbols
emitted by the source modulate the I/ subcarriers in the first time interval. In the second time
interval, the same U symbols modulate the U subcarriers after a cyclic shift by one symbol.
In the ith interval, 1 < i < U, the (i — 1)th shifted version of the data modulates the U
subcarriers.

17.2.3 Orthogonal Multicarrier DS-CDMA Scheme — Type 11

Orthogonal multicarrier DS-CDMA systems — which we refer to here as multicarrier DS-
CDMA-II systems — have been studied in [69,431,449,460]. The orthogonal multicarrier
DS-CDMA transmitter spreads the serial-to-parallel converted data streams using a given
spreading code in the time domain so that the resulting spectrum of each subcarrier can satisfy
the orthogonality condition with the minimum frequency separation [69,449]. This scheme
was originally proposed for an uplink communication system, because this characteristic is
effective for establishing a quasi-synchronous channel. The transmitter diagram shown in
Fig.17.7 for the multicarrier DS-CDMA-II system is the same as that used in [69], which can
be interpreted as the extension of the multicarrier DS-CDMA-I system shown in Fig.17.4. In
this scheme the initial data stream is serial-to-parallel converted to a number of lower-rate
streams. Each of these lower-rate streams is spread by the spreading code ¢y, (t) of Fig.17.7,
feeding a number of parallel streams having the same rate. Each of the latter lower-rate
parallel streams is bit-interleaved and these streams modulate the orthogonal subcarriers with
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Figure 17.8: Spectrum of the orthogonal multicarrier DS-CDMA signal.

a successively overlapping bandwidth, as shown for example in Fig.17.8.

The spectrum of the multicarrier DS-CDMA-II signal is shown in Fig.17.8. In the multi-
carrier DS-CDMA-II system subcarrier frequencies are chosen to be orthogonal to each other
with the minimum frequency separation. The orthogonality is ensured by Eq.(17.5), but the
spacing between two adjacent subcarriers is chosen tobe A = 1/T¢.

Let { fi1, fi2,... , fu=pq} be the subcarrier frequencies, which are arranged according
to Fig.17.8. These subcarrier frequencies can be written in the form of a matrix as:

(.fu fiz . fig
for foa o Sy a7.7

1hen, according to the transmitter diagram of Fig.17.7, the bit stream having a bit duration
of T}, is first serial-to-parallel converted into ¢ parallel streams. The new bit duration on each
substream, which is referred to here as the symbol duration, is Ty = ¢T}. Each substream,
bpi, k= 1,2,... ,K;i=1,2,...,q feeds p parallel streams and modulates p subcarriers
from the same column of Eq.(17.7). It can be shown from Fig.17.8 that these subcarrier fre-
quencies modulated by the same data bit have maximum frequency separation, which ensures
the independence of the fading endured by the subcarriers modulated by the same data bit.
The transmitted signal of user % is given by:

q p S
=23 1/%3;;“-(:)0,\,(1) cos(2m fjit), (17.8)

i=1 j=1

where P is the transmitted power of each stream, by;(t) represents the data sequence of the
ith stream, while ¢ () is the common spreading code in Fig.17.7.
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Figure 17.9: The receiver block diagram of the orthogonal multicarrier DS-CDMA systems.

The spectral gain of the multicarrier DS-CDMA-I1I system is given by:

. pq(2/Te) 2U

SG = = ; 17.9
Ga+ DO/T) T+ e

which approaches two as U = pgq increases. The chip duration of the spreading code ¢ (t)

employed by the orthogonal multicarrier DS-CDMA system is 7. = (pq + 1)T1/2 = (U +

1)T%1 /2, where T represents the chip duration of a corresponding single-carrier DS-CDMA

scheme (p = g = 1). The spreading gain of each subcarrier signal is given by:

qTy 2N

SRR ES (17.10)

N.=qh/T. =

By contrast, the multicarrier DS-CDMA-II system’s spreading gain is N, = p - N, =
2UN/(U + 1). Thus, the multicarrier DS-CDMA-II system exhibits an increased processing
gain, which amounts to approximately a factor of two, as explained by the 50% overlap of
the main lobes of the adjacent subcarrier spectra.

The receiver block diagram of the multicarrier DS-CDMA-II system is shown in Fig.17.9.
The receiver provides a correlator for each subcarrier and the correlator outputs associated
with the same data bit are combined to form a decision variable. Finally, a parallel-to-serial
converter is employed to recover the serial data stream.
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Figure 17.10: The transmitter diagram of the multitone DS-CDMA system.

In the multicarrier DS-CDMA-II system, provided that each subcarrier signal is subject
to frequency selective fading, a further RAKE receiver can be employed, in order to match
each subcarrier signal and combine the energy scattered by the multipath channel.

The multicarrier DS-CDMA-II scheme can provide the following advantages [69].
Firstly, the spreading processing gain is increased compared to the corresponding single-
carrier DS-CDMA scheme. Secondly, the effect of multipath interference is mitigated be-
cause of DS spreading. Thirdly, frequency/time diversity can be achieved. Finally, a longer
chip duration may lead to more relaxed synchronization schemes. However, a high complex-
ity receiver has to be implemented and forward error control (FEC) techniques must be used,
in order to enhance its associated performance.

17.2.4 Multitone DS-CDMA Scheme

Multitone DS-CDMA scheme was proposed by Vandendorpe in [450,463]. The multitone
DS-CDMA transmitter spreads the serial-to-parallel converted data streams using a given
spreading code in the time domain, so that the spectrum of each subcarrier prior to the
spreading operation can satisfy the orthoganality condition with the minimum frequency sep-
aration [463]. Therefore, there exist strong spectral overlap among the different subcarrier
signals after DS spreading. The transmitter diagram and the spectrum associated with eight
subcarriers for the multitone DS-CDMA signal are shown in Fig.17.10 and Fig.17.11, re-
spectively. At the transmitter side of Fig.17.10, the binary data stream having a bit duration
of T}, is serial-to-parallel converted to U parallel substreams. The new bit duration on each
subcarrier, which defines the modulated symbol duration is 7y = UTj. The ith substream
modulates the subcarrier frequency f;, i = 1,2,... ,U. The multitone signal is obtained
by the addition of the different subcarriers’ signals. Then, spectrum spreading is imposed
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Figure 17.11: Spectrum of the multitone DS-CDMA signal.

on the multitone signal by multiplying it with a spreading code, as shown in Fig.17.10. The
transmitted signal of user k can be expressed as:

u
si(t) = Z \/ﬁbku(t)ck(t) cos(2m ful + Opu), (17.11)

u=1

where P represents the transmitted power of each subcarrier, by, (t) represents the data se-
quence modulating the uth subcarrier, ¢ (t) is the spreading code of user k, while f,, and ¢y,
are the uth subcarrier frequency and modulation phase.

In the multitone DS-CDMA system the subcarrier frequencies are chosen to be orthog-
onal to each other with the minimum frequency separation before spreading, which can be

SRS Fb i, RIS

1z
f cos(2m fit + ¢;) - cos(2m fit + ¢;)dt = 0, fori # j. (17.12)
0

It can be shown that the minimum spacing of the subcarrier frequencies is 1/7T, = 1/UT;,.
Let 7, represent the chip duration of the corresponding single-carrier DS-CDMA system.
Referring to Fig.17.11, it can be shown that the chip duration of the spreading code for the
multitone DS-CDMA system is given by:

2UN

Tp = w1,
CTWN-U+1°

(17.13)

where N is the spreading gain corresponding to a single-carrier DS-CDMA system. Observe
that T, approaches T, as N increases. The spreading gain of the subcarrier signal is given
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by:
N, = T,/T.
2UN
= Ul ———7—T.
[N =1
2UN -U+1
_ % (17.14)

which can be approximated by UN, when N is sufficiently high. Since different data bits
are transmitted on different subcarriers, the overall system’s processing gain is also given by
Eq.(17.14).

The spectral gain of the multitone DS-CDMA system is given by:

U@2/T.)
2/T. + (U —-1)/T;
2N.U

L m— 17.15
2N AU —-17 ( )

SG =

that approaches U/, when N, is sufficiently high, which is the highest SG among the multi-
carrier schemes considered.

The receiver block diagram of the multitone DS-CDMA system is shown in Fig.17.12.
The receiver is composed of I/ RAKE combiners, each of which has the same structure as
the single-carrier DS-CDMA RAKE receiver. This is an optimum receiver for an AWGN
channel [463]. Unfortunately, the multitone DS-CDMA scheme suffers from inter-subcarrier
interference and requires a high-complexity RAKE based receiver. However, the capability
to use longer spreading codes results in the reduction of self-interference and multiple access
interference, as compared to the spreading codes assigned to a corresponding single-carrier
DS-CDMA scheme. The multitone DS-CDMA scheme uses longer spreading codes than
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Figure 17.13: The transmitter schematic of the adaptive frequency-hopping assisted multicarrier DS-
CDMA system.

the corresponding single-carrier DS-CDMA scheme [79], where the relative code-length ex-
tension is in proportion to the number of subcarriers. Therefore, the multitone DS-CDMA
system can accommodate more users.

We have reviewed the family of verious multicarrier-based CDMA schemes such as MC-
CDMA, multicarrier DS-CDMA-I, multicarrier DS-CDMA-II and multitone DS-CDMA in
the previous four subsections. A common property of these multicarrier-based schemes is
that all the subcarriers in the system are activated for each transmission. By contrast, in the
following three subsections, multicarrier-based CDMA schemes are reviewed, where each
transmission only exploits a fraction of the subcarriers provided by the system. In these
schemes frequency-hopping techniques are employed, in order to efficiently utilize the system
bandwidth abailable. Hence, these schemes are referred to as frequency-hopping multicarrier
DS-CDMA (FH/MC DS-CDMA) schemes.

1/.4.D AUdPUVE FIEYUEnCy-rivppuyg AsSSISIEU HUIUCATTIET UD-U VLA

scheme

Multicarrier DS-CDMA systems using adaptive frequency-hopping (AFH/MC DS-CDMA)
was proposed by Chen, et. al [461] for uplink (mobile-to-base) transmissions. This scheme
bears close resemblance to the orthogonal multicarrier DS-CDMA-I or multicarrier DS-
CDMA-II scheme of figures 17.4 and 17.7, respectively. In the AFH/MC DS-CDMA scheme
the total system bandwidth is divided into U/ equi-width subchannels, and the serial data
stream of each user is serial-to-parallel converted to U parallel substreams, where each sub-
stream is transmitted as a narrow-band DS signal over one of the subchannels. In contrast
to the transmission schemes in [69,453], where each subcarrier was used to carry part of the
transmitted information, in the AFH/MC DS-CDMA system data substreams can be trans-
mitted on any of the subcarriers, depending on the severity of the fading in a subchannel.
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However, in the above transmission scheme it is possible for more than one data substreams
belonging to the same user to be modulated on to the same subcarrier. Hence, I/ number of
spreading codes have to be assigned to each user, so that every data substream can be uniquely
identified. The number of spreading codes required for a system supporting K users is given
by KU.

The transmitter diagram of the AFH/MC DS-CDMA system using adaptive frequency-
hopping is shown in Fig.17.13. The spectrum of the transmitted signal in the AFH/MC DS-
CDMA system is similar to that seen in Fig.17.5 (A = 2/7,) or Fig.17.8 (A = 1/T}).
Hence, the spectral gain, the spreading gain of each subcarrier signal as well as the spreading
gain of the overall system are the same as that of the orthogonal multicarrier DS-CDMA-I
or multicarrier DS-CDMA-II scheme. At the transmitter side the binary data stream is first
converted to U parallel substreams Dy (t) = {bx1(2), br2(t),... , brr(t)}. These substreams
are then spread by the corresponding spreading codes Cr(t) = {cr1(t), cra(t), ... ,crv (D)}
Let Fi = {fxa(t), fia(®),--. , frvr(t)} — where fia(t) < fia(t) < ... < fr(t) —be
a set of subcarrier frequencies, which can be activated by the transmitter’s FH control unit
(TFHCU) in Fig.17.13 based on the subchannel states Vi, = {vg1, Vg2, ... , g} fed back
from the base station receiver. Finally, after modulating each subcarrier by a spread substream
according to the activated frequency set, the transmitted signal can be expressed as:

() eru(t) cos(27 frut), (17.16)

WLCIT 1 1D LT UaldIIeU puwel per suusdealn.

The receiver’s block diagram for the AFH/MC DS-CDMA system is shown in Fig.17.14.
The receiver is constituted by a conventional correlator detector. The receiver’s ‘channel
quality estimator’ of Fig.17.14 estimates the subchannel fading parameters periodically and
passes the estimates to the receiver’s FH control unit (RFHCU). Based on the subchannel
parameters, the RFHCU generates a ' x U matrix F' given by [461]:

M, 12 ... UTIU
V2.1 v2.2 R

V= _ o . . (17.17)
VK1 VK2 ... VKU

where vy, € [0,U] denotes the number of substreams hopping to the uth subcarrier of the
kth user. Hence, the sum of each row of the matrix V is [/. The kth row of V is sent to the
TFHCU of user k through a feedback control channel [461], in order to control the following
activated subcarriers. At the same time these parameters are also used for recovering the
order of the transmitted substreams, in order to complete the despreading process, as shown
in Fig.17.14.

The success of the AFH/MC DS-CDMA scheme using adaptive frequency-hopping de-
pends on the availability of a reliable channel quality estimator on providing reasonably ac-
curate and timely estimation of the channel, on the availability of a reliable feedback control
channel and on the generation of optimal frequency-hopping patterns. In [461] the water-
filling algorithm has been proposed for deriving the optimal frequency hopping patterns. The
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Figure 17.14: The receiver block diagram of the FH/MC DS-CDMA system using adaptive frequency-
hopping.

AFH/MC DS-CDMA scheme outperforms the conventional corresponding single-carrier DS-
CDMA systems using a RAKE receiver in terms of its average bit error rate (BER). However,
the AFH/MC DS-CDMA scheme can only operate in a channel exhibiting slow variations
versus time. Furthermore, it needs a channel quality estimator and a complex algorithm for
deriving the optimal frequency-hopping patterns.

17.2.6 Adaptive Subchannel Allocation Assisted Multicarrier DS-
CDMA

In contrast to the AFH/MC DS-CDMA scheme of reference [461], which was proposed for
the uplink (mobile-to-base), the multicarrier DS-CDMA scheme using adaptive subchannel
allocation, which is referred to here as adaptive AMC DS-CDMA, was suggested for employ-
ment in the downlink (base-to-mobile) transmission [439]. The adaptive AMC DS-CDMA
scheme is based on the multicarrier DS-CDMA-I scheme of Fig.17.4 proposed in [453],
where a data sequence spread by a narrowband signature sequence modulates U subcarri-
ers. In the adaptive AMC DS-CDMA scheme of Fig.17.15, instead of transmitting the same
DS waveforms over all subchannels according to Fig.17.4, each user’s DS waveform is trans-
mitted over a specific favorite subchannel for the user. This favorate subchannel is determined
as follows [439]. The mobile estimates the fading amplitudes of all subchannels by exploit-
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Figure 17.15: The down link transmitter’s schematic for the multicarrier DS-CDMA system using
adaptive subchannel allocation.

ing its received pilot signal and feeds back the index of the subchannel exhibiting the highest
amplitude to the base station. With the aid of this index information, the base station allo-
cates each user’s DS waveform to the best subchannel for the user considered. This allocation
scheme is thi]uurn, p]'o\,rided that orthggo]ml enreadine endec are smnloved

The down link schematic of the adaptive AMC DS-CDMA system supporting /K" users is
shown in Fig.17.15. The system model proposed in [439] is based on the multicarrier DS-
CDMA scheme proposed in [453], where the total bandwidth of the system was divided into
U equi-width subchannels. At the transmitter of the base station, first the favorite subchannel
is selected for each user according to the channel state, and a narrowband DS waveform
is transmitted through the favorite subchannel. As shown in Fig.17.15, at the base station
the binary data waveform by (%) of the kth user is first spread by the user’s spreading code
waveform ¢y (t), yielding by (¢)cx(t). Then, the ‘best subchannel selection’ unit of Fig.17.15
chooses the best subchannel index denoted as i;, for the kth user, & = 1,2,... ,K. The
subcarrier of the best subchannel is then modulated by by.(t)c(¢). Finally, the K" number
of user signals as well as the down link pilot signal — which modulates all subcarriers — are
multiplexed for transmission to the mobile receivers. The base station’s transmitted signal
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can be written as:
K o
se(t) = D V2Phi(t)er(t) D Aulix) cos(2m fut)
k=1 )

U
+ z vV 2Pyeq(t) cos

u=1

where P represents the transmitted power of each user, Fy denotes the identical transmitted
power of the pilot signal on each subcarrier, by (f) is the data waveform of the kth user, while
ek (t) is the spreading code waveform of the kth user. Furthermore, ¢y(t) represents the
spreading code waveform of the pilot signal. In Eq.(17.18),

Ly )1, foru=i
Ay (ix) —{ 0, foruig (17.19)

indicates the subcarrier activation function.

The spectrum of the adaptive AMC DS-CDMA signal using rectangular chip waveforms
is the same as that of the orthogonal multicarrier DS-CDMA-I, which is shown in Fig.17.5.
The spectral gain and the spreading gain corresponding to a subcarrier are the same as that of
the orthogonal multicarrier DS-CDMA-I scheme using the minimum spacing of A = 2/1.,
i.e., we have SG' = 1 and N, = N/U, respectively. The overall system’s spreading gain is
also NV,

The receiver schematic of the multicarrier DS-CDMA mobile receiver using adaptive
subchannel allocation is shown in Fig.17.16, where both the coherent demodulation phases
with respect to the ith subcarrier and the despreading code are incoporated in the term
goli], i = 1,2,...,U corresponding to the pilot detection. By contrast, gj[i] corresponds
to the kth user’s detection. At the mobile’s receiver, the index of the best subchannel is de-
termined by estimating the received amplitudes of the subchannels based on the mobile’s
received pilot signal. As shown in Fig.17.16, the received signal is first coherently demodu-
lated using each subcarrier and then correlated with the despreading code of the pilot signal,
in order to obtain the decision variables characterzing the fading amplitude. The best sub-
channel estimation block estimates the fading amplitudes of all the subchannels using the
outputs of the pilot correlators. The index of the best subchannel corresponding to the sub-
channel having highest amplitude is determined, which is denoted as 44 in Fig.17.16. This
favorite subchannel index information on the one hand is sent to the base station by using a
feedback control channel and also preserved in the mobile over the subchannel quality up-
date period, in order to provide the subchannel index for the kth user’s data demodulation.
According to the index iy, the i;th subchannel of user k is selected and correlated with the
kth user’s despreading code ¢ (t) — which is included in the term of gy.[i)] in Fig.17.16 — in
order to form the decision variable for the transmitted data.

In [439] the performance of the adaptive AMC DS-CDMA system was studied over slow
Rayleigh fading channels. It was shown that the adaptive AMC DS-CDMA scheme out-
performs the multicarrier DS-CDMA scheme proposed in [453], when both orthogonal PN
spreading codes and random spreading codes were considered. Since a common pilot signal
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Figure 17.16: The mobile’s receiver schematic for the multicarrier DS-CDMA system using adaptive
subchannel allocation.

is transmitted to all users in the down link, the complexity associated with the pilot signal’s
transmission is low. However, a reliable, low-delay feedback control channel has to be as-
signed to each user, in order to send the index of the best subchannel provided by the mobile
station’s receiver to the base station, in order to control the subcarrier activation.

The adaptive AMC DS-CDMA scheme can also be extended to allocate a number of
subchannels instead of one for data transmission, in order to support variable-rate or multi-

17.2.7 Slow Frequency-Hopping Multicarrier DS-CDMA

The slow FH multicarrier DS-CDMA (SFH/MC DS-CDMA) scheme using constant-weight
codes based FH patterns has been proposed in [70, 78, 425]. This scheme can efficiently
amalgamate the techniques of slow FH, OFDM and DS-CDMA. In SFH/MC DS-CDMA
nonlinear constant-weight codes have been introduced, in order to control the associated FH
patterns and hence to activate a number of subcarriers, in order to support multi-rate services.
At the same time, a set of constant-weight codes satisfying the required minimum distance
conditions is employed, in order to assist in the determination and initial synchronization of
the FH patterns employed.

The model of the transmitter and the multiple access channel used in the analysis of
SFH/MC DS-CDMA is depicted in Fig. 17.17. Each of the & users in the system is assigned
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Figure 17.17: Transmitter and channel block diagram of the frequency-hopping multicarrier DS-
CDMA system.

a randomly generated spreading code, which procuce spread signals. In the figure, C(U, U},)
represents a constant-weight code (CWC) of user k with Uy, number of ‘1’s and (U — Uy)
number of ‘0’s assigned. Hence, the weight of C(U, Uy,) is Uy,. This code is read from a so-
called CWC book, which represents the frequency-hopping patterns. Theoretically, the size
of the CWC book is (fk] = Ul UNU =Ug)L. The CWC C(U, Uy,) plays two different roles.
Its first role is that its weight - namely U}, - determines the number of activated subcarriers
involved, while its second function is that the positions of the U number of binary ‘1’s
determines the selection of a set of U, number of activated subcarrier frequencies from the
U number of outputs of the frequency synthesizer.

At the transmitter of the kth user in Fig. 17.17 the bit stream having a bit duration of 7} is
first serial-to-parallel (S-P) converted, yielding U, parallel streams, which is controlled by the
CWC C(U, Uy,). The symbol duration, T, of the SFH/MC DS-CDMA signal is T, = U}, T},.
Multi-rate transmission can be supported by controlling the weight of the code C(U, Uy). As
seen in Fig. 17.17, after serial-to-parallel conversion each stream is DS spread, in order to
form the spread signal and this spread signal then modulates one of the selected subcarriers.
Finally, the transmitted signal of the kth user can be expressed as:

Up—1
si(t) = Z V2Pb (t)ex (1) cos (211")’_&(!“)& + {,99“)) : (17.20)

u={

where P represents the transmitted power per carrier, while U indicates the weight of the
CWC currently employed by the kth user. Furthermore, by, (t) represents the current data

stream’s waveforms, ¢ (f) denotes the kth user’s DS spreading waveforms, while { f}(,k)} and

{999‘“) } represent the current subcarrier frequency set and modulation phase set, respectively.
The spectrum of the SFH/MC DS-CDMA signal is similar to that of the orthogonal
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multicarrier DS-CDMA-I system of Fig.17.5 or orthogonal multicarrier DS-CDMA-II of
Fig.17.8, depending on the spacing, A, between two adjacent subcarriers, which may assume
A =2/T, or A = 1/T,, respectively.

rit) | H ) Decision
[ £ unit

(£ — 1)T.

Jﬂ-', +(L=1)Tn=12,...
Figure 17.18: Receiver block diagram of the frequency-hopping multicarrier DS-CDMA system.

The conventional matched filter based RAKE receiver using MRC can be invoked for
its detection, as shown in Fig. 17.18, where we assume that L number of diversity paths is
available. In contrast to the transmitter side, where only U, out of U activated subcarriers are
transmitted by user %, at the receiver all [/ subcarriers are always tentatively demodulated.
The information bits transmitted over the different subcarriers are detected in the decision
block of Fig. 17.18. Specifically, if the receiver has the explicit knowledge of the FH patterns,
the information bits conveyed by different subcarriers can be detected, as in coventional FH
systems [425]. However, if no explicit a-priori knowledge of the FH patterns is available, the
information bits can be blindly detected with the aid of the CWC codes [70]. Blind joint sofi-
detection based on maximume-likelihood sequence detection (MLSD) has been proposed and
studied in [70] over multipath Nakagami-r» fading channels. It was shown that the proposed
blind joint soft-detection techniques were capable of detecting the transmitted information
and simultaneously acquiring the FH patterns without explicit signalling.

In SFH/MC DS-CDMA systems the entire bandwidth of future wireless communication
systems can be divided into a number of sub-bands and each sub-band can be assigned a
subcarrier. According to the prevalent service requirements, the set of legitimate subcarriers
can be allocated in line with the instantaneous information rate requirements. A range of
FH techniques can be employed for each user, in order to occupy the whole system band-
width and to efficiently utilize the system’s frequency resources. Specifically, slow FH, fast
FH or adaptive FH techniques can be introduced, in order to further improve the system’s
performance. In SFH/MC DS-CDMA systems the sub-bands are not required to be of equal
bandwidth. Hence existing 2nd- and 3rd-generation CDMA systems can be supported using
one or more subcarriers, consequently simplifying the frequency resource management and
efficiently utilizing the entire bandwidth available. This regime can also remove the spec-
trum segmentation of existing ‘legacy’ systems of the past, while ensuring compatibility with
future Broadband Access Networks (BRAN) and un-licensed systems. Furthermore, a num-
ber of sub-channels associated with variable processing gains can be employed, in order to
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support various services requiring low- to very high-rate transmissions, for example for wire-
less Internet access. However, in SFH/MC DS-CDMA systems the CWC based FH patterns
must be produced in the transmitter and acquired in the receiver. Furthermore, SFH/MC DS-
CDMA systems benefit from using RAKE receivers in order to achieve diversity. Hence,
SFH/MC DS-CDMA systems have a relatively complex transmitter and receiver.

17.2.8 Summary

In this section we have briefly outlined the features of a number of multicarrier CDMA sys-
tems, which have been studied in the literature. The advantages and disadvantages of these
multicarrier CDMA schemes have been summarized. It can be shown that there are trade-offs
associated with each multicarrier CDMA scheme considered. In the following sections we
will focus our attention on the BER performance analysis of these schemes over frequency
selective Rayleigh fading channels.

17.3 Channel Model

The channel model considered in this chapter is a frequency selective channel, where the
transmitted signal is received over L independent slowly-varying flat fading channels, as
shown in Fig.16.8. The complex lowpass equivalent representation of the impulse response
experienced by subcarrier u of user k is given by:

L
k
hi(t) =Y als (t -
=1

where [ is the index of the channel impulse response (CIR) taps, 6(+) is the Dirac function,

L L

{u-fj;} }: ; {q‘;ff;) }: and {7y }f‘=1 are the random CIR tap amplitudes, phases and delays,
=1 =1

respectively. However, we assume that all subcarrier signals of the same user encounter the

same delay, i.e., 7, is independent of u. Note that, if L = 1, these terms will be represented
3 ; Y & Ly Y

by {uﬂ”]}, {@-L“} and {7y}, respectively. We assume that {”E";E)}I—l, {-:,-":E:;)}j_l and

{Tk;}f_l are mutually independent. Without loss of generality, we also assume that 7,y <

Tea < < TEL.
Ifwelet 7y = (I — 1)7, + 74, then Eq.(17.21) can be expressed as:

L

hia(t) =3 a6 (t — (1 = 1)T. — 7) exp(ih), (17.22)
=1

which represents the widely used tap-delay line mode of the frequency-selective channel [95].
(k)

o are assumed

For a multipath Rayleigh fading channel the fading amplitudes {r_.r
to be statistically independent random variables having a probability density function (PDF)

171



17.4. PERFORMANCE OF MC-CDMA SYSTEM 565

expressed as [95]:

fl) = U( ),

)¢
— oxp ( ) ; (17.23)

. L
where (! = F [((YUI)V] We assume that Z {E {(afﬁ))g} } = 1, hence, we have {2 =
=1

M(R,Q)

1/L. The phases i-:,-'_:;i","’ ot the ditterent paths and of different subcarriers are assumed
=1

to be uniformly distributed random variables in [0, 27), while the path delays of {’rk;}f’=1 of
user & are uniformly distributed in [0, 7).

17.4 Performance of multicarrier CDMA Systems Using
Frequency-Domain Spreading

In the subsection of 17.2.1 the features of the MC-CDMA scheme using frequency-domain
spreading was summarized. As shown in Fig.17.1, in this MC-CDMA scheme the transmitter
spreads the original signal using a given spreading code in the frequency domain. In other
words, a fraction of the symbol corresponding to a chip of the spreading code is transmitted
through a different subcarrier. For efficient multicarrier transmission it is crucial to have
frequency non-selective fading over each subcarrier [79]. Therefore, if the original symbol
rate is high, resulting in frequency selective fading, then serial-to-parallel conversion of the
original data stream to a number of reduced-rate substreams may be needed, in order to
increase the chip duration and hence to avoid frequency selective fading.

In this section we derive the BER for the MC-CDMA system seen in Fig.17.19 employ-
ing serial-to-parallel conversion. Specifically, we derive the BER expressions for the asyn-
chronous MC-CDMA system [440] over frequency selective Rayleigh fading channels. The
expressions derived in this section are suitable for the analysis of uplink transmissions. Let
us first consider the system model.

17.4.1 System Description

17.4.1.1 The Transmitter

The transmitter schematic of the MC-CDMA system using frequency-domain spreading,
which is based on Fig.17.1 but additional involves serial-to-parallel data conversion is shown
in Fig.17.19. The MC-CDMA system transmits [V, chips of a data symbol in parallel on IV,
different subcarriers, one chip per subcarrier, where IV, is the total number of chips per data
bit or the processing gain. Hence, the chip duration is the same as the symbol duration of the
transmitted MC-CDMA signal, i.e., T, which is given by Ty = ¢T}, since ¢ bits are trans-
mitted in a symbol duration. Throughout our discussions we assume that random spreading
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Figure 17.19: The transmitter schematic of the MC-CDMA system using frequency-domain spreading
and serial-to-parallel data conversion.

codes are employed and the frequency separation between two adjacent subcarriers is 1/7.
Hence, the subcarriers are orthogonal over chip duration T, Let

\ Jq1 Jgqz - JgN, /

be the subcarrier frequency set, which are arranged according to:

fii = fo+ [ = 1)+ G = Dal. (17.25)

Hence, according to Eq.(17.25) each column represents ¢ number of adjacent subcarriers,
while the minimum spacing between two subcarriers from the same row is ¢/ 7. In Fig.17.19
after the serial-to-parallel conversion stage, ¢ data bits of user k are spread by the spreading
code of user £ in the frequency domain. Note that the data bits mapped to different substreams
use the same spreading code. The spread signal then modulates the subcarriers mapping each
chip to a subcarrier. The subcarrier frequencies modulated by the same data bit are from
the same row of the matrix in Eq.(17.25), and these subcarriers are sufficiently separated in
frequency to avoid correlated fading. Consequently, referring to Fig.17.19 the transmitted
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signal can be expressed as:

si(t) = Z ZZ bm[n]q[1 —1]Pp,(t — nTy) cos (Q?Tfur + r’) ) (17.26)

n=-—o00 i=1 j=1

where by;[n] represents the ith data substream of user & and by;[n] is assumed to be a random
variable, assuming values of +1 or -1 with equal probability. Furthermore, ¢;[j] is the jth chip
of the spreading code {cy (1] ex[2] ... ¢x[IN, — 1]} assigned to user k, which is also assumed
to be a random variable taking values +1 or -1 with equal probability of 1/2. The variable
P_(t) represents the rectangular modulation waveform defined as P (f) = 1,if0 < ¢ < 7,
and zero otherwise. Furthermore, [;; is the subcarrier frequency associated with the ith data
substream and the (j — 1)th chip of the spreading code. Finally, ¢Ej”) is the random phase
introduced by the carrier modulation, which is assumed to be uniformly distributed in [0, 27).

We assume that frequency non-selective fading is encountered by each subcarrier signal.
Hence, the following condition is satisfied:

1/Ts << (AB)e, (17.27)

where (AB), represents the coherence bandwidth of the channel [95]. The reciprocal of
(AB), is a measure of the multipath delay spread of the channel, which is denoted by T},
Ty, =~ 1/(AB).. In order to guarantee independent fading of the subcarrier signals carrying
chips associated with the same data bit, we assume that the following condition is satisfied:

(AB). << q/Ts. (17.28)

The conditions of Eq.(17.27) and Eq.(17.28), i.e., 1/T, << (AB). << q/T, imply that the
modulated subcarriers having transmission bandWIdth of 1/T do not experience significant
dispersion.

However, if the conditions of 1/T, << (AB). << ¢/T, cannot be satisfied, the sys-
tem model of Fig.17.19 can be modified, in order to satisfy this conditions. Specifically, if
1/T, << (AB). cannot be satisfied, we can decrease the term 1/7 by transmitting more
bits per symbol, i.e, by increasing the value of ¢ in Fig.17.19. By contrast, if the condition
of (AB). << ¢/T, cannot be satisfied, the independence between the adjacent subcarriers
conveying the same data bit can be further guaranteed by incorporating sufficient interleav-
ing at the cost of an increased delay. For example, assuming that the first IV, symbols, i.e.,
= Npq bils, emitted by the source modulate the N,q subcarriers in the hrst time interval,
where each symbol is modulated by the subcarrier frequencies from the same column of
Eq.(17.24). In the second time interval, the same V), symbols modulate the V¢ subcarriers,
but cyclically shifted by one symbol. Similarly, in the ith interval, 1 < i < N, the N,
symbols after the (i — 1)th cyclic shift modulate the N,,q subcarriers. At the receiver, a dein-
terleaver is employed to recover the original ordering of the symbols. However, interleaving
techniques can only be used for the transmission of delay-insensitive data.

Here, we assume that there are K asynchronous CDMA users in the system and that all
of them use the same g and IV, values. The average power received from each user at the base
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Figure 17.20: The receiver block diagram of the MC-CDMA system using frequency-domain spread-
ing for the reference user.

station is also assumed to be the same, i.e. perfect power control is assumed. Consequently,
the received signal at the base station can be expressed as:

K o0

=3 2. ZDE&S”%[MU ~ 1P, (¢ = nT, - )

. s (QTrfijt—i-{p_E;f)) +n(t),  (17.29)

(K :
wawAV i wij 1 Wij  engag ok s s sanedl phase '.-_,','_(j ) corresponds to the subcarrier

frequency f;; of user k, which was introduced by the channel. The phase tpr(-jf) is a random
variable uniformly distributed in [0, 27). In Eq.(17.29), 73, is the misalignment of user k& with
respect to the reference user — we assumed that £ = 1 and 7y = 0 — at the receiver, which is
i.i.d for different & values and uniformly distributed in [0, 7). Furthermore, (k) represents

173

the amplitude attenuation due to the fading channel, which is assumed to be a Rayleigh

82
distributed random variable obeying the PDF given by Eq.(17.23) and 2 = F {(ug‘)) ] =

1. Finally, n(t) is the Additive White Gaussian Noise (AWGN) with zero mean and double-
sided power spectral density of Ny /2.

The receiver of the first user (£ = 1) is shown in Fig.17.20, where the superscript denoting
the reference user is omitted. The MC-CDMA receiver considered is based on coherent
correlator detector. As shown in Fig.17.20, the decision variable #Z,, of the Oth data bit in the
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uth data substream for the reference user can be expressed as:

Zp = Y s (17.30)

where g, 18 a parameter determiming which type ot combining model of the chips belonging
to the same data bit is used. Depending on the choice of {gy., v =1,2,... ,N,}, in our
analysis there are two ways of combining the chips of the same data bit, namely MRC and
equal gain combining (EGC). which we have studied in chapter XXXX. In this section the
associated BER using the MRC scheme will be investigated.

Upon substituting Ea.(17.29) into Ea.(17.30). the variable Z.... can be simplified to:

V 2Ny T St

where D, is the desired term given by:
Du(‘ = O'ut::‘-’}twbu [{]]- ( 17.3 3)

and b, [0] is the Oth data bit of the reference user transmitted by the uwvth subcarrier. Due to
the orthogonality of the subcarrier signals associated with the same user, no self-interference
is inflicted by the reference signal to the vth subcarrier of the uth data stream. The multi-user
interference imposed by user k can be divided into two terms. The first term is constituted
by the subcarrier signal having the same subcarrier frequency, f., as the branch considerd.

This term is 7\*) in Eq.(17.32), which can * '

. [ P f
IU") — T,
1 ( 2Np ) n=—oc

-Pr,(t = nTy — 7,) cos (27rfm_.t + cpf,;:))
-clv — 1](}'1:1 cos(27 fupt + Pup)di

( )b;,u [n]erlv — 1]

ag,t)qm Cos 9“')
T
- [bru[—1)er[v — 1efv — 17 + bru[O)ek[v — Le[v — (T — 71)] (17.34)

where 6% = p&ft} Puw- The second term of the multiuser interference imposed by user k is
contributed by the other subcarrier signals associated with { f;;,i =1,2,... ,q;j =1,2,...,
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Np;j # v fori = u}. The interference, ISC), arising from the subcarrier signal associated
with the frequency f;; of user k can be expressed as:

P\ & 2P
T\G,Ts /{; nzz_oo FPO'U bkdﬂ](‘.k[_] - 1]

Pr (t — nTs — 73) cos (27rf£jt + Qt(;”))
'C['(? - llﬂut! COS(Qﬂfuirt + Py )dt

1Y

(k)
Yy Gue k Ak
= T, = [Ra('j)(’fk) + Ra('j)(ﬁc)} ; (17.35)

where R.E?(Tk) and Rif)(rk) are chip-partial cross-correlation functions defined as:

Th
Rfj”) ('rk,Bg”')) /u bri[—1)ex[f — 1e[v — 1]

. cos [Q:rr[ Fin— Bl eﬂﬂ dt. (17.36)

A(k) k o
R (m6) = [ bulolenli — 1ielo — 1]

Tk

. cos [2?1'( Fip— Fig b+ 9_5;}} di. (17.37)
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and BS”) = t,.:'E;‘) — up- Upon using Eq.(17.25), Eq.(17.36) and Eq.(17.37) can be written as:

(k) k) A
RY (7,60 = ﬂ biil—Ljewli — Lefo — 1]

2w =)+ (5 —v)g]t (k)
- COS |i T, + 92-3- dt
Tobii[—1]er s — 1efv —1]

2 [(., _ T:‘-) [ adal

sin 2r (@
. s o =i Li.
Ts —'_Utj J "'}ll].i:?d"‘f Ii f.20)

~ (e I Ts
AP (0%) = [ buleali - 1o -1

- oS |:2?r (G H); (= vt + 9&?] dt
Tsbyi[0]cr[j — 1)efv — 1]
2 [(i —u) + (F — v)q]

{ sin [Qﬂ— (¢ —u) ";{J —v)q] T + 65::»}]

—sin {27{ E=w j}; U = v)] 7 + 93)] }- (17.39)

where (i — u) + (j — v)q # 0. Finally, 7,,.. is the noise term engendered by the AWGN n(t),
which can be expressed as:

-1
| P -
s ( WTS) / n(t)e[v — 1gue cos(27 fuut + @ur)dt. (17.40)
P 0

17.4.2 Performance Analysis

In order to derive the system’s bit error probability, we have to derive the PDF of the decision
variable Z,, in Eq.(17.30). First, we examine the terms in the Z,,,, expression of Eq.(17.31).

17.4.2.1 Noise and Interference Analysis

A. Noise Analysis
The noise term 1,,,, is given by Eq.(17.40), which is a Gaussian random variable with zero
mean and variance given by:

N,Ny 5
QEb .qg”.'!

Var(ny] = (17.41)
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where £}, = PT, is the energy per bit.

B. Analysis of the Multiuser Interference Term [ {k)

The first multiuser interference term I}k) expressed by Eq.(17.34) can be modeled as a
Gaussian random variable with zero mean. Its variance is given by:

VarlI] = B, 500 [(1P)?], (17.42)

where Efk ot [ | represents the average associated with the random variables 7, € [0, 7}),

o) e [0, 27). Upon substituting IEM from Eq.(17.34) into Eq.(17.42) it can be shown that

the variance of | E *) can be expressed as:

WIILLIL WE udLu Ly Lkl_.lu[:} J T Ay DUUILVG LIVYULLILY HULEACILGLLIY L LAUILIE 1D addULLILU IUL Calll

subcarrier signal, i.e. for each subcarrier signal there exists only one resolvable path.

B. Analysis of the Multiuser Interference Term . 2(}‘)

11T DTLULIL HHTUILIUDCTL LHLCHITICHILT LTI Ly CAPITOHOCU DY LA 1 /.22 ) Ldll dldU UT 1Huucicu
as a Gaussian random variable with zero mean. Its variance is derived as follows. According

to Eq.(17.35), the variance of / ék) can be expressed as:

Var[Iék)]

k
B0 [Ué ’)2]

- g; { E,, o {( BP (m, gg?})-z] +E, om [(ﬁ,g;) (7. eg?)ﬂ } :

(17.44)

WVij ThaVyg

the chip-partial cross-correlation functions defined in Eq.(17.38) and Eq.(17.39), respectively.

2 i ooy D
where E_ a0 {(RE;') ('r:.-.,é?gf))) ] and E_ 0 [(RE?) ('r;.-. 9};-'))) j| are the variances of
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Let us first derive the first term. According to Eq.(17.38), it can be shown that:

; ; 2 T2
E R (7,60 ] = :
0 {( ij (71. ij )) 4r2 (i —u) + (j — v)g]”

B o { sin® {ZN (i —u) + (G = v)gl + 9“’)}
(3

T, W

o2 k)
+ sin 9_6.3.

~ i {?'ﬁ (i —u) + (j —v)q) 7 N 9(;»)] sin G(j‘) }

T
(17.45)
LU 10 LU WILAGMIL W LUV L u?_k‘b.:;]{sinz [31\':'(1‘—!:)-}7::_-}—:!}4 T +9}j~):|} s 1/2,
Eaijj{sinj 9\8‘)} =1/2and En,ﬁ'i;'f’ {2 sin [2—"%}’_‘”@ £ 95;‘)] sin eg”)} = 0. By

substituting these terms into the above equation, finally, we obtain that:

_ (k) ®\\?| _ T
Eﬂ'k,ﬂfjf} |:(Rij (Tks'gij )) ] = 12 G—1)+ G — _v)q]g- (17.46)

Similarly, the second term of Eq.(17.44) can be derived and it can be shown that it is the
same as Eq.(17.46)

o L(R® (7 09Y))| = K
Efk:3§;} [(RU (Tk’b'f'j )) ] Tt fi-w)+ (G -0 (17.47)

Upon substituting Eq.(17.46) and Eq.(17.47) into Eq.(17.44), we obtain that the variance

of f_(k) can he exnrecced age

-
= = 2.
i—u)+(j—v)q|

(17.48)

17.4.2.2 Decision Statistics and Error 1

Now we derive the PDF of the decision variable 7, of Eq.(17.30) associated with the MRC
scheme. We approximate the multiuser interference by Gaussian noise, since it is the sum of
many independent random variables. Consequently, it can be shown that 7, of Eq.(17.32)
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can be approximated as a Gaussian random variable with normalized' mean given by:

Ny Ny
EiZu] = Z E[Z'u'v] = bu[“] Z Qo Juws (17.49)
v=1 v=1

and its normalized variance can be expressed as:

. [N,Ny (K-1) . s ] An
o2 = |: 21}3;, + — + (K = 1)g(N, — 1)];..;] -Fz_;gﬁl__, (17.50)

where I represents the average ofVar[Lgk}] asscciated with the variables of u and v as well
as i and j. For the given values of u and v, let I (u, v) be expressed as:

I(w,v) = Eij [Var[fék)]]

1 q
P IDIPD

i=1 j=1 L= L wyonoy vIdl |

j#v fori=u

then, I s can be expressed as:

Consequently, for a given set of channel attenuations ¢, v = 1,2,... , N}, the condi-
tional BER can be expressed as [95]:

A
Py = Q (V5
where Q( ) represents the Gaussian @-function, which is defined as [95]:
Q) = — /m e~ t'/2q¢ (17.54)

For the use of MRC, the channel gain associated with each subcarrier is continuously esti-
mated and multiplied by the correlator outputs. If perfect channel gain estimation is assumed,
then, g,, = . Consequently, the variable + in Eq.(17.53) using MRC can be expressed

I'The normalization is obtained from Z,, divided by (V =)
~r
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-1

. - Ey, \*
+2(fx—1)q(l\rp—1)m+(NUNP) ] . (17.56)

2K — 1)

The unconditional BER P, can be derived by weighting P,(v) of Eq.(17.53) with its
probability of occurance expressed in terms of its PDF and then averaging, i.e., integrating it
over the valid range of -y, which can be expressed as:

P = fo T (V) for, (17.57)

where f(7) is the PDF of +. Since a,, is a Rayleigh distributed random variable having PDF
given by Eq.(17.23) and €2 = 1 for the MC-CDMA scheme, Zl\_" L @2 obeys the central chi-
square distribution with 2N, degrees of freedom [95]. Finally, v given by Eq.(17.55) is also
a random variable obeying the central chi-square distribution with 2N, degrees of freedom,

which can be expressed as [95]:

1 N, —1 o
v) = — ANelexp (- ), v >0. 17.58
0=, o N"( 7) = e

Upon substituting Eq.(17.58) into Eq.(17.57) and upon simplifying the integral, it can be
shown that the BER of the MC-CDMA system using MRC can be expressed as:

Ny—1 n
(1—p) o Np—1+4+n\ [(1+p)
P, = R 17.
b [ 2 Z ( n 2 ' {1259
n=0
where, by definition:
”':\fl'i‘ﬁ:. v

When the average SNR of 7, satisfies the condition 7, >> 1, we have i%l ~ 1 and

G- ~ -1 [95]. Furthermore. we have:

ny\ 2N, -1
)_( N, ) (17.61)
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<

[

Figure 17.21: BER versus SNR per bit performance for the MC-CDMA system using frequency-
domain spreading over Rayleigh fading channels with parameters ¢ = 4 number of
bits per symbol, processing gain of N, = 32 and number of users K = 1, 5, 10, 20. The
results were computed from Eq.(17.59).

Therefore, when 7. is sufficiently high, the BER of Eq.(17.59) can be expressed as:

Mo roN, —
P, ~ (%) ( : 1). (17.62)
Te “'p

According to Eq.(17.62) the probability of error for the MC-CDMA system shown in
Fig.17.19 varies as 1/7, raised to the Npth power. Thus, when using frequency-domain
spreading in the MC-CDMA system employing a spreading code of length IV,,, the bit error
rate decreases inversely proportionately with the .V, th power of the SNR.

Fig.17.21 shows the BER performance of the MC-CDMA system despicted in Fig.17.19
using frequency-domain spreading. The BER results were computed as a function of the
SNR per bit, namely £ /Ny, using parameters of ¢ = 4, N, = 32 and the number of users
of K = 1,5,10,20. From the results we observe that the BER performance degrades, as
the number of users increases. Furthermore, as expected, the BER decreases as the SNR per
bit increases. However, when the number of users supported is sufficiently high, the BER
decreases slowly, as shown by the curve associated with K = 20 marked by the ‘triangles’.
This can be also seen in Eq.(17.59) and Eq.(17.60). According to Eq.(17.60), if the number of
interfering users and the SNR per bit are sufficiently high, in Eq.(17.59) we have ;i ~ 1/v/2.
Hence, for a given INV,,, the BER remains approximately constant according to Eq.(17.59) for

n=1/V2.

2
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17.5 Performance of Overlapping Multicarrier DS-CDMA

Systems

17.5.1 Preliminaries

In Subsections 17.2.3 and 17.2.4 we have reviewed the basic characteristics of two orthogonal
multicarrier DS-CDMA systems, namely those of the multicarrier DS-CDMA-II, and the
multitone DS-CDMA systems seen in figures 17.7 and 17.10. In the multitone DS-CDMA
system of Fig.17.10, the subcarrier frequencies are chosen to be orthogonal to each other with
minimum frequency separation before the associated DS spreading, which is formulated as:

Ts
/ cos(2m fit + &;) - cos(2m fit + ¢;)dt = 0, fori # j. (17.63)
0

Hence, the spacing A between two adjacent subcarrier frequencies is A = 1/T, where T
is the multitone DS-CDMA signal’s symbol duration. The subcarrier frequencies, therefore,
take the values of fy + /T fori =0,1,... ,U — 1, where f; is the main carrier frequency.
In contrast to the multitone DS-CDMA system of Fig.17.10, in the orthogonal multicarrier
DS-CDMA-II system of Fig.17.7, the subcarrier frequencies are chosen to be orthogonal to
each other with the minimum frequency separation after the DS spreading, which can be
expressed as:

2rfit + ¢)dt = 0, fori # j, (17.64)

implying that the spacing A between two adjacent subcarrier frequencies is A = 1/T,, as
shown in Fig.17.8, where T is the chip duration of the DS spreading codes and the subcarrier
frequencies assume the value of fy + /T, fori =0,1,... ,U — 1.

Let N. = T, /T, be the spreading gain of the DS spread subcarrier signals and we assume
that each subcarrier signal has the same ‘null-to-null” bandwidth of 2/T.. Then, it can be
shown that the condition of Eq.(17.63), which was stipulated for the multitone DS-CDMA
system of Fig.17.10, in fact, includes the orthogonality condition of Eq.(17.64) stated in the
context of the multicarrier DS-CDMA-II systems of Fig.17.7. This observation can be proven
by setting f; = f; + N /T in Eq.(17.63), yielding:

Ty 2
f cos(o—t + 1;)dt = 0, (17.65)
o

after a few steps, where 1%; = ¢; — ¢;. Note that, in Eq.(17.65) we used N./T; = 1/T.. To
proceed further, Eq.(17.65) can be extended to:

N.—1

+DT. 9
/ cos( =t + 1;)dt = 0. (17.66)
IT, T.

=0
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According to Eq.(17.66) it can be shown that each term of the sum is zero and hence we have:

Te

& 2

/ cos{%t + )t = 0, (17.67)
( {43

which reflects the orthogonality between subcarrier frequencies having minimum frequency
separation after DS spreading. In other words, Eq.(17.63) constitutes the orthogonality con-
dition of the subcarrier frequencies in the multicarrier DS-CDMA-II system of Fig.17.8.

Furthermore, it can be readily shown that the orthogonality condition of (17.63) is obeyed,
whenever the spacing A takes the form of A = A/T,, A = 1,2,..., where A is referred to
as the normalized spacing between two adjacent subcarriers. The multicarrier DS-CDMA
scheme belongs to the family of multitone DS-CDMA arrangements having spectrum of
Fig.17.11, if A = 1, while to the class of orthogonal multicarrier DS-CDMA systems with
spectrum shown in Fig.17.8, if A = N,. Furthermore, there exists no overlap between the
main-lobes of the modulated subcarrier signals after DS spreading, when A = 2N, which
is the bandwidth requirement of Fig.17.11 for the multicarrier DS-CDMA system proposed
in [453].

Based on the above observations both the multitone DS-CDMA system and the orthog-
onal multicarrier DS-CDMA system can be viewed as a member of the class of generalized
multicarrier DS-CDMA systems having arbitrary subcarrier spacing of A € {1,2,...,}.
Hence, the above generalized multicarrier DS-CDMA system model includes a number of
specific multicarrier DS-CDMA schemes. Furthermore, based on the analysis of this general
model, the results generated can be extended to different multicarrier DS-CDMA systems by
simply varying single parameter, namely A. Finally, the subcarrier spacing A can be opti-
mized according to specific design requirements tailored to the communication environments
encountered, in order to achieve the optimum performance in term of A. For example, for a
given total system bandwidth, X can be optimized, in order to minimize the multiuser interfer-
ence, since A has an influence on both the overlap of the modulated signals of the subcarriers
and on the processing gain. In this context a clear trade-off exists between the overlap and
the processing gain. On the one hand, if A is low - for example A = 1 - in the context of
multitone DS-CDMA, then, a subcarrier signal will overlap with a high number of subcarrier
signals of both the same user and with those of the interfering users. On the other hand, given
a total bandwidth and a low value of A, a high spreading gain can be maintained, which leads
to the reduction of the multiuser interference. By contrast, if A is high - for example A\ = 2N,
- which means that there exists no spectral overlap between the main-lobes of the subcarrier
signals, then, the modulated subcarrier signals benefit from a low interference inflicted by
the other subcarrier signals of both the reference and the interfering users. However, in this
case the spreading gain of each subcarrier signal is low, which leads to the increase of the
multiuser interference. The influence of the subcarrier spacing A on both the spreading gain
and on the spectral overlap of the subcarrier signals highlights that there exists an optimum
spacing A, that may minimize the multiuser interference inflicted upon each of the subcar-
rier signals. Another example in the context of optimizing A is that the subcarrier spacing A
can be set appropriately, in order to match the receiver requirements. For example, assuming
that the receiver employs a three-finger RAKE receiver. Then a specific spacing A can be
selected such that the number of resolvable paths associated with each subcarrier becomes
three in the propagation environment typically encountered, since in this case, in addition
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to achieving the diversity gain, the receiver can combine all the energy scattered over the
multipath components.

Hence, in the remainder of section we investigate the performance of the generalized over-
lapping multicarrier DS-CDMA system having an arbitrary spacing of A, when transmitting
over frequency selective Rayleigh fading channels. We commence by first considering the
system model and the parameters involved in our analysis.

17.5.2 System Description

17.5.2.1 Transmitted Signal

The transmitter schematic of the overlapping multicarrier DS-CDMA system considered is
the same as that seen in Fig.17.10. Hence, the transmitted signal can be expressed as:

.
sk(t) =D V2Pbu(t)ek(t) cos(27 fut + bru), (17.68)

u=1

where P is the transmitted power of each subcarrier signal, by, (?) represents the uth data
substream of user k after the serial-to-parallel conversion, by, (t) = > _5° A Pr, (t—iTy)

consists of a sequence of mutually independent rectangular si gnalliné pur;esu(;f duration T
and of amplitude +1 or -1 with equal probability. Furthermore, ¢ (t) = E;.’c:_x_ (_1§R)PTL,(t -
jT.) denotes the random spreading code waveform of the kth user, where P, (t) = 1 for
0 < ¢ < 7 and equals zero otherwise, where (:;k) takes values of +1 and -1 with equal
probability. The variable ¢.,, represents the modulation phase imposed on the uth subcarrier
of user k. Finally, {f,,u =1,2,... ,U} are the subcarrier frequencies, which are arranged

according to:

AMu —

Ju=fo+ T.

where A =1,2,... ,2N, corresponding ta A = 1/7%,2/T, ... ,2N. /T, if we assume that
the maximum spacing between two adjacent subcarriers is 2/V,. The spectrum of the over-
lapping multicarrier DS-CDMA signal is shown in Fig.17.22, where W is the bandwidth of
the system considered, T; is the chip-duration corresponding to a single-carrier DS-CDMA
system, while Wy, represents the null-to-null bandwidth of the subcarrier signals.

According to Fig.17.22 the system’s total transmission bandwidth, the subcarrier spacing
A and the bandwidth of the subcarrier signal obey the following relationship:

We=(U—1)A + Wys. (17.70)
This in turn means that:
2 T
7—'c.'l N (D i
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Figure 17.22: Spectrum of the overlapping multicarrier DS-CDMA signals.

Since Ty = UTy, = UNT,; and T, = N_.T., after substituting these relationship into
Eq.(17.71), the spreading gain associated with each subcarrier signal can be expressed as:

(U —1)A

Ne=UN —
e =Ul 5

(17.72)

According to Eq.(17.72), it can be shown that the spreading gain of the multicarrier signal
corresponding to the normalized spacing of A = 1, i.e. that of the multitone DS-CDMA
system [463], is N, = (UN — L—ZTI) as shown in Eq.(17.14). The spreading gain of the
system associated with A = N, i.e. that of the orthogonal multicarrier DS-CDMA system of
Fig.17.7[69],is N, = 2UN/(U + 1), as shown in Eq.(17.10).

Let ; be the number of resolvable paths of a corresponding single-carrier DS-CDMA
system. Then, the number of resolvable paths associated with the subcarrier signals in the
overlapping multicarrier DS-CDMA system having spectrum shown in Fig.17.22 can be ap-
proximated by:

2N. L,

L& | —
) LQNC +(U-1A

] (17.73)

Let us assume that we support K asynchronous CDMA users in the system and all of
them use the same parameters [/ and N.. The average power received from each user at
the base station is also assumed to be the same, corresponding to the perfect power control
assumption. Consequently, when K signals described by Eq.(17.68) are transmitted over the
frequency selective fading channels characterized by Eq.(17.21), the received signal at the
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Figure 17.23: The receiver block diagram of the overlapping multicarrier DS-CDMA system.

base station can be expressed as:

K U L
¢ k : k
Z >3 2PN by, (t — Tt )ex (t — ht) cos (zﬂfi,x + @g,p) +n(t), (17.74)
=1u=1 =1
where tpma) = Oy + ur — 27 fo, Ty and -.;-T'Ej) is contributed by the channel.

17.5.2.2 Receiver Model

Let us assume that we want to receive the signal transmitted by the first user, which is treated
as the reference user or reference signal in our analysis, and that the receiver is capable of
acquiring perfect time-domain synchronization with each subcarrier signal of the reference
user. The receiver considered is a conventional correlator based RAKE receiver, as shown
in Fig.17.12. The mth branch of Fig.17.12 corresponding to the mth subcarrier is shown in
Fig.17.23. Referring to Fig.17.23, the decision variable 7,,, associated with the Oth data bit
corresponding to the mth substream of the reference user can be expressed as:

Im = sz. m=12,...,U, (17.75)
v=1
To+Te
Ze = f 7(t) - gmoe(t — 7o) €08 (27 frut + Ppme) dt, (17.76)

where g, is a parameter controlling which type of combining scheme is used, such as MRC,
EGC or SC, respectively. However, in this section only the performance of the system using
MRC is investigated, hence, ¢y, = i, 15 assumed. Moreover, in Eq.(17.75) the subscripts
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and superscripts associated with the reference user are omitted for notational simplicity. Fur-
thermore, without loss any generality, we let 7, = 0 in the following analysis. Upon substi-
tuting Eq.(17.74) into Eq.(17.76), it can be shown that Z,,,,, can be written as:

L
> 25

u=1
uFEN

L
P .
Znmy = |50 Dmv+nmv+f§l:1{)+

{#v

K L 4
#3 3 PN 3 Ya . (17.77)

U
=1 [=1
#Fm l#v

In Eq.(17.77), 1in is contributed by the noise term n(t) seen in Eq.(17.74), which is a Gaus-
sian random variable with zero mean and variance -'??n +No/2Ey, where Eyy, = PT represents
the energy per bit. The variable D,,,, in Eq.(17.77) represents the desired output given by
combining Eq.(17.74), Eq.(17.76) and Eq.(17.77) upon setting &k = 1,/ = v and u = m,
which yields:

Dy = by, [010 m

The output of the correlator matched to subcarrier m, corresponding to the vth path of
the reference user contains four types of interference in Eq.(17.77). The interference of I F‘)
is contributed by the path I, [ = 1,2,..., L, | # v, on the same subcarrier m received from
the reference user, which can be expressed as:

t—7p)e(t — m)e(t)dt, (17.79)

WILIELE U] — Winl — Wmes Winen 1s a tanuoin vanable uniformly distributed in [0. 2?T). With
the aid of the partial auto-correlation functions given below, Eq.(17.79) can be expressed as:

WNere 1i1| 7y ) ana fip |7y ) are e partual auto-corTeianon runcuons acunea as:

Ri(m) = /n e(t — 7)e(t)dt, (17.81)

0

Ts
Ry (1) = / e(t — 71)e(t)dt. (17.82)

1

The interference term of I5° in Eq.(17.77) is contributed by the path [, [ =1,2,... , L, | #
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v, on the subcarrier u, v = 1,2,... ,U, u # m by the reference user?, which can be
expressed as:

é&) 01,;?,;-;1 [b —1]Ry (71, But) + bu[0] Ry (71, M)] (17.83)

where ) = @ — @me. Due to the difference of the frequencies associated with the subcar-
riers u and m, the corresponding partial auto-correlation functions are now defined as:

Ri(m.60.4) = [ if_:(f- —m)e(t) cos(2m(fu — fin )t + Ouy)dt, (17.84)
Je(t) cos(2m(fu — fm )t + Oyr)dt. (17.85)

With the aid of Eq.(17.69), Eq.(17.84) and Eq.(17.85) can then be written as:

T! {) P e A
Ri(m,0u) = / et —)e(t) ws(Mwm) dt,  (17.86)
0 &

T i
Ri(m,00) = / e(t — 7)e(t) cos (M ou;) di.  (17.87)
&

Ef

The multiuser interference term I{k) in Eq.(17.77) is due to path [, | = 1,2,... , L on

the same subcarrier m inflicted by the interfering users for which we have k # 1. Then, Ek)
in Eq.(17.77) can be expressed as:

(k) L ptk)
k) O Gme COS O .
19 = Sl I Bl [y [1] Ri (i) + bron O] Rk ()] (17.88)
where 95:3 = 995,;:,:) — ©me is a random variable uniformly distributed in [0, 27), Ry () and

Ry (7y1) are the partial cross-correlation furetinne dofinad ac-

Ri(ra) = [ enlt—m)e(t)dt, (17.89)
w0
) T
Rie(tit) = f er(t — mer)e(t)dt. (17.90)
Tki
Finally, the multiuser interference term 12 in Eq.(17.77)isdue topathl, [ =1,2,... ,Lon

the subcarrier v, © = 1,2,... ,U; u # m inposed by the interfering users assomated with

2Due to the orthogonality between the subcarrier signals from the same path and the same user, i.e.,
_f[',rs cos(2m fi + i) cos(2r fj + @y )dt = 0, the interference of I.ESJ due to the path v on the subcarrier
u, w = 1,2,...,U, u # m from the reference user is zero. Hence, the associated terms are excluded by let-
tingl # v in Eq.(17.77).
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k # 1. Hence, IQ(H in Eq.(17.77) can be expressed as:

(k)

k
19 = 2LIm [y 1] R, O) + beal0) R (i, 6))] (17.91)

where FJS;) = @Ej) — @me is a random variable uniformly distributed in [0, 27). The associ-

ated partial cross-correlation functions are defined as:

Thi 9 1 — 111 ;
f et — Tt )e(t] cos (M + 03‘,’)) dt, (17.92)
0 8

Rie(7h, 9,2;;))

T, a _
Rk(m, 9_(::)) = [ e (t — Tt )e(t) cos (M +4 M) dt. (17.93)

1 ul
ki Ly

Having analyzed the receiver model and the decision variable, in the next subsection the
multipath interference imposed by the reference user and the multiuser interference inflicted
by the interfering users will be analyzed.

17.5.3 Interference Analysis

In this subsection the multipath interference engendered by the reference user itself and the
multiuser interference will be evaluated by assuming that all these interference sources are
Gaussian distributed and hence can be treated as independent additional noise. According to
Eq.(17.80), Eq.(17.83), Eq.(17.88) and Eq.(17.91), the interference terms I1\*), 13 and 1\*)
constitute the special cases of the term Iém in Eq.(17.91). Specifically, if we set w = m in
Eq.(17.91), we obtain Eq.(17.88). If we let £ = 1 in Eq.(17.91), then we get Eq.(17.83).
Finally, if we let & = 1 and © = m, then we obtain Eq.(17.80). Hence, we can analyze the
multipath interference engendered by the reference user as well as the multiuser interference
by first analyzing the multiuser interference term of Eq.(17.91). Based on the standard Gaus-
sian approximation [108,464], the interference term Iék) of Eq.(17.91) can be modelled as a
Gaussian random variable with zero mean and a variance expressed as:

0] _ me : k A k
1]~ {5 g [ )] 5y 1 ()] 9

2
where 2 = F [(ag:}) } E 8 [ ] represents taking the expected value with respect to
Tht Yoy

the random variables 7; and 93;')‘ In our following discourse, we analyze the partial cross-
correlation functions of Eq.(17.92) and Eq.(17.93). Specifically, we will evaluate their expec-
tations by assuming that the phase angles and time delays are modeled as mutually indepen-
dent random variables, each of which is uniformly distributed over the appropriate interval.

Below we only analyze the expectation of R (m. 95;}'}), the expectation of 127 (Tk-!« 95:))
can be obtained following the same approach.
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Eq.(17.92) can be written as [464]:

JTe+7—hT. B
Z(.- ap(Ne —h =1 +3)] cos (M + 0) dt

§=0 iTe T&
h—1 (j+1)T 2 Mu — m)t
+ 3 ali)a N_;,H)/ (Mw)dt,
=0 Te471—hT. Tﬁ
(17.95)

where T, < 75y < (I + 1)7, and N, represents the number of chips per symbol period or
the spreading factor of the subcarrier signal. Furthermore, in Eq.(17.95) we set 7;; = 7 and

OSE‘) = f) for simplicity. Upon evaluating the integrals in Eq.(17.95), we find that:

“w(u —m)A(T — h1)
T

Ne —h =1+ 7) cos Bra(j, )

j=0
. . [w(w—m)A((h+ 1T, —7)
+[(h + 1)T, — 7]sinc { T
h—1
G e
J=0

where sinc(z) = sin(x)/x, and

F/))kﬂ {J*T} = ?T(Iiiu)k 2‘}'1' + 7 — hT, ) 0

7w — m)A

Bep(j.7) = T%((Qj + )T, +7—hT.)+0.
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The expression of R2(r, ) is computed from

RY(r,0) = (r— hT.)’sinc® {L” — T
h
. Z az(j)ap(Ne —h — 1+ j) cos?® Bra(j, 7)
J=0
h h
+ Z Z a;i(r)ar(Ne —h — 1+ r)ai(s)ap(Ne —h —1+s)
r=05=0

s#ET
- €08 Bla (1, T) €08 Bra (s, T )]

r'ﬂ'r"" — 'f)'l‘ xr'r —_— ;)T \1
H(r=h)[(h+ 1) — T

G [?T(-u - -m.))\{(}:r.- + 1)

T,

h h-1
. [Z Z a;(r)ar(Ne — h — 1+ 7)a;(s)ar(N. — h + )

r=0 s=0
- €08 falr, 7) cos Bip(s,7)
h=1 h
+ Z Z a;(r)ap(Ne — b +1)a;(s)ap(Ne —h — 1+ 5)
r=0 s=0

- €08 [rp(r, 7) cos Bra (s, 7)

(uw—m)A((h+ 1)1, —7)
T

' lL a; (r)ai( Ve — b+ 1) cos® By (r, 7)
r=0
h—1h-1
+ Z EG-@(-}”)&;.-_(‘NC — h+r)ai(s)ap(N, — h + s)
r=0 g=
3712

]
- €08 Brp(r, 7) cos Brp(s, T

Since we assumed that random spreading cades are employed in our system, a;(r) is
statistically independent of a;.(s) when i # k or r # s, and takes values of +1 or -1 with
equal probability. Hence, upon taking the expectation of R?(7,6) with respect to a;(r),
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ai(s), 0 and 7 we arive at:

Ne—1
1 Ne
2 i
Ero [RA(r0)] = 57 2
(h+1)T. — o
/ (7 — hT.)%sinc? (=) T ) “(h+1)
hT. T
+[(h + 1T, - 7]*sinc® [ﬂ('u — AR+ 1T~ T)} . h}a’r.
T
(17.98)
Upon evaluating the resulting integral we find that:
; 2m(u — m)A
E [1 — SImc (T)} . (17.99)

LIIE CUMTESPULIULIE EXPIESSION 1UT Ly g [f?f(‘r, U)} can be obtained by evaluating the ex-

pectation of ft)i(’r, 0) in the same way, as for R} (7, #/). We found that the result is the same
as Eq.(17.99), 1.e.

T2 .
Ero [f?.f_(r, 0)] = L)W [1 — sinc (M)] . (17.100)

42 (u—m N,

Substituting Eq.(17.99) and Eq.(17.100) into Eq.(17.94), we finally found that the vari-

)

; ; k
ance of the multiuser interference Ié can be expressed as:

®]_ _ QgmeNe [, . (27(u—m)A
Var[12 ]_Qﬂ-2(u_,_,”)2/\2 1 —sinc —~ /| (17.101)

Ll i T Q1 — @ LULHIPULG L FETTTTLs ]il'[} Var [Iéh):l‘ The]'l we find thﬂt the Variance

x—0
of the interference Iék) equals to Q—f,\;u This is the interference variance, when a subcarrier
signal of the reference user is totally overlapped by the subcarrier signal of the kth interfering
user, i.e. the variance of Iik) in Eq.(17.88), which can be expressed as:

By using a similar approach determining the term Iék), we can derive the variance offé"),
which was found to be the same as Eq.(17.101). This result in fact is predictable, since we
have assumed that random spreading codes are used, when the signal associated with each

chip is assumed to be an i.i.d random variable. Moreover, it can be seen that Eq.(17.101) is
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independent of the user index k. Hence, the variance of Ié‘?) can be expressed as:

i Qg2 N. . 2m(u —m)A

\V/ [1."]:*‘(, 1— . 17.1
a2 272 (u —m)2A? o Ne B
Finally, the variance of 1}3) can be obtained from Eq.(17.103) by computing the limit

expressedas  lim (Var [Iés)]), which results in:
u—m=x—0
Qq2

Vi Pm]z—ﬂ&. 17.104
e 3N, (17.104)

Before concluding this subsection, we note that the variance of the multiuser interference
in the multitone DS-CDMA system of Fig.17.10 [463] can be obtained by setting A = 1,
while that in the orthogonal multicarrier DS-CDMA system of Fig.17.7 [69] can be obtained
by setting A = N,. It can be shown that for the case of A = N, the variance of Iékj can be
expressed as:

A Q42
Vi F“]z———;ﬂh——. 17.105
bl 22 (u —m)2N,' ( )

if u — m # 0. Otherwise, if u — m = 0, it can be shown that:

IN summary, In this subsection we have analyzed the multipath interference engendered
by the reference user as well as the multiuser interference inflicted by the interfering users.
With the aid of the analysis in this subsection, the bit error rate performance of the overlap-
ping multicarrier DS-CDMA system can now be derived.

17.5.4 Performance Analysis

In order to derive the BER expressions of the generalized multicarrier DS-CDMA system
using overlapping subcarriers, we first have to derive the PDF of the associated decision
variables. We have assumed that all the interference terms in Eq.(17.77) are independent
additive Gaussian variables, hence, the variable Z,,, of Eq.(17.77) is a Gaussian variable
with normalized mean given by Eq.(17.78), and normalized variance given by:

> |KL-1
T 3N,

295@)“

+W—U@—UL+U“4NU—Uﬂm+(Nh Qs

(17.107)
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where T, and T are the average associated with the value of u and m, respectively, which
can be expressed as:

Ts = -"_'U

v v
1 N, ; 2m(u —m)A

= —— |1 - sinc [ 202 ) | (17.108

U —1) mg_:l Zl 272w — m)°\2 [ S"w( Ne (17.108

u#EmM

Upon substituting Eq.(17.108) into Eq.(17.107), we obtain that:

20E,\ 7! .
") i (17.109)

- 1)1,
) .\.f+( N

Since 4, of Eq.(17.75) is the sum of L independent Gaussian variables, 7, is also a
Gaussian variable. Let gy, = une, 1.6, we assume that the correlator outputs of the same
data bit are combined according to the MRC scheme. Then, the normalized mean of Z,,, can
be expressed as:

and the normalized variance ot Z,,, can be expressed as:

L

Q) a2, (17.111)

v=1

2 _ KL-1
3N,

a

o 20E\ !
+ (U —IKL — )Ty + ( = b)
40

Consequently, the BER conditioned cn encountering the subcarrier fading attenuation
{@my} can be expressed as:

Py(v) =

N

v=1

(17.114)

—

rc

_|2sL—1) i i 5 e\
[ 3N, +2(U - 1)KL —-1)Ip + ( No

As we have shown in Section 17.4, the average BER, P}, can be derived by the weighted
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Figure 17.24: Variance of the multipath plus multiuser interference versus normalized subcarrier spac-
ing A\ performance for the overlapping multicarrier DS-CDMA system over the disper-
sive Rayleigh fading channels with parameters N = 128, L; = 16 and K = 2, where
N and L; are the spreading gain and the number of resolvable paths of a corresponding
single-carrier DS-CDMA system having the same data rate as well as the same system
bandwidth. The results were generated be evaluating Eq.(17.111).

averaging () of Eq.(17.113) over the valid range of -, which can be expressed according
to Eq.(17.57). The PDF of v can be derived from Eq.(17.58) with N, replaced by L. With the
aid of these equations, finally, the average BER of the overlapping multicarrier DS-CDMA
system using the MRC scheme can be expressed as:

Pb:[(l;;a)rfz—l(f,—i s . ,

n=0

where, 1 is given by:

and 7,. is given by Eq.(17.114).

In Fig.17.24 the variance of the multipath interference plus the multiuser interference
was estimated as a function of the normalized spacing between two adjacent subcarrier fre-
quencies. The parameters employed were N = 128, 1; = 16, K = 2 and U = 4,8, 16,
where N and L, were the spreading gain and the number of resolvable paths corresponding
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Figure 17.25: BER versus normalized subcarrier spacing A performance for the overlapping multicar-
rier DS-CDMA system over the dispersive Rayleigh fading channels with parameters
N =128, L, = 16, E3/No = 10dB and K = 10, where N and L, are the spreading
gain and the number of resolvable paths of a corresponding single-carrier DS-CDMA
system having the same data rate as well as the same system bandwidth.. The results
were computed from Eq.(17.115) by assuming that the receiver can combine all the re-
solvable paths.

to the single-carrier DS-CDMA system having the same data rate as well as the same system
bandwidth. For a corresponding overlapping multicarrier DS-CDMA system having the same
system bandwidth as the single-carrier DS-CDMA system, the spreading gain N, associated
with each subcarrier signal and the number of resolvable paths, I. of each subcarrier sig-
nal were given by Eq.(17.72) and Eq.(17.73), respectively. Note that, the system associated
with A = 1 corresponds to the multitone DS-CDMA scheme of Fig.17.10 [463], while the
system using A = N, corresponds to the orthogonal multicarrier DS-CDMA-II scheme of
Fig.17.7 [69]. From the results seen in Fig.17.24 we find that the interference power engen-
dered by the multipath signals and the multiuser signals decreases, as the spacing between
two adjacent subcarrier frequencies becomes wider. This also implies that the multipath plus
multiuser interference encountered by a given subcarrier signal in the multitone DS-CDMA
scheme is higher than that experienced by a given subcarrier signal in the orthogonal multi-
carrier DS-CDMA-II scheme. Furthermore, observe in Fig.17.24 for a given value of A, the
variance of the multipath interference plus the multiuser interference decreases, as the num-
ber of subcarriers increases. Note that, the variance curves in Fig.17.24 appear in the shape of
steps. This is because the spreading gain and the number of resolvable paths associated with
each subcarrier signal only assume discrete values according to Eq.(17.72) and Eq.(17.73).

According to Eq.(17.72) and Eq.(17.73) both the spreading gain and the number of resolv-
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b

Figure 17.26: BER versus normalized subcarrier spacing A performance for the overlapping multicar-
rier DS-CDMA system over the dispersive Rayleigh fading channels with parameters
N =128, Ly = 16, E /Ny = 10dB and K = 10, where N and L, are the spreading
gain and the number of resolvable paths of a corresponding single-carrier DS-CDMA
system having the same data rate as well as the same system bandwidth. The results
were computed from Eq.(17.115) by assuming that the receiver can only combine at
most five paths.

able paths decreases, as the spacing between two adjacent subcarrier frequencies increases.
Furthermore, according to Eq.(17.115), for a given value of 7., the BER will increase, as
the number of diversity branches, L that can be resolved for each subcarrier decreases. This
in turn implies that the BER will increase, as the spacing between two adjacent subcarrier
frequencies increases. However, according to Fig.17.24 the interference engendered by both
multipath and multiuser signals becomes less severe, when increasing the normalized subcar-
rier spacing, A. The resulting BER performance is determined by these two tendencies.

In Fig.17.25 the BER performance of the overlapping multicarrier DS-CDMA system
was evaluated according to Eq.(17.115) as a function of the normalized subcarrier spacing A
over the dispersive Rayleigh fading channels of Section 17.3. The associated parameters were
N =128, Ly =16, K =10, E;/Ny = 10dB and U = 4, 8, 16. The subcarrier spreading
gain and the number of resolvable paths of each subcarrier signal were computed with the aid
of Eq.(17.72) and Eq.(17.73). With the aid of Eq.(17.73), it can be shown that the number
of resolvable paths of each subcarrier decreases, as the normalized spacing, A increases. We
assumed that the receiver has the capability to combine all the resolvable paths asociated
with each subcarrier. From the results of Fig.17.25 we observe that, for any given number
of subcarriers U, the BER increases, as the normalized spacing, A, increases. However, the
BER increase is less severe, when A < 200. Therefore, over dispersive multipath Rayleigh
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fading channels diversity reception appears more important, than the reduction of multipath
and multiuser interference. According to the results of Fig.17.25, if the receiver can combine
all the resolvable paths, the multitone DS-CDMA scheme of Fig.17.10 (A = 1) outperforms
the orthogonal multicarrier DS-CDMA scheme of Fig.17.7 (A = N.). Moreover, for any
given value of A, the overlapping multicarrier DS-CDMA scheme using a low number of
subcarriers performs better than that using a high number of subcarriers.

If the complexity of the receiver is considered in terms of the diversity fingers of the
RAKE receiver, it can be shown that the associated complexity of the receiver decreases, as
the normalized subcarrier spacing, A, increases. This is because, according to Eq.(17.73),
the number of resolvable paths decreases, as the normalized subcarrier spacing, A, increases.
However, due to the complexity limitation of the receiver, usually the receiver cannot combine
an arbitrary number of resolvable paths. Hence, in Fig.17.26 the BER of the overlapping
multicarrier DS-CDMA system was estimated by assuming that the receiver can combine at
most five resolvable paths for each subcarrier. If there were more than five resolvable paths,
we assumed that the receiver was capable of combining five paths. However, again, if there
were less than five resolvable paths for each subcarrier, we assumed that the receiver was
capable of combining all the resolvable paths. The other system parameters were the same
as those used in Fig.17.25 and were listed in the caption of Fig.17.26. The corresponding
results of Fig.17.26 were computed from Eq.(17.115) with L replaced by the number of
paths that the receiver was capable of combining. From the results of Fig.17.26 we find
that, for the overlapping multicarrier DS-CDMA system having a sufficiently high number
of subcarriers, both the multitone and orthogonal multicarrier DS-CDMA schemes are the
suboptimum schemes. From Fig.17.26 we found that for U = 8 and U = 16, there exists
an optimum normalized subcarrier spacing region in the range of 1 < A < N, where IV,
is about 195 for U = 8 and 185 for U = 16. In this range of Fig.17.26 the overlapping
multicarrier DS-CDMA scheme can achieve the minimum BER value. However, for the
scheme using U = 4 the orthogonal multicarrier DS-CDMA system associated with A =
N¢ = 204 has the best BER performance, since the number of resolvable paths at A = N, =
204 is still L = 6 according to Eq.(17.73), which is higher than the diversity combining
capability of the receiver.

17.6 Performance of Multicarrier DS-CDMA-I Systems

17.6.1 Decision Variable Statistics

In this section we analyze the performance of the multicarrier DS-CDMA system of Fig.17.4
described in Subsection 17.2.2, which we referred to as the multicarrier DS-CDMA-I system.
In this system a data sequence is multiplied by a spreading code and then modulates U subcar-
riers. Observe in Fig.17.4 that this scheme does not include serial-to-parallel data conversion.
Each subcarrier signal is direct sequence (DS) spread using a common spreading sequence,
as shown in Fig.17.4. Therefore, the symbol duration of the multicarrier DS-CDMA signal
is the same as that of the input data bits. The transmitted signal of user k in the multicarrier
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DS-CDMA-I system can be expressed as:

.
(1) =\ 2 D bit)en(t)
u=1

where P is the transmitted power of the multicarrier DS-CDMA-I signal, U is the number of
subcarriers, while by (f) and ¢, (¢) are the baseband data sequence and the spreading wave-
forms, respectively, as we discussed previously in Section 17.5. Finallv. f.. and éw.. for
u=1,2,...,U are the subcarrier frequencies an

The users transmit over a slowly varying frequency seiccuve mayieign tauing cnanne
having a delay spread of T},, and coherence bandwidth (A B).., which are related by (AB),. =
1/7,,. Assuming that the spacing between two adjacent subcarrier frequencies is A = f—c,
where T, is the chip duration of the spreading codes, no overlap exists between the main-
lobes of the subcarrier signals. In this kind of multicarrier DS-CDMA systems the number of
subcarriers U is chosen so as to meet the following conditions [453]:

e The subcarrier signals of the multicarrier DS-CDMA-I system experience no
frequency-selectivity or no significant dispersion. Hence T}, /T, < 1.

e All subcarrier signals are subject to independent fading, which implies that 2/7,. >
(AB)..

These conditions can be expressed as:

el
1??}.

<
T Te

<1. (17.118)

b =

Let T¢; be the chip duration of a corresponding single-carrier DS-CDMA system having the
same data rate and the same bandwidth as the multicarrier DS-CDMA system considered.
Then, the chip duration of the multicarrier DS-CDMA-I system considered is T, = UT,;.
Upon substituting this into the above equation, we can see that the number of subcarriers
should satisfy the condition of:

,1—';)1 21—’”1
— < U < —. 17.119
Tcl - - T.::l ( )

Since Ly = |T),/Tc1] + 1 represents the number of resolvable paths in the corresponding
single-carrier DS-CDMA system, hence, we choose U = L.

Since in the multicarrier DS-CDMA-I system of Fig.17.4 satisfying the condition of
Eq.(17.118) each subcarrier signal is subject to independent frequency non-selective fading,
the received signal associated with A’ number of asynchronous users can be expressed as:

K U P
=33 \/ %("kubk{t = T)ek(t — 7i) cos(2m fut + ppa) +n(t),  (17.120)

k=1 u=1

where ©py = Opu + gy — 27 fo 71, is a random variable uniformly distributed in [0, 27), while
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Figure 17.27: The receiver block diagram matched to the reference user & = 1 in the multicarrier

DS-CDMA-I system.

Qs g and 1Py, are the channel amplitude, delay and phase, respectively, corresponding to
the subcarrier « of user k. Finally, n(t) represents the AWGN with double-sided power
spectral density of Ny /2.

The receiver block diagram for the reference user is shown in Fig.17.27, where the index
of k = 1 is omitted and 7; = 0 is assumed for notational convenience. In the multicarrier
DS-CDMA-I system, frequency diversity is achieved by combining the correlator’s outputs
associated with the subcarriers. The receiver provides a correlator for each subcarrier and the
outputs of the correlators are combined in order to yield a processing gain comparable to that
of a single-carrier DS system, provided that the spacing between two adjacent subcarriers is
A= T% Referring to Fig.17.27, the decision variable corresponding to the Oth data bit can
be expressed as:

v
zZ = Y Z.

v=1

Ty
f () ypene) vomimn gov 1y ey

0

Z,

where g, = «a,, is assumed, associated with perfect channel estimation and a MRC diversity
combining scheme. According to Eq.(17.101), in the multicarrier DS-CDMA-I system of
Fig.17.4, the normahzed variance of the multiuser interference engendered by an adjacent

subcarrier signal is —%— which is derived from Eq (17.101) by setting u —m = 1,A =

Bw N, ?
2N, gme = go and £ = 1. It can be shown that ﬁ is significantly lower than g2/3N..
Therefore, in our following analysis we ignore the interference imposed by the subcarrier
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signals other than the subcarrier considered. Consequently, Z,, can be expressed as:

P
Zy =l =
U

K
Dy+) Ip+ -;-,.1,.‘ . (17.123)
k_

where D, is the desired output, which is given by
D, = b[0]a?. Narere

Furthermore, Iy, k = 2,3, ..., K represents the normalized multiuser interference inflicted
by user &, which can be expressed as:

OOy €08 Oy

1
k T,

[bk[_l]Rk[Tk) s bk[O]f"k(Tk)] . (17.125)

where @y, = @ry — . The variables Ry (7) and fik(rk) are the partial cross-correlation
functions defined by Eqs.(17.89) and (17.90), while [}, can be approximated as a Gaussian
random variable with zero mean and variance of a2/3N,. Finally, n, in Eq.(17.123) is a
Gaussian random variable with zero mean and variance of Ua'f,Nn /2Ey, where Ey, = PTy is
the energy per bit.

Therefore, Z,, can be approximated as a Gaussian random variable having a normalized
mean given by 1, and a normalized variance of [1 /3N, + U Ny/2E}] g2. Since Z is the sum
of U independent Gaussian random variables, 7 is also approximately Gaussian distributed
with a mean given by:

U
E[Z) = b[0] Z,\? (17 174
r=1

and variance of’

*’—)_ JZ(}E. (17.127)
v=1

L vive \L)x-rU

Having obtained the statistics of the decision variable, let us now derive the BER expres-
sion for the multicarrier DS-CDMA-I system in the following subsection.

17.6.2 Performance Analysis

Since the decision variable Z can be modelled as a Gaussian variable having a normalized
mean given by Eq.(17.126) and a normalized variance given by Eq.(17.127), the BER condi-
tioned on a set of channel fading amplitudes {ev,, v =1,2,... ,U} can be expressed as:

() =Q(v#), (17.128)

203



17.7. PERFORMANCE OF AMC DS-CDMA SY

-1

E, \ 7!
y, = | - : 7
fe [ 3N, (L-'Nu) ] {FH130)

The unconditional BER can be derived by averaging Eq.(17.128) - after weighting it with
the PDF of « - over the valid range of ~ using a similar approach to that in Section 17.5.
Finally, the unconditional BER can be expressed as:

vu-1 , y n
P, - {(] ;,u.)} Z (U—?i +n.) {[1 —;—;.t.)} , (17.131)

n=0 *

and 7, is given by Eq.(17.130).

17.7 Performance of Multicarrier DS-CDMA Systems Us-
ing Adaptive Subchannel Allocation

The multicarrier DS-CDMA scheme using adaptive subchannel allocation — which was por-
trayed in Fig.17.15 and referred to as the adaptive AMC DS-CDMA scheme — has been pro-
posed and studied in [439]. The adaptive AMC DS-CDMA scheme represents the extension
of the multicarrier DS-CDMA scheme [453] of Fig.17.4 for the forward links. In contrast
to the multicarrier DS-CDMA scheme of [453], where identical DS waveforms are transmit-
ted over each of the subchannels, in adaptive AMC DS-CDMA each user’s DS waveform is
transmitted over the user’s favorite subchannel exhibiting the highest amplitude [439]. The
channel’s fading amplitudes are estimated at the mobile for all subchannels and the index of
the best subchannel is fed back to the base station.

In this section, we investigate the performance of the adaptive AMC DS-CDMA system of
Fig.17.15 discussed in Subsection 17.2.6. Again, this scheme can be viewed as the extension
of the multicarrier DS-CDMA scheme investigated in Section 17.6. In our investigations we
assume that random spreading codes are employed and the channel is frequency-selective
Rayleigh fading, but each subchannel’s fading amplitude is an i.i.d random variable obeying
the Rayleigh distribution. We assume, for simplicity that the channel’s fading amplitudes are
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perfectly estimated and fed back from the mobile station to the base station without delay
and feedback transmission errors. This assumption has often been used in the literature in
order to derive the best-case performance estimate of systems with the aid of perfect channel
quality side-information [75]. Furthermore, we assume that the multiuser interference can be
approximated by an additive Gaussian random variable having zero mean, as we assumed in
the previous sections.

In the adaptive AMC DS-CDMA system of Fig.17.15 the signal transmitted on the down
link by the base station can be expressed as in Eq.(17.18), which can be rewritten as:

K 14
sk(t) = Y V2Phe(t)en(t) D Aulin) cos(2m fut + dru)
k=1

u=1

"
+ > V2Poco(t) cos(2m fut + bu), (17.133)

u=1

where P represents the power transmitted transmitted by the base station to each user, I
represents the transmitted power of the pilot signal that is transmitted by the base station on
each subcarrier, in order to facilitate the selection of the best subchannel for the transmission
of the useful data to the mobiles, by (£) and ¢ () represent the data waveform and spreading
code waveform of the kth user, while ¢((t) represents the spreading code waveform of the
pilot signal. Finally,

.y |1, foru=iy
Aulix) = { 0, foru# iy, ({17.134)

indecating that only one subcarrier is activated by each user.

Assuming that frequency non-selective fading is experienced by the U subcarrier signals
and that the A" number of down link user signals plus the associated pilot signal used for es-
timating the down link subchannel quality are transmitted synchronously, the signal received
by the mobile can be expressed as:

K
r(t) = Y V2Payb(t)ex(t) cos(2m fi b + i)
k=1

Ln’
-+ Z 2Py co(t) cos(2m fut + @)
u=1
+ n(t), (17.135)

where ¢ri, = Oriy, + Vkips Pu = Ou + U, n(t) is the AWGN.

The mobile’s receiver block diagram for the AMC DS-CDMA scheme was shown in
Fig.17.16, where the coherent demodulation phases associated with the ith subchannel and
the despreading code are incorporated in the term of g i], i = 1,2, ... , U corresponding to
the detection of the pilot signal used for the estimation of the subchannel quality. Similarly,
the term of g;.[iy] corresponds to the kth user’s data detection. Explicitly, at the mobile, the
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index of the best subchannel is determined by estimating the fading amplitudes of the sub-
channels with the aid of the known pilot signal. We assume that the first user is the reference
user and ignore the user index related to the reference user associated with & = 1. Let i; be
the best subchannel, which is being used for the Oth data bit’s transmission. We assume that
there are K, out of K — 1 active interfering users who share the i;th subchannel with the
reference user. Therefore, assuming perfect estimation of the sub-channels’ amplitudes and
phases, the decision variable, Z seen at the output of the mobile’s receiver schematic, can be
expressed in the form of:

Th
7 = f P(t)ainer(t) cos (2mfit + pui, ) dt
0

[P
= —1‘
5 Lo

where [;; represents the term associated with the desired user, which can be expressed as:

Kh
Diy+ 3 I +Io+m, |, (17.136)

En=1

D;, = b[0]a? (17.137)

t1?

and [, is the multiuser interference imposed by from the kth user, which can be expressed
as:

v coslB: Ty
o = 200w [y e (e @yt
b 1]
vy, @i, cosi B, )b, [0] = (k) (1) 17.1
= N Z_; e, (17.138)

The multiuser interference term {j;, can be approximated by a Gaussian random variable with
mean zero and variance of:

Q_.\.;(.l‘?l
= (17.139)
where 2y = F [02”] , while a5 represents the fading amplitude corresponding to the best
subchannel of user k. Since {ay;, i =1,2,...,U} are Rayleigh distributed random vari-
ables obeying a PDF given by Eq.(17.23), {o,, i =1,2,... ,U} obey exponential distri-
butions having a PDF given by:

1
fnf,(R) = ﬁCX
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The PDF of o3, = max {a3;,0},.... ,a}; } can be derived using the following formula:
S| [ foali m] j 17.141
fﬂi,(r) = a 3 fﬂf( ')( g . ( % )

Upon substituting Eq.(17.140) into Eq.(17.141), v

M

foz (1) = %pr (—%) [1 — exg

With the aid of Eq.(17.142) 0, is given by:

Qu = E[a}]
o0
= f 'r"fnﬁl(-r)d-r
0
= U 7 V-1
= A rﬁcxp(—ﬁ) []—exp(—ﬁ)] dr
U-1
- U—-1y\ (-1)»
= LQE'( ; )—(u+1)2' (17.143)

In Eq.(17.136) I represents the interference engendered by the pilot signal. Assuming
that the interference due to the subcarriers other than subcarrier i; of interest can be ignored,
1y can be expressed as:

—1 -
[F Ty
Iy = ( gﬁ) ',-'QP(,J P LAl L N T IO
= 0

o, eq () cos(2m fi t + 1
Ne—1

Vol ag, cos b, Z (

3\( ('n wo .
e n=>0

where p = Py /P represents the ratio between the power of the pilot signal transmitted by
the base station on each subcarrier and that of the reference signal. The fading amplitude of
the pilot signal on subcarrier #; is denoted by o . For a given value of ¢v;,, Jy can also be
approximated a Gaussian random variable with zero mean and variance of:

Finally, 7;, is a Gaussian random variable with mean zero and variance given by Ny /2E},.

Consequently, for a given fading amplitude of «;, , the decision variable Z at the output of
the mobile’s receiver schematic seen in Fig.17.16 can be approximated by a Gaussian random
variable having a normalized mean given by Eq.(17.137), and a normalized variance given
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Qua? . (17.146)

( 200 Ey ) B
L. e *Nfl

The bit error probability for a given fading amplitude of o;, and for K}, number of users
activating the i;th subcarrier can be expressed as:

-2

(17.148)

K;;+!J+ DBy \ ™
N, No

Since the i;th subchannel was assumed to be the best subchannel during the Oth bit’s
transmission, i.e., o] = max {01 B v } aj, has the same PDF as a2, which was
given by Eq.(17. 142) Therefore, the condltlonmg obe(n“ LK) on a can be removed by
the weighted averaging of Eq.(17.147) according to its PDF fa,-] (r) of Eq‘(17‘l42) over the

valid range of f_r;{, which can be expressed as:

Py(Ky)

/ Pb{?‘, Ifh)fn: (?‘)d'!'
0 "
= . 2r U Y
fu Q( TeT 0, ) ﬂ‘“‘p( sz) [1_“’“’( (1)] dr
t2 (n+ 1)r
_exp (—5) exp (_T) dtdr.

(17.149)

I
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EE
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b‘\

Interchanging the order of intefration associated with ¢ and r, Eq.(17.149) can be written as:

@

Ul_nmmr—nNm = re 2 (n+1)r
exp | —— | exp | ———— | dtdr.
] 2 Q

(17.150)

UpON evaluaung out me apove megras, £g.(17.150) can be simplified to:

U-1 7.0
Fo(Kn) = Z ¢ (n+ ( ) |:1 B \/7652 + (n+ I)SEMJ ’ (2131
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n=0 * : RN s

Eq.(17.151) can be rewritten as:

U-1 —
1 U | n+1 /U -1 "."CQ
P(Kw) = 5+ ) ( ) \/

2 (n+1) \ n F S+ (n+ 1)y

7.0
N L — 17.153
F.0+nly ( )

1t we assume that the channel attenuation tor a given mobile is independent of the channel
quality for any other mobile and that the probability of choosing any specific subchannel
as the best subchannel from the set of U/ subchannels is equiprobable, the probability that
there are K, out of X' — 1 number of interfering users activating the ¢; th subchannel can be

expressed as:
K-1\ [ 1)\**
P(Kp) = =
(Ka) (Kn )(U) |

The unconditional BER, consequently, can be exp

n=(0

K-1

P, = Y P(Kn)Py(Kn)

Kp=0

K-1 Ky K—1—K»
K—-1 1 1 )
2 ( K )(5) (1 _ﬁ) Py(Khn), (17.155)

Kp=0

where P, (K},) is given by Eq.(17.153).

In Fig.17.28 and Fig.17.29 we compared the down link BER performance of the multi-
carrier DS-CDMA-I system of Fig.17.4, which was analyzed in Section 17.6, and that of the
adaptive AMC DS-CDMA system of Fig.17.15 and Fig.17.16 investigated in this section. In
Fig.17.28 the BER was evaluated as a function of the SNR per bit £}, /Ny by assuming that the
spreading gain of a corresponding single-carrier DS-CDMA system was N = N.U = 256
and the number of active users was K' = 20. By contrast, in Fig.17.29 the BER was eval-
uated as a function of the number of active users K by assuming that the spreading gain
of the corresponding single-carrier DS-CDMA system was also N = N.U = 256 and the
SNR per bit was I, /Ny = 8dB. Therefore, the spreading gain of each subcarrier signal was
N, =064 for U =4 and N, = 32 for U = 8. The results for the adaptive AMC DS-CDMA
scheme were computed according to Eq.(17.155) with 7, given by Eq.(17.148), while the
results for the multicarrier DS-CDMA-I scheme were computed from Eq.(17.131) with 7,
given by Eq.(17.130). However, since synchronous transmissions are usually employed in
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Figure 17.28: Down link BER versus SNR per bit, E}/Ny, performance comparison for the multi-
carrier DS-CDMA-I system of Fig.17.4 and the adaptive AMC DS-CDMA system of
Fig.17.15 over dispersive Rayleigh fading channels with parameters of N = 256, K =
20 and U = 4, &, where N is the spreading gain of a corresponding single-carrier
DS-CDMA system. The results were computed from Eq.(17.131) for the multicarrier
DS-CDMA-I scheme, while from Eq.(17.155) for the AMC DS-CDMA scheme.

the down link, the term 3N, in Eq.(17.130) should be replaced by 2N,, according to the
derivation of Eq.(17.148) in this section. From the results of Fig.17.28 we observe that for
low to moderate SNR per bit value, the adaptive AMC DS-CDMA scheme outperforms the
multicarrier DS-CDMA-I scheme, as long as the receiver can maintain near-perfect channel
estimation with the aid of the pilot signals and provided that there are no feedback errors
concerning the choice of the best subchannel. However, if the SNR per bit in excess of
Ey/No > 14dB for U = 4 and E, /Ny > 12dB for U = 8, the above-mentioned trend
is reversed, in other words, the adaptive AMC DS-CDMA scheme is outperformed by the
multicarrier DS-CDMA-I scheme. In Fig.17.29 the adaptive AMC DS-CDMA scheme out-
performs the multicarrier DS-CDMA-I scheme over the entire range of the number of active
users investigated, namely from /' = 1 to i = 50, when SNR per bit of E},/ Ny = 8dB was
assumed. Furthermore, since multicarrier systems using a high number of subcarriers can
achieve a high diversity order, we infer from the results of both Fig,17.28 and Fig.17.29 that
for any given value of Ej, /Ny or any given number of active users, /', the BER performance
of the system using a high number of subcarriers, such as U = 8, is better than that of the
system employing a low number of subcarriers, such as U = 4.
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Figure 17.29: Down link BER versus number of users, K, performance comparison for the multicarrier
DS-CDMA-I of Fig.17.4 system and the adaptive AMC DS-CDMA system of Fig.17.15
over dispersive Rayleigh fading channels with parameters of N = 256, E;,/Ny = 8dB
and I/ = 4, 8, where N is the spreading gain of a corresponding single-carrier DS-
CDMA system. The results were computed from Eq.(17.131) for the multicarrier DS-
CDMA-I scheme, while from Eq.(17.155) for the AMC DS-CDMA scheme.

17.8 Performance of Slow Frequency-Hopping Multicar-
rier DS-CDMA Systems

In this section we investigate the performance of the SFH/MC DS-CDMA system seen in
Fig.17.17, when using BPSK data modulation. Its performance is evaluated over a range of
multipath Rayleigh fading channels. Two detection schemes are investigated in conjunction
with the receiver having perfect knowledge or no knowledge of the FH patterns employed.
When the receiver invokes the explicit knowledge of the FH patterns used, then conventional
hard-detection - which is often applied in direct-sequence, slow frequency-hopping CDMA
(DS/SFH CDAM) [408, 465] systems - is employed for the sake of simplifying the receiver.
By contrast, when the receiver does not have any knowledge concerning the FH pattern used,
then the joint soft-detection techniques are used, in order to simultaneously accomplish both
demodulation and FH pattern acquisition.
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17.8.1 System Description

17.8.1.1 The Transmitted Signal

The SFH/MC DS-CDMA system has been ivvivmvu 1 wuvovviun 1 rice s, wiie ui mvavs
of the transmitter and the multiple access channel was depicted in Fig. 17.17. Referring to
Fig. 17.17, the transmitted signal of user k can be expressed as:

Up—1

sk(t) = > V2Pbr, it)ex(t) cos (2mf Bt + o)), (17.156)

g
wy =0

where P represents the transmitted power per subcarrier, while U}, indicates the weight of the
constant-weight code currently employed by the kth user, and ¢y, () represents the spreading
(k) (k)

k k

waveform. Furthermore, {byy, ()}, 4 fus } and {{p. represent the current data stream’s

waveforms, the subcarrier frequency set and the phase angles introduced in the carrier modu-
(i)

oC
lation process. The data stream’s waveform by, (£) = Z bus

i=—00

sequence of mutually independent rectangular pulses of duration T and of amplitude +1 or

Pr, (t — iT,) consists of a

o0
-1 with equal probability. The spreading sequence ¢ (t) = E CE)PTC (t — jT.) denotes
j=—00

the signature sequence waveform of the kth user, where cﬁf) assumes values of +1 or -1 with
equal probability, while Py, (t) is the common chip waveform for all signals. In our anal-
ysis for the sake of simplicity we assume that there exists no spectral overlap between the
spectral main-lobes of two adjacent subcarriers, and also assume that there exists no interfer-
ence between subcarriers. More explicitly, interference is inflicted only, when an interfering
user activates the same subcarrier, as the reference user. Let N, = T}, /T, be the number
of chips per bit, where T} is the bit duration before the serial-to-parallel conversion stage of
Fig.17.17. Let the processing gain of each subcarrier signal be V., which can be expressed
as N, = T /T.. Furthermore, we assume that the frequency hopping duration is 7},, and that
the number of data bits NV, = T}, /7" transmitted per hop is a positive integer, which is strictly
larger than 1, i.e. we assume using slow frequency hopping.

17.8.1.2 Channel Description

The channel model considered in this section is the finite-length tapped delay line model of
a frequency-selective multipath channel [95], whose complex low-pass impulse response for
subcarrier wuy, of user k is given by:

Ly-1 o
KO0 = 3 o, st —1,T). (17.157)

g
1,=0

In Eq.(17.157) I, T is the relative delay of the [,,-th path of user & with respect to the main
path, the phases {c‘)(k)

Uka} are i.i.d random variables uniformly distributed in the interval
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[0,27), whilst the L,, tap weights {c\'g:_)‘_‘,p} are independent Rayleigh distributed random

variables with a PDF given by Eq.(17.23). Consequently, for an asynchronous CDMA system
supporting K users, the received signal takes the form of:

r(t) = nlt)
K Up—1Lp—1

+ V2P Y N S el nl - 1,1 - )

k=1 ur=0 [,=0

.qﬁ—@ﬂc4Mum@ﬂﬂk+w$%» (17.158)
where n(t) represents the AWGN with zero mean and double-sided power spectral density
of Ny/2, ’"""r(:i),t,, = [<p(::) + d?.it)__,p - 27rf,(,t)('rk + IpTc)] (mod 27), which is assumed to

be an i.i.d random variable having a uniform distribution in [0,27), and 73, represents the
propagation delay of user k.

LEl Ne Trst User be e user-or-Inierest and consiaer the Conventonal matcned Titer basea
RAKE receiver using MRC, as shown in Fig. 17.18, where the superscript and subscript of
the reference user’s signal has been omitted for notational convenience. In Fig. 17.18 L -
the number of diversity branches used by the receiver - 1 < L < L, is a variable, allow-
ing us to study the effect of different diversity orders. In contrast to the transmitter side of
Fig.17.17, where only U}, out of U subcarriers are transmitted by the user k, at the receiver of
Fig. 17.18 all U subcarriers are always tentatively demodulated. Furthermore, the informa-
tion bits transmitted over the different subcarriers might be detected using hard-detection sep-
arately, or using blind soft-detection jointly for all subcarriers. The choice of soft-detection
depends on whether the receiver is capable of acquiring the FH patterns blindly, i.e., without
their explicit signalling. This important issue will be discussed in the forthcoming Sections.
Consequently, from the point of view of the receiver, each subcarrier can be viewed as an
On-Off type signalling scheme. When a subcarrier is actively used for signalling and hence
it is in the On-state, the MRC output samples give +1 or -1 information. Otherwise, while
passive and hence in the Off-state, the MRC stage outputs noise.

The U number of matched filters in Fig. 17.18 are matched to the reference user’s spread-
ing code, and are assumed to have achieved time synchronization. Let us assume that perfect
estimates of the channel tap weights and phases are available. Then - after appropriately de-
laying the individual matched filter outputs, in order to coherently combine the L number of
path signals used by the RAKE combiner - the gth MRC output sampled att = T+ (L—1)7,
in order to detect the first symbol can be expressed as:

Zy = Dgl0] + 1, (17.159)
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where D,[0] represents the desired direct component, which can be expressed as:

P L-1
D,[0] = \/;I;hq[()] N oy (17.160)

=0

In Eq.(17.160) b, [0] is the first bit transmitted on subcarrier ¢ by the reference user and b, [0] €
{+1,—1,0} with ‘0" representing the Off-state. Since we have assumed that there exists no
interference amongst the subcarriers, interference is inflicted only, when an interfering user
activates the same subcarrier, as the reference user. Hence, the interference plus noise term
I, in Eq.(17.159) can be expressed as:

I,=1,[8

where Jrq [SI represents the multipath interfcicuve HIIPUSTU UY UIT (=L DUULALLITL UL UIT UdTI=
of-interest, which can be expressed as:

P L1 e gy cos
(¥g,t, COSVq .,
SERE 2 S SE L
(=0 1p=0 s
I #1
To+(L—1)T.
/ bylt — (L +1p — 1 - 1)T3)]
(L_I)Tc
eft — (L +1, =1 — )T ]eft — (L — 1)T,]dt, (17.162)

where [,[M] represents the multiuser interference inflicted the g-th subcarriers of the inter-
fering users. Let us assume that there exists K, (0 < K;, < K — 1) number of interfering
signals, all of which activate the ¢-th subcarrier during the first symbol’s transmission of the
reference signal. The event, when an interferer activates the same subcarrier as the reference
user, is often referred to in the literature as a so-called hif - an event that will be discussed in
detail in the next Subsection. Then, I,[M] can be expressed as:

L-1 Ky Lp—1 (A) o g(h)
P, g1, 0891,
M) = (,/513)2%,2 P
=0 h=11,=0
Te+{L-1)T;
/ bWt — (L +1p — 1 = 1)T. — 74
(L-1)T.

ceplt —(L+1, =1 = 1)T, — mlelt — (L — V)T.]dt.  (17.163)

In Eq.(17.162) and (17.163) the cos(-) terms are contributed by the phase differences between
the incoming subcarriers and the locally generated subcarrier used in the demodulation. Fi-
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nally, the noise term of Eq.(17.161) can be expressed as:

Te+(L-1)T,
No=3  Byj f{ oo n(t)elt — (L — 1)Te] cos(2mfyt + g )dt,  (17.164)
_1 e

y -

=0 where

1 -
n.z

. . . . . . N T,
which is a Gaussian random variable with zero mean and variance of —Uli& > Vo 1

{evg.} represents the path attenuations.

We have obtained the decision variables of the MRC output samples. Let us now analyze
the BER performance of the SFH/MC DS-CDMA system using hard-detection by invoking
the often-used Gaussian approximation.

17.8.2 Performance of the SFH/MC DS-CDMA Receiver with Explicit
Knowledge of the FH Patterns: Hard-Detection

17.8.2.1 Probability of Error

In the analysis of this section, we employ the Gaussian approximation and hence model the
multiuser interference and the self-interference terms of Eq.(17.161) as an AWGN process
having zero mean and a variance equal to the corresponding variances. Consequently, for a
set of given channel amplitudes {«,} — according to the analysis of the previous sections —
the g-th MRC output sample can be approximated as an AWGN variable having a mean value
given by Eq.(17.160) and a variance of:

- L—1
KLy +Lp=1  (20B,\ ™" 3
A + QY a2, (17.165)

a_ BIZ
2

2
SORCURSFT—— () ]

Since the receiver has the explicit knowledge of the FH pattern employed by the trans-
mitter, the information transmitted on the [/x, number of activated subcarriers can be detected
without taking into account the Off-state carriers. Hence, the average bit error probability
can be expressed as [408,465]:

K-1 =

BE—=1% % .

Po= Y (" " )R- B)K - Fr Bk, 7,), (17.166)
o\ Kn

where 0 < K < K — 1 and P, is the probability of a Ait - as defined above - imposed
by an interfering signal. In an asynchronous system, if we assume that the FH pattern is
determinated randomly by a constant-weight code chosen from the set of (tf:\) codes, then
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the probability of a hit engendered by the interfering user % can be approximated by:

(g_—ll Uy
Bulny =Bl DR (17.167)
T @) U

The average probability of a hit, I, can be computed by averaging Eq.(17.167), taking into
account the weights of the constant-weight codes used and the number of users, K, which
yields:

|

Py = (17.168)

Lo

where U represents the average weight of the constant-weight codes used. The probability of
Py(Kp,7,.) in Eq.(17.166) denotes the conditional bit error probability of the hard-detections,
given that K, hits were inflicted by the other K — 1 interfering users, i.e., K out of K’ — 1
users in the system activated the same subcarrier as the reference user.

Before proceeding to the evaluation of the average probability of P,(K},,7,.) for a given
K}, we first have to determine the error probability conditioned on the multipath compo-
nent attenuations {ay;}. Following from our previous discussions, for the receiver having
an explicit knowledge of the FH pattern, only the case, when b,[0] € {+1,—1} has to be
considered in deriving the error probability. The associated conditional bit error probability
of the BPSK modulated bits may be written as:

Py(Kn, ) = Q(v/2v), (17.169)

where

2(KpLy + Ly —1) g (QEb\_l“ A

5., = i 17171
; 3N

where 7, represents the average SNR per |

The average bit error probability for ', number of hits is calculated from the conditional
error probability upon weighting 1, (K, ) by the PDF of -, f(v), and then averaging or
integrating the weighted product over its legitimate range, as shown in Eq.(17.57). According
to our analysis in Section 17.4, the average BER for a given number of interfering users can
be expressed with the aid of Eq.(17.57) - Eq.(17.59) as:

L L-1 n
Pb(h'hm)%”;”)} Z(L__i+"') [(1;”)] - (17.172)
n=0
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where, by definition:

with 7, given by Eq.(17.171).
Consequently, the average BER of the receiver using hard-detection can be computed by
substituting Eq.(17.168) and Eq.(17.172) into Eq.(17.166).

17.8.2.2 Numerical Results

C(32,16), L,=6, K=50,N, '~°

]0|||1||Ilr|r||||||

Figure 17.30: BER versus SNR per bit performance for constant-weight code based SFH/MC DS-
CDMA systems using hard-detection over multipath Rayleigh fading channels upon
varying the diversity order L, using the constant-weight code C(32,16) for FH pat-
terns, L, = 6 resolvable paths, X' = 50 users and a bit-duration to chip-duration ratio
Ny = 128. For the receiver using maximum ratio combining (MRC), the optimum di-
versity order L is its maximum possible value of I = L, corresponding to combining
all the resolvable multipath components.

In order to quantify the system’s performance improvements due to diversity, Fig.17.30
depicts the BER as a function of the SNR per bit, namely E,/Ny. The individual curves
in each figure are parameterized by the diversity order L = 1,2,... ,6. We assumed that
the FH patterns were designed from the constant-weight code C(32,16), there were L, = 6
resolvable paths, the number of active users was K = 50 and the spreading gain of each
subcarrier signal was N, = 128U, i.e., the bit-duration to chip-duration ratio was N =
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=50

— N=16,0=256
........... Nb=32,Q=|28
—— Np=64,Q=64
——— N,=128,Q=32

_____ = N.=78A N=14

Figure 17.31: BER versus SNR per bit performance for constant-weight code based SFH/MC DS-
CDMA systems using hard-detection and L, = L = 3 upon varying the value of N and
Q. For a constant bandwidth associated with Ny Q = 2'2, the combination of N}, = 256
and (Q = 16 provides the best performance while also imposing the highest complexity,
requiring a high bit/chip duration ratio Nj.

128. From the results it is seen that the system’s BER performance is dramatically improved
by increasing the diversity order L. For MRC, the value of I has to be maximized. The
corresponding choice of L. = L, implies combining all the resolvable multipath components,
irrespective of the receiver’s associated complexity.

In Fig.17.31 SFH/MC DS-CDMA systems having a constant system bandwidth associ-
ated with the product N,,(Q = 212, but using various combinations of the number of subcarri-
ers () and bit-duration to chip-duration ratio of V;, were considered. In this system, increasing
the number of subcarriers implies decreasing the ‘hit” probability inflicted by the interfering
users and simultaneously, decreasing the direct-sequence spread bandwidth of each subcar-
rier. The parameters used are shown in the figure. For a constant system bandwidth and for
L, = L = 3, we observe that although ¢ and N, change over a wide range, the BER perfor-
mance remains indistinguishable for relatively low SNR per bit values, namely below 15dB.
However, for higher SNR per bit values, in excess of 21dB, the BER performance improves
upon increasing Ny,

Since increasing the value of N}, implies increasing the DS spread bandwidth and re-
sults in decreasing the chip-duration, consequently, for a given multipath fading environment
having an average delay spread of 15, the number of resolvable paths L, = T}, /1., in-
creases upon decreasing 7,.. Hence, the assumption of L, = L = 3 in Fig.17.31 is im-
practical. Therefore, in Fig.17.32 the performance of a SFH/MC DS-CDMA system using
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. U=16,K=50

Wwegrr—rrgrrrr T

o e e
—— N,=64.Q=64
- Ny=128,Q=32
————— Ny=256,Q=16

Figure 17.32: BER versus SNR per bit performance for constant-weight code based SFH/MC DS-
CDMA systems using hard-detection and L, = L = 1,2,4,8, 16 upon varying the
value of N and Q. Best BER performance is achieved for a high diversity order of L, =
L = 16, combining all associated multipath components, regardless of the associated
receiver complexity.

hard-detection over a given multipath fading environment having an average delay spread
of 1,,, was considered, as a function of L, = L. = 1,2,4,8 and 16. More explicitly, here
we assumed that there was one resolvable path at the receiver for the system associated with
Ny = 16. Consequently, the number of resolvable paths was L, = 2,4, 8, 16 for the systems
using Ny = 32,064, 128, 256, respectively. Furthermore, we assumed that the receiver was
capable of combining all the resolvable paths regardless of the associated complexity. Other
parameters related to the computations were the same, as in Fig.17.31, which are shown in
the figure. The results indicate that the BER performance is significantly improved, when
increasing Ny. Hence, for signals undergoing severe fading, a high number of independent
subchannels are required, in order to enhance the system’s performance.

For the systems considered in Fig.17.32 to achieve the best BER performance the receiver
has to have a high diversity order. For example, for the system with N}, = 256 to achieve the
best BER performance, the receiver has to combine all the 16 multipath signals. However,
at the time of writing the implementation of such a complex receiver is impractical. Hence,
in Fig.17.33 we considered a receiver with a maximum diversity order of L = 3, although
a higher number of resolvable paths, L,, was available at the receiver. From the results we
infer that the curve associated with () = 64, Ny = 64, or L, = 4, L = 3 achieves the best
BER performance.

From the results of Fig.17.31 to Fig.17.33 we conclude that, for a SFH/MC DS-CDMA
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Figure 17.33: BER versus SNR per bit performance for constant-weight code based SFH/MC DS-
CDMA systems using hard-detection upon varying the value of N, and ) for a maxi-
mum diversity order of L = 3 and L, = 1, 2,4, 8, 16. Given the complexity constraint
of L = 3, the system associated with Ny = 64, Q = 64, L, = 4, L = 3 achieved the
best performance.

system having a constant system bandwidth and using hard-detection, from a system opti-
mization point of view, the DS spread bandwidth of each subchannel has to be adjusted,
so that the resulting number of resolvable paths, L, is as close to L as possible. Then
the receiver can efficiently utilize the energy dispersed over the multipath components. The
required number of subchannels, consequently, can be obtained by dividing the system band-
width by the required DS spread bandwidth.

17.8.3 Detection of SFH/MC DS-CDMA Signals without Knowledge of
the FH Patterns: Blind Joint Soft-Detection

In the previous subsection, we studied the detection of the SFH/MC DS-CDMA signals,
when the receiver employed the explicit knowledge of the FH pattern of the transmitter used,
whilst the perfect estimation of the channel impulse response (CIR) was also assumed. Often,
however, the receiver is not supplied with the explicit knowledge of the FH patterns. This
happens for example at the commencement of communications before the receiver detected
this information, or in case of soft hand-overs to other base stations. However, the loss of
information under these circumstances is unacceptable and hence more powerful detection
algorithms are required, than the hard-detection techniques of the last subsection.

If we assume that the transmitted signals are equally probable, symbol-by-symbol
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Maximum-Likelihood Sequence Detection (MLSD) is considered to be the optimum receiver
scheme [83,95,466]. In this subsection we investigate the MLSD of SFH/MC DS-CDMA
signals under the assumption that all symbols (vectors) are transmitted with equal probabil-
ity. We assume furthermore that the MRC output samples are mutually independent random
variables having mean value given by Eq.(17.160) and, for simplicity, a common variance
given by Eq.(17.165). Hence the PDF of the g-th sampled subchannel output of Fig. 17.18
can be expressed as:

1 fo omoen2

pylz) = —e
!q( ) 2ra

where D,[0] is given by Eq.(17.160) with b,[0] € {+1.—1,0}, and o2 is given by
Eq.(17.165).

Since the receiver is only aware of the weight of the transmitted constant-weight code, but
not the positions of the binary “1’s, the receiver now has to detect not only the positions of the
*1’s, which indicate the subcarriers used, but also the antipodal binary modulated information
conveyed by the activated subcarriers. Let us express the input data of the scheme seen in
Fig.17.18 in the vectorial form of Dy = {dig.di1,... . dipy—1}, where 0 < i < M —
1 represents the constant-weight code set of weight U; and M is the number of constant-
weight codes included in this set. Then a set of I” MRC samples Z = {71, Zo,... . Zy—1}
in Fig. 17.18 - which we refer to here as a received symbol or vector - are input to the
“decision unit’ invoking a joint ML detection rule, which is based on the determination of the

probabilities defined as:
U-1 L—1
[P, .
] Z (Z@ - E'Isdm Z (.l'f)

oxp q=0) 1=0
(2ro2)u72

2

p(Z|D;) = 557

i=0,1,... ,M-1. {F7.075)

The decision criterion is based on selecting the signal corresponding to the maximum of the
set of probabilities {p(Z|D;)}.

Upon taking the logarithm of both sides of the above equation we arrive at:

/ ; 1
In(p(Z|D;) = g In(2r0?) — — D(Z,D;), (17.176)
2 202
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where

U-1 P L—1
D(Z,Dy) =" |2, - \/ 5 Ledig > aff? (17.177)
g=() =1

represents the Euclidean distance between the decision variable vector of Z and the transmit-
ted data vector of D;. Finding the maximum of In(p(Z|D;) over the whole set of legitimate
transmitted data vectors D; is equivalent to finding the vector D; that minimizes the Eu-
clidean distance of D(Z,D;), i = 0,1,... , M — 1. Furthermore, by extending Eq.(17.177)
we arrive at:

U-1 P L—1 U—1
D(Z,Dy) = ) Z;- (1/5-1; En-?) > Zydig
g=0

1=0 q=0

5 L1 2y—1
;nzuf) >, (17.178)

=0 g=0

WIIETE LNE UTSL LETT 0N e ngni-nana siae is a constant for all ¢ values, i.e., for all transmit-
ted data vectors. Furthermore, since we assumed that the constant-weight code is from the
code set {Dj}, the third term is also constant fori = 0,1,... ,M — 1. Consequently, the
minimization of D(Z, D;) is equivalent to the maximisation of the correlation metrics of:

g =01, , M—1, (17.179)

which delines the corresponding decision rule based on selecting the signal corresponding to
the maximum of the set of correlation metrics C(Z,D;) over the set of M legitimate data
vectors may be input to the transmitter schematic of Fig.17.17.

The detection complexity of a received symbol or vector is determined by both the length
and the weight of the constant-weight code. For a constant-weight code C(U, U}), the detec-

tion complexity is proportional to O ((E’L] 2{"*) - where O indicates the "order’ of complexity

- since each activated subcarrier associated a binary ‘1 in the constant-weight code C(U, Uy,)
may convey a +1 or -1 data bit. However, if I/ number of different-rate transmission schemes
are supported, and each rate is invoked with an equal a-priori probability, then the average
detection complexity can be expressed as O (3U/U). This detection complexity becomes
excessive, when evaluating Eq.(17.179) for all possible code words, if the value of U is high.
In the next two sections we impose some limitations on the transmission scheme by limiting
the minimum distance of the constant-weight codes representing the FH patterns, in order to
simplify the detection process.
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17.8.3.2 Approach I

To this effect, let us assume that the synthesizer of the reference user in Fig 17.17 generates
a total of U = 2™ subcarriers. This design choice conveniently coincides with the practical
implementational constraints of invoking the Fast Fourier Transform (FFT) for modulation.
Assume furthermore that /; = 2", n = 0,1,... ,m, number of subcarriers are activated.
Then the U number of subcarriers can be divided into U1y number of groups, each group hav-
ing W = U/U; = 2™ " subcarriers. A Uj-bit symbol or vector now can be transmitted
by U; number of subcarriers randomly selected from the I/} groups, where each group con-
tributes one activated subcarrier. Under the above constraints, each of the U; groups of W
subcarriers can be independently detected. This reduces the number of combinations to be
considered by the detector and hence the correlation metrics of Eq.(17.179) can be reformu-
lated as:

W-1 2W-1 UyWw-=-1
C(Z,Dy)= Y Zodig+ Y Zydig+...+ Y, Zydig,  (17.180)
q=0 g=W g=(U,—1)W
where C; = {dijw,dijwi1,--- diGyyw-1} for j = 0,1,... ,U; — 1 represents a

constant-weight code C(W, 1) having a weight of one. Since the MRC outputs in Fig. 17.18
are mutually independent random variables, the U; terms in Eq.(17.180) can be computed in
a parallel fashion, which implies that each of the [/; bits can be detected separately by simply
considering the W number of MRC output samples. Consequently, the detection complexity
of the U -bit symbol is now proportional to O(2U; W) = O(2U), which is linearly dependent
on the total number of subcarriers, but independent of the information rate.

Although the complexity of the above detection approach is low, it results in a reduced
detection performance. In order to enhance the detection performance and at the same time
simplify the computations, the FH patterns can be designed by selecting a subset of codes
having a minimum distance of d from the constant-weight codes C(U, Uy ), which is discussed
in the next subsection.

17.8.3.3 Approach 11

Let C(U.d, U) represent a constant-weight code set having a code length of U and weight
of U3, as discussed previously. Furthermore, let the minimum distance between any pair of
codes from C(U,d,U;) be d. Then, this code constitutes a specific subset of the constant-
weight code C(U, U, ), where the number of codewords was M = ({{’]) By contrast, let
A(U,d,U;) represent the number of codewords of the constant-weight code C(U,d,U;).
Then, if the frequency hopping patterns are determined now by all the A(U,d, U;) code-
words, the detection complexity will be reduced from O [( L{,;';)QU’} to O [A( U,d,Up)2U ]
In fact, from our numerical results in Subsection 17.8.4.3, we will see that, if the value of the
minimum distance d is sufficiently high and the SNR is also sufficiently high, then the BER
performance will be very close to that of the receiver having an explicit knowledge of the FH
pattern. This allows the receiver to blindly acquire a restricted set of FH patterns exhibiting
a minimum distance of d, during the call-initiation process. This limited set of FH codes can
be used by the transmitter to signal the actual FH code used for the transmission of ‘payload’
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information to the receiver. According to the above philosophy a set of constant-weight code-
words having a minimum distance of d is used to convey the side-information constituted by
the index of the FH code in the fixed weight codebook to be used by the receiver. During
the consecutive information transmission phase then the the whole set of ( él) number of FH
codes or patterns can be used without imposing any minimum distance limitations.

The nonlinear constant-weight code C(U, d, U;), where d = 2v with v being a positive
integer, has some well-known properties. Specifically, The constant-weight codes constitute
a class of efficient codes suitable for error-correction or error-detection over both binary sym-
metrical and asymmetrical channels [467-469]. For completeness, some of them, which are
related to the forthcoming analysis are characterised below.

Proposition 1 Johnson bound [468]:

A(br: 21"1 Drl) =
provided that Uv > Uy (U — Uy).
Proposition 2 [469][pp.528]: Given that q is the integer power of a prime number, we have:

AR +1,2¢0-2,¢+1) =q(¢® + 1),
AP+ 1,2¢,9+1) = ¢*(¢® —q+ 1). (17.182)

Proposition 3 [469/[pp.528]: Assuming that a 4r X 4r Hadamard matrix exists, we have:

A(dr — 2,
A(dr—1,2r,2
Aldr, zryzr) = or — . (1/7.103)

Based on the above limitations in the context of Approach I and II, we can exploit a range
of further properties of the code C(U, 2v, [71). Let us now derive the expressions of the error
probability for the SFH/MC DS-CDMA system using blind joint soft-detection.

17.8.4 Performance of the SFH/MC DS-CDMA receiver without Knowl-
edge of the FH Patterns: Blind Joint Soft-Detection

Fig. 17.34 portrays an example of the previously discussed constant-weight codes. The
SFH/MC DS-CDMA system of Fig.17.17 uses a constant-weight code C(U, 2v, U ) for acti-
vating the subcarriers. In this section we employ receiver relying on no knowledge of the FH
pattern itself. However, the receiver is aware of the number of the active subcarriers. The re-
ceiver’s task is then to evaluate the previously derived correlation metrics seen in Eq.(17.179).
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These metrics must be evaluated for two different scenarios in order to demodulate a parallel
U; -bit symbol or vector.

Specifically, we have to consider those codes, which have identical *1” positions in the
FH code, corresponding to identical activated subcarriers, but potentially conveying different
data symbols on these active subcarriers. We refer to these as intra-set codes or intra-codes,
Jor short, which are exemplified in Fig.17.34. Explicitly, the above intra-codes are derived
from the same constant-weight code and activate the same subcarriers. By contrast, the so-
called inter-codes of Fig.17.34 are derived from different constant-weight codes, which have
the same number of ‘1" FH code positions, but activate different subcarriers.

1.2 34 5 67 8 910 Subcarriers

+1004+100 +10 +1
+100—-100+10 +1 /.
intra—
--------- Codes
1 -100+100-10 +1"°
+10+1000+1+1 +10
+10-1000-1+1 —-10/. .
intra— inter—
--------- codes codes
+10-1000+1 -1 +10°
0O+1+1000+1 +10 +1
0-1-1000+1+10+1/.
intra—
--------- Codes
0+1+1000 -1 +10 1"~

Figure 17.34: Example of intra-codes and inter-codes of a constant-weight code C(10,4,5) for
SFH/MC DS-CDMA system using 10 subcarriers.

Consequently, in our proposed blind joint soft-detection scheme two different types of
errors exist, the intra-code errors and the inter-code errors. The probability of these errors
is denoted by Pinira(-) and Piyer (), respectively. The intra-code errors do not result in
opting for a code other than the transmitter’s code and hence do not inflict a constant-weight
FH code decision error, they simply result in some bits being demodulated erroneously. By
contrast, the inter-code errors may lead not only to erroneous bit decisions, but also to opt-
ing for another constant-weight code and hence to potentially more severe bit decision error
events. The derivation of the exact expression for the probability of correct vector or symbol
decoding is arduous, since the error probabilities depend on all the A(U, 2v, U;)2Y" number
of correlation metrics evaluated according to Eq.(17.179). Hence below we derive the union
upper-bound of the error probability.
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Let us divide the entire set of A(U,2v, U1)2Y" number of information vectors or sym-
bols into A(U, 2v, [/; ) number of sets, where the vectors from the same set activate the same
subcarriers. Hence the vectors of the different sets constitute "inter-codes’, which were exem-
plified in Fig.17.34. Hence each set has 2Vt vectors, since the information transmitted by an
active subcarrier might be +1 or -1 and there are U; active subcarriers. Let the first vector in
the first set, which is denoted by X1, be transmitted. Then the union upper-bound probability
of an intra-code error can be expressed as [95,466]:

Pintra(Up) = ZQ (\!M ' (17.184)

— X1;|? represents the distance between
Xy and Xy, and o? is the common variance of the MRC output samples, which is given
by Eq.(17.165). By contrast, the union upper-bound probability of an inter-code error can be

written as:
A(U20,U;) 2%1 |X |
11 i
Pinter(Up) = Z ZQ (\,‘ 7';) 5 (17.185)

where again, | X1, — X;; |2 represents the distance between X1, and Xj;;.
Conscquently, the union upper-bound probability of error is the sum of Eq.(17.184) and

FUrLernore, We julit provaoily o1 d COIrect UCicCLonn prus uidt Ol all mrd-cous uccision
error represents the probability of the event that the receiver selected the correct constant-
weight code matched to the transmitted one. This event corresponds to the correct FH pattern
detection probability, which can be interpreted as the correct acquisition - or acquisition
success - probability expressed as:

A=1— Finter\Up). \1/.187)

With the aid of Eqs.(17.184) to (17.187), we can now approximate the union upper-bound
bit error probability performance of the SFH/MC DS-CDMA scheme. For the previously
introduced Approach II of subsection 17.8.3.3 we will also consider a more aceurate error
probability expression.

17.8.4.1 Approach I

Recall from our previous discussions that according to our Approach I in subsection 17.8.3.2
each group of W = U/U, subcarriers of the U; groups can be separately detected, since
each hosts one active subcarrier. The codes utilized by the W subcarriers of a group are
equivalent to a class of C'(W, 2, 1) code with A(1,2,1) = W. This class of constant-weight
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codes includes W number of orthogonal inter-codes, each activating a single carrier in one
of the W possible positions. In other words, this scenario can be viewed as considering the
independent detection of I/; number of length W codes, which have a weight of 1 and a
minimum distance of 2. Reduced detection complexity is attained due to decomposing the
original detection problem into /1 number of low-complexity detection steps.

Since the cross-correlation between two intra-codes is -1, hence, the intra-code error prob-
ability conditioned on the CIR tap attenuations can be expressed using Eq.(17.184) as:

P‘iutr‘u(brp'- A.l") ={

where ~ is given by Eq.(17.171). By contrast, the union upper-bound of an inter-code FH
sequence error conditioned on the CIR tap attenuations can be written as:

Pinter (Up,7) =2(W = 1)Q (v/7) - (17.189)

Hence the union upper-bound probability of intra- or inter-code FH pattern errors condi-
tioned on the CIR tap attenuations is the sum of Eq.(17.188) and Eq.(17.189), as we have seen
in Eq.(17.186). The average union upper-bound error probability per bit for a given number
of hits, K}, is calculated from the conditional union upper-bound probability by weighting it
with the aid of its probability of occurance expressed in terms of the PDF of v, f(~), which
is given by Eq.(17.58) with N, replaced by L and 7, being given by Eq.(17.171). It can be
shown that:

(W —1)P (Kh. %) . (17.190)

where P( K}, x) is given by Eq.(17.172).

The average union upper-bound bit error probability for the receiver using the previ-
ously introduced blind soft-detection Approach I of Subsection 17.8.3.2 can be computed
by substituting Eq.(17.168) and Eq.(17.190) inte Eq.(17.166) with P(K},7,) replaced by
PI(I(-‘?-‘A_-'"(:)’

The acquisition success probability for the casc u1 pulenual ns tnueyu vy we n — 1
interfering users is expressed as:

AMKp) =1 —2W —1)Py(Kn,7,). (17.191)
Then the average acquisition probability for the proposed blind joint soft-detection Ap-

proach I of Subsection 17.8.3.2 can be computed by averaging Eq.(17.191) over the dis-
tribution of the number of hits, yielding:

K-1
K_]. J’{
— P h ]_
A Z(Kh)h(

Kp=0
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17.8.4.2 Approach II

For the previously introduced blind joint soft-decision Approach II of Subsection 17.8.3.3, the
knowledge of the distance between any pairs of constant-weight codewords is required. Ex-
plicitly, this distance information is necessary for the computation of the union upper-bounds
for the probability of intra-code and inter-code FH pattern detection errors in Eq.(17.184)
and Eq.(17.185), as well as for the determination of the union upper-bound of the FH pattern
detection error probability in Eq.(17.186). For specific sets of constant-weight codes exhibit-
ing an equal distance in the context of arbitrary pairs, the exact union upper-bound can be
determined from the above mentioned equations.

Note that for intra-codes and for sufficiently high SNRs, the probability of a single bit
error in a U;-bit symbol is significantly higher, than that of two bit errors, assuming that
the MRC outputs are 1.1.d random variables. Hence the union upper-bound probability of an
intra-code error in Eq.(17.184) can be approximated by:

U,
[|X11— X )
Pintra( U.”) =~ Pira(II) = Z ( M (17.193)
=2

where we replaced Up by I, in order to indicate that this probability is now not the union-
upper bound of an intra-code error according to Approach II. Furthermore, X;; and X,; are
two intra-codes activating the same subcarrier, but having a distance of "one’ between them,
representing a one-bit error. Hence, the cross-correlation of X, and X; is (1 — L'.—T’l), and
consequently the error probability of Eq.(17.193) can be written as [95]:

Patra(11,7) = (U1 = 1)Q (V27). (17.194)

By contrast, for an inter-code error under sufficiently high SNRs, according to Fig.17.34,
the metrics computed from Eq.(17.179) for the specific data vectors D; other than the trans-
mitted vector are maximized, if the bits of D; in the positions corresponding to the activated
subcarriers of the transmitter were identical to the transmitted bits. These cases constitute the
most probable events of inter-code errors and hence Eq.(17.185) can be approximated by:

| X11 — Xi;[?
402

Pinter(Up) = Pinger(IT) = 2° [A(U, 20,U1) — 1] Q ( (17.195)

where again, Up was replaced by /1, in order to avoid confusion with the union upper-bound
of the inter-code error probability. Furthermore, X;; and X;; are two inter-codes having a
minimum distance of d = 2v. The conditional probability of error in Eq.(17.195) can be
hence simplified to:

Pinter(I1,7) = 2° [A(U, 20,U1) — 1) Q (/7). (17.196)

Note that in deriving Eq.(17.196), according to Fig.17.34, the cross-correlation between X1
and X;; is 1 — ULE, since the ‘0’ elements (Off-state) of the constant-weight code are included
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in the correlation computations.
The total bit error probability conditioned on the CIR tap attenuations is constituted by
both intra- and inter-code errors, which can be approximated as:

1

P(I1,~) = A

1
Pmn-n(”ff) + E‘D?'rr.ter(fju'?) (17.197)

according to the above analysis. The average bit error probability for a given number of hits,
K, is calculated from the conditional bit error probability of Eq.(17.197) by averaging it
with respect to the PDF of -, f(7), which is given by Eq.(17.58) with N, replaced by L and
7. being given by Eq.(17.171). Following this averaging or integration we have:

| 20 [A(L, 20, U;) — 1 V7,
P”(Kh.i)szm P(Kp,7.) + A ;Ll) ]P(I\’h.%). (17.198)

where P( K}, x) is given by Eq.(17.172).

The average bit error probability of the receiver using the blind soft-detection Approach 11
of Subsection 17.8.3.3 can be computed by substituting Eq.(17.168) and Eq.(17.198) into
Eq.(17.166) with P(K},7,) replaced by P/ (K}, 7,).

The acquisition success probability for the given number of hits inflicted by the K — 1
interfering users can be expressed as:

A(KR) = 1 — 2° [A(U, 20, Uy) — 1] P(Kp, ’T’) (17.199)

Finally, the average acquisition success probability of the blind joint soft-detection Ap-
proach II can be computed by averaging Eq.(17.199) over the distribution of the number
of hits, which was given in Eq.(17.192) with A(K},) replaced by Eq.(17.199). Let us now
characterized the performance of the blind soft detection Approach I and Approach II.

17.8.4.3 Numerical Results

In Fig.17.35 we estimated the upper-bound BER of Approach I upon combining L = 1, 3,5
paths in the receiver. The BER of hard-detection based on the approach of Subsection 17.8.2
was also plotted as a benchmarker, assuming that the receiver exploited the explicit knowl-
edge of the FH patterns. The parameters related to the computations were shown in the fig-
ures. The results demonstrate that the system provides dramatic BER improvements, when
the number of combined diversity paths, L, increases. However, the results also demonstrate
that opting for the blind joint soft-detection Approach I of Subsection 17.8.3.2 increased the
BER with respect to hard-detection.

In Fig.17.36 we evaluated the intra-code Word Error Rate (WER) and the inter-code word
error rate, as well as their sum for the SFH/MC DS-CDMA system using the blind joint
soft-detection Approach II of Subsection 17.8.3.3. We employed the FH description code
of C(16,12,8), having a minimum distance of d = 12 between the constant-weight codes,
which corresponded to v = 6. Since the intra-code word error probability is the codeword
error probability of the soft-detection technique proposed, when the receiver has the a-priori
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Figure 17.35: Comparison of the BER versus bit-SNR performance between the hard-detection tech-
nique of Subsection 17.8.2 and blind soft-detection using Approach I evaluated from
Eqgs.(17.190), (17.166) and (17.168) for the constant-weight code C(16,8), L, = 5 re-
solvable paths, diversity combining orders L = 1, 3, 5, K = 50 users and a bit-duration
to chip-duration ratio of Ny = 128. The remaining parameters are explicitly stated at
the top of the illustration. The BER performance of hard-detection is superior to that of
the blind joint soft-detection using Approach I.

knowledge of the FH patterns, the results shown in this figure explicitly illustrate the com-
parison of the word error rate performance between the SFH/MC DS-CDMA system using
blind joint sofi-detection and that using soft-detection with a-priori knowledge of the FH
patterns. From the results we concluded that under various SNR conditions the total WER
was dominated by one of its contributing factors. Namely, for very low SNR per bit values or
very low number of diversity fingers, such as L. = L, = 1, the performance was dominated
by the word error rate of the inter-code decisions. By conirast, for moderate to high SNRs per
bit and for high diversity orders . = L, = 5, the word error rate of the intra-code errors was
more dominant, However, for the case of I, = L, = 3 and for sufficiently high SNRs per bit,
the resultant word error rate was dependent on both the intra-code and the inter-code error
events. Based on the fact that the word error rate of blind joint soft-detection is the sum of
the intra-code and inter-code WER, the blind joint soft-detection approach is outperformed by
the soft-detection technique using the a-priori knowledge of the FH patterns. This becomes
explicit for L = 1, L = 3 and for L = 5 atrelatively low SNR per bit values in Figure 17.36.
However, for L = 5 at sufficiently high SNR per bit values there is effectively very little
difference between the word error rate performance curves of the blind joint soft-detection
scheme (Intra+Inter-code curve) and the soft-detection arrangement using the a-priori knowl-
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based SFH/MC DS-CDMA system using the blind soft-detection Approach II. For v >
2, sufficiently high SNR per bit values and sufficiently high diversity orders, the average
error probability of blind joint soft-detection using Approach II is dominated by the
intra-code errors.

edge of the FH patterns (Intra-code curve). Since the inter-code word error rate is a function
of v, we infer from Eq.(17.194) and Eq.(17.196) that if v > 2, the total word error rate will be
dominated by Eq.(17.194), provided that the SNR per bit is sufficiently high and the channel
fading is sufficiently benign or the diversity order is sufficiently high. This property suggests
that for # > 2 intra-code error-control techniques can be introduced, in order to correct the
intra-code errors by increasing the minimum distance between the intra-codes and hence de-
creasing the intra-code word error rate of Eq.(17.194). This would decrease the total word
error rate of the blind soft-detection using Approach II.

Finally, in Fig.17.37 we characterised the probability of the successful FH code acquisi-
tion for the blind soft-detection Approach I and that of the blind soft-detection Approach II
for the multi-rate transmission scenario discussed previously, under the assumption that all
the interfering users employed the same constant-weight codes, namely C(32,16). From the
results we observe that for Approach I the probatility of successful FH code acquisition be-
comes higher, when the constant-weight codes associated with higher information rates are
used. By contrast, for Approach Il and for the specific set of constant-weight codes we used,
C(32,8,4) achieved the best performance. Nevertheless, if the SNR per bit is sufficiently high,
the curves corresponding to the constant-weight codes of C(32,4,2), C(32,8,4) and C(32,14.,8)
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system using the blind soft-delecncn Appmach l and II, under the dhbul‘l‘]pil()l] of constant
spreading gain for multi-rate based systems. If the SNR per bit is sufficiently high, blind
joint soft-detections can acquire the FH patterns used with a high probability, while also
detecting the transmitted information bits.

will tend to a successful acquisition probability of unity.

This allows the receiver to blindly acquire a restricted set of FH patterns exhibiting a
minimum distance of d. This restricted set of FH patterns can then be used by the transmitter
to signal the index of the actual FH codes used for the transmission of *payload’ information
to the receiver. During the information transmission phase then a randomly selected set of
FH patterns from the (8] number of FH codes can be used without imposing any minimum
distance limitations. In other words, following the blind detection of the ’side-information’
constituted by the FH codes used by the transmitter, successive communications can be based
on the explicit knowledge of the FH patterns.

17.9 Chapter Summary and Conclusions

Following a brief classification of the most popular MC-CDMA systems in this chapter we in-
troduced slow frequency hopping for impraoving the system’s performance and flexibility. The
proposed SFH/MC DS-CDMA system is capable of efficiently amalgamating the techniques
of slow FH, OFDM and DS-CDMA. Nonlinear constant-weight codes have been introduced,
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in order to control the associated FH patterns, and hence to activate a number of subcarriers,
in order to support multi-rate services. Hard-detection or blind joint soft-detection have been
proposed for signal detection. The hard-detection exploits the explicit knowledge of of the FH
patter employed, while the soft-detection assumes no apriori knowledge of the FH patterns
used. The properties of the constant-weight FH codes have been investigated in conjunction
with specific system parameters, and the performance of the proposed SFH/MC DS-CDMA
systems using either hard-detection or blind joint soft-detection has been evaluated, under
the conditions of supporting constant-rate or multi-rate services. From the results we con-
cluded that the blind joint soft-detection techniques are capable of detecting the transmitted
information and simultaneously acquiring the FH patterns.
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Glossary

ACL
adaptive-rate

AQAM

ARIB
AWGN
BCH

BER

blind detection

BPS
BPSK
BS
CATT
CCL
CDMA

CIR
CRAD

DBPSK

decorrelator

Auto-correlation of a sequence
a term applied to techniques that adapt the bit rate according to certain criteria

Adaptive Quadrature Amplitude Modulation, a transmission scheme where the
modulation mode is adapted according to certain criteria

Association of Radio Industries and Businesses in Japan
Additive White Gaussian Noise

Bose-Chaudhuri-Hocquenghem, A class of forward error correcting codes
(FEC)

Bit error rate, the number of the bits received incorrectly

A data or parameter estimation technique that does not require reference se-

quences to be transmitted or parameter estimation to be carried out separately
Bits Per Symbol, indicates the throughput performance

Binary Phase Shift Keying, a type of data modulation scheme

A common abbreviation for Base Station

Chinese Academy of Telecommunication Technology

Cross-correlation, usually of two different sequences

Code Division Multiple Access, a multiple access scheme where multiple users
transmit simultaneously within the same bandwidth and are separated through
the use of a unique spreading code for each user

Channel Impulse Response

Coherent Receiver Antenna Diversity, where the received signals from more than
one antenna are coherently combined to obtain signal gain.

Differential Binary Phase Shift Keying, a type of data modulation scheme

A detector that removes the correlation of all the interferer signals with the signal
of the desired user
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diversity

DS-CDMA

ETSI
FDMA
FFH

FH-CDMA

IC

IMT-2000

interleaving

18-95

181

JD

JD-CDMA

LMS

MAI

MAP

matched filter

A technique employed to obtain performance gain where different received ver-
sions of the same source signal are combined in order to improve the system
performance

Direct Sequence Code Division Multiple Access, a sub-class of CDMA where
each transmitted bit is directly multiplied with a spreading sequence in order to
spread its bandwidth.

European Telecommunications Standards Institute

Frequency Division Multiple Access, a multiple access scheme where different
users transmit in different bandwidths in order not to interfere with each other

Fast Frequency Hopping
Frequency Hopping Code Division Multiple Access, a sub-class of CDMA

where the carrier frequency of the CDMA user is switched according to a pattern
determined by its unique code

Interference Cancellation, a type of multiuser receiver for CDMA where the
received signal is regenerated from previous data estimates and cancelled from
the composite received signal, in order to provide more reliable estimates after
the cancellation stages

International Mobile Telecommunications 2000

A technique employed to randomize burst errors caused by fading in the mobile
channel. The transmitted bits are arranged according to a known order before
transmission and at the receiver the received symbols are re-arranged into the
pre-transmission order so that the bursty errors can be separated. This helps
improve the performance of the channel decoder.

Interim Standard 95, the cefinition of the cellular (800 MHz) CDMA Common
Air Interface

Inter-symbol Interference, interference caused by the time dispersion of the
wideband channel where the transmitted symbols interfere with each other
Joint Detection or Joint Detector, a type of multiuser receiver that uses equaliza-
tion techniques to detect jointly detect the symbols of multiple users

Joint Detection CDMA system, a CDMA system that employs joint detection
receivers

Least Mean Square algor:thm, a linear adaptive filtering algorithm that recur-
sively optimizes the filter tap weights in order to obtain the minimum mean
square error at the output of the filter

Multiple Access Interference, the interference caused by multiple users trans-
mitting simultaneously within the same bandwidth and is usually used in the
context of CDMA systems

Maximum A Posteriori, the maximum a posteriori probability criterion maxi-
mizes the probability of making a correct decision

A filter that has an impulse response that is matched to the waveform of the
desired signal and maximizes the SNR at the output of the filter
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MC-CDMA

MLSE

MMSE

MMSE-BDFE

MMSE-BLE

MRC

MS

multipath diversity

multiuser receiver

near-far effect

PDF
PIC

PN sequence

power control

PSD

PSP

QAM

893

Multi-Carrier Code Division Multiple Access, a sub-class of CDMA where a
data symbol is spread with a spreading sequence into say, Q chips and each chip
of the spread data symbol is transmitted over a narrowband subcarrier in the
frequency domain.

Maximum Likelihood Sequence Estimation, a sequence estimation technique
that produces the most likely transmitted sequence based on a metric that is
optimized for a certain criterion

Minimum Mean Square Error

Minimum Mean Square Error Block Decision Feedback Equalizer, a type of
joint detection receiver that minimizes the mean square error and feeds back
already detected symbols to improve the reliability of the output estimates

Minimum Mean Square Error Block Linear Equalizer, a type of joint detection
receiver that linearly minimizes the mean square error

Maximal Ratio Combining, a diversity combining technique where multiple re-

ceived signals are coherently combined
A common abbreviation for Mobile Station

Multiple versions of the transmitted signal are obtained at the receiver due to the
different multipaths in a channel and the signals of these paths can be combined

in order to provide performance gain

A receiver that employs available knowledge on the properties of all the trans-
mitting users in arder to detect the data symbols of all the users

The phenomenon that occurs when the signals from different users arrive at the
base station with different signal strengths. The stronger signals swamp out the
weaker signals, thus severely degrading the performance of the weaker signals.

Probability Density Function

Parallel Interference Cancellation, an interference cancellation receiver where
the received signals of all the interferers are cancelled from the received com-
< -ofts wie==t-s ——ch cancellation stage in order to generate a more reliable signal

ation of the desired user
Pseudo-noise sequence, or pseudo-random sequence, which is a generated se-
quence that exhibits noise-like properties

A technique used to combat the near-far effect where the power control algo-
rithm attempts to regulate the transmitted powers of all the users such that the
signals of all the users arrive with similar strengths at the receiver.

Power Spectral Density

Per Survivor Processing, a trellis-decoding algorithm, where the required pa-
rameters, for example CIR estimates, are unknown. The parameter estimation is
carried out in a “per-survivor” fashion, which means that a parameter estimator
is assigned to each surviving data sequence of the trellis.

Quadrature Amplitude Modulation
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RAKE

RLS

SFH
SIC

SINR

SNR

SOVA

SSMA

TDD

TDD-CDMA

TDMA

TH-CDMA

TIA
UMTS
UTRA

Viterbi algorithm

VSF

W-CDMA

A multipath diversity combiner, that inherited its name from the way it “rakes”
in all the incoming pulses to form an equalized signal. The signal energy from
different multipaths are combined according to the chosen diversity combining
technique.

Recursive Least Squares, an adaptive filtering technique where a recursive
method is used to adapt the filter tap weights such that the square of the error
between the filter output and the desired response is minimized

Slow Frequency Hopping

Successive Interference Cancellation, an interference cancellation receiver
where only the received signals of all the interferers that are more reliable than

the desired signal are cancelled from the received composite signal in order to
generate a more reliable signal for the data estimation of the desired user

Signal to Interference plus Noise ratio, same as signal to noise ratio (SNR) when

there is no interference.
Signal to Noise Ratio, noise energy compared to the signal energy

Soft Output Viterbi Algorithm, a trellis algorithm that generates the most likely
sequence in soft decisions according to the constraints of the trellis and the re-
ceived signal

Spread Spectrum Multiple Access

Time Division Duplex, a transmission protocol where the uplink and downlink
transmissions are carried out in the same frequency but separated in time

Time Division Duplex Code Division Multiple Access, a multiple access scheme
that combines TDD and CDMA

Time Division Multiple Access, a multiple access technique where multiple
users transmit in the same bandwidth but are separated in time through user-
designated timeslots

Time Hopping Code Division Multiple Access, a sub-class of CDMA where
each user transmits in the timeslots determined by its spreading sequence
Telecommunications Industry Association in USA

Universal Mobile Telecommunications Systems

UMTS Terrestrial Radio Access

A trellis algorithm that generates the most likely sequence according to the con-

straints of the trellis and the received signal

Variable Spreading Factor, an adaptive rate transmission scheme for CDMA,
where the bit rate is adapted by varying the spreading factor but keeping the
chip rate constant

Wideband Code Division Multiple Access, a high chip-rate and bit-rate CDMA
air interface, where the mobile channel bandwidth is very wide and the fading

within the channel is frequency-selective. In general, the minimum bandwidth
of wideband CDMA is 5 MHz.
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WMF

ZF-BDFE

ZF-BLE

895

Whitening Matched Filter, a filter that whitens the received noise and maximizes
the SNR at the output of the filter

Zero Forcing Block Decision Feedback Equalizer, a type of joint detection re-
ceiver that eliminates all the interference at the expense of noise enhancement
and feeds back already detected symbols to improve the reliability of the output

estimates

Zero Forcing Block Linear Equalizer, a type of linear joint detection receiver
that aliinnian =1 the interference at the expense of noise enhancement
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