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ABSTRACT

Direct sequence code division multiple access (DS/CDMA) technique has been used
extensively in communication system since it can accommodate the limited availability of the frequency
bandwidth. In addition, a DS/CDMA system is also able to well-maintain the quality of the system in
the multiple access interference (MAI) and inter symbol interference (ISI). environments due to
multipath nature of channels in presence of additive white Gaussian noise (AWGN). In the DS/CDMA
system, spreading codes play an important role in multiple access capacity. M-sequence, gold sequence,
as namely a few, has been traditionally used as spreading codes. These sequences are generated by shift
registers and are periodic in nature causing less number of sequences and limiting the security.

This thesis presents an investigation of using chaotic sequences as spreading code for a
DS/CDMA system. The chaotic sequences are generated by a chaotic map generator. The superior
beneficial of chaotic spreading code than conventional one is that the chaotic sequences are easy to
generate for a very long sequence. In addition, an enormous number of different sequences can simply
be generated by changing its initial condition. Chaotic sequences are deterministic, reproducible,
uncorrelated and random-like, which can be very helpful in enhancing the security of transmission in
communication system. The performance of chaotic sequences in a DS/CDMA communication system
using adaptive iterative receiver is investigated in this thesis. The simulation results prove that the
chaotic sequences provide better performance compared with the conventional spreading code. Using
chaotic sequences as spreading codes can accommodate a large number of users and spreading

sequences without degrading the BER performance and the security of the system.
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Chapter 1

Introduction

1.1  Background v

The new technology in wireless communication is noteworthy to study and much more
challenging since the demand of high performance in telecommunication system increase faster over in
the past decades. High capacity, transmission velocity, transmission quality, and security are the main
performance needed by users. Many researches were proposed to attain the superior performance in
wireless communication systems [1-4]. Some issues concerning with wireless communication become
the main aspect for many researchers to gain the users’ need regarding to their necessity, such as how to
communicate in easier and faster way and also how to get information in real-time processing.

The explosive number of users in recent years has allowed the wireless communication system
to provide the simultaneous access with the same frequency bands, especially when radio links are
required for a large number of terminals in a density population area. Hence, the high frequency, low
power and low-voltage circuitry are needed to fulfill the demands of the overall system. But then the
other problems are emerged, such as the interference by adjacent users due to the limited availability of
frequency bands.

Direct Sequence Code Division Multiple Access (DS/CDMA) was proposed as a technique to
combat the interference between adjacent users and to improve the efficiency bandwidth of the
transmitted signal using pseudorandom sequence as spreading sequences [5, 6]. In this technique, the
transmitted signal appears as noise-like and the power spectral density is low so that the signal will be
difficult to jam. The orthogonal spreading sequences allow the users to communicate simultaneously on
the same channels by their unique spreading sequence on each user.

The conventional spreading sequences which commonly used in DS/CDMA system are
maximal length shift register sequences (M-sequences) and Gold sequences [7, 8]. The M-sequences are
the longest codes that can be generated by a given shift register or a delay element of the fixed length.
Therefore, the number of sequences is usually too small and is not suitable for spread spectrum systems.
Gold sequences have been proposed to cope with the drawback of M-sequences in 1967 by Gold [9].

These sequences are constructed by the EXOR of two M-sequences with the same length. The simple



circuitry generator to generate a large number of spreading sequences makes Gold sequences more
popular to be implemented in DS/CDMA system than M-sequences.

As the number of users increase dramatically, DS/CDMA system must provide more spreading
sequences to handle more users. But, since the spreading sequences in the DS/CDMA need more
memory to generate a large number of spreading sequences, then a chaotic system was proposed to
replace spreading sequences in DS/CDMA system [10-15]. Although a chaotic sequence is still
relatively new to be applied in communication system, but the performance of this system can boost the
superiority of a DS/CDMA system compare with the conventional spreading sequences concerning with
the security and unlimited sequences to generate. The benefits of using chaotic sequences compared to
conventional spreading sequences are described below:

- With given code length, a larger number of sequences is available compared to the number of
conventional spreading sequences

- Chaotic sequences can be easily generated and their statistical characteristics can be adjusted to
their user’s needs.

In this thesis, layered space time coding (LSTC) DS/CDMA structure of transmitter and
receiver is presented to simulate chaotic spreading code.

This chapter begins with some background issues in DS/CDMA communication system and the
motivations of the work are presented in Section 1.2. The objectives of the thesis are well described in

Section 1.3 and finally the outline of this thesis will be given in Section 1.4 as the last section in this

chapter.

1.2  Motivations

The growing demand of the performance in wireless communication has created an impending
need for development of the new technique to improve the speed, reliability and capacity of
communication system or for decreasing the size, complexity and cost. The DS/CDMA with spread
spectrum technique was investigated to suppress the drawback of wireless communication. Since the
conventional spreading sequences in DS/CDMA have some limitation in order to achieve and maintain
carrier and symbol synchronization due to the different propagation times for different users, so the
perfect synchronization can never be achieved in the real system. The other issues concemning with the
spread spectrum system are the carrier regeneration and the code clock regeneration detectors, because
of the binary nature spreading sequences used in binary waveforms. This emerges possibility to
investigate newly chaotic sequences in DS/CDMA communication system in performance comparison

with the conventional one.



A chaotic system as a deterministically dynamical system with their special characteristics,
predictable in the short-time and exhibiting long-term unpredictability, has a potential superiority
referred to the conventional spreading sequences [16]. Details of the chaotic behavior are hypersensitive
to change in initial conditions (even minor changes in the starting values of the variables). Equivalently,
chaotic signals rapidly de-correlate with themselves [17, 18]. The auto-correlation functions of the
chaotic signal have a large peak at zero and decays rapidly. It becomes good benefit in synchronization
for each of the spreading sequences. While the low cross-correlation function are useful for increasing
the user’s capacity in DS/CDMA communication systems.

The implementation and investigation to enhance the performance of chaotic sequences in
DS/CDMA system were discussed in [19-21]. Synchronization is still the important issued for applying
a chaotic signal in DS/CDMA due to its characteristics.

1.3  Objectives

In this research, chaotic sequences with one-dimensional map and three-dimensional map are
proposed to investigate the enhancement of the DS/CDMA system as pseudorandom sequences in terms
of BER performance and complexity analysis for the whole systems. Implementation of the new
structure of the receivers is also discussed. The recursive least square (RLS) as an adaptive iterative
receivers which can elevate the interference between adjacent users and channels are the matched ones

to collaborate with chaotic sequences, so that the superior performance of DS/CDMA can be achieved.

14  Thesis Ont'line

The thesis is organized in five chapters and is briefly summarized as follows.

Chapter 1 introduces some background information and previous works about the research in
the chaotic system and the application in communication systems. The key idea in this chapter is to
show the potential benefit of using chaos for communication especially in the DS/CDMA system.

Chapter 2 describes the literature reviews of DS/CDMA and the chaotic system. The concept of
DS/CDMA with the basic structure of the transmitter and the receiver using a conventional spreading
code such as M-sequences and Gold sequences is discussed. Several dimensional-chaotic maps are also
explained in this chapter as spreading sequences such as Logistic map and Chebyshev map as a one-
dimensional map and Chen’s attractor as a three-dimensional map.

Chapter 3 presents methodology of the research. The proposed method of chaotic signals as
spreading sequences and the structure of the adaptive RLS receivers are described in detail.



Chapter 4 gives the simulation results and analysis of chaotic performances in the DS/CDMA
as pseudorandom sequences compared with the conventional spreading sequences using adaptive
iterative RLS receivers.

Chapter 5 concludes the thesis in reviewing and highlighting the contributions that have been

presented in this thesis. The suggestions for future works related to this research are given as well.



Chapter 2

Literature Reviews

The main interest in this thesis is the analysis and design of transceivers in a DS/CDMA system
using chaotic spreading sequence. Some preliminaries necessary are presented in this chapter, which
will be described in the following chapter. Section 2.1 describes the overviews of a DS/CDMA system
as spread spectrum communication system. Section 2.2 introduces the basic description of a chaotic
system, while Section 2.3 reviews about channel coding principles, and Section 2.4 presents the

multiuser detection techniques.

2.1 DS/CDMA systems

The basic concept of direct sequence spread spectrum communication systems as the core of the
CDMA system is the multiple access using spread spectrum modulation with their unique spreading
sequence to identify each user. To mitigate the interference among the users, the unique spreading
sequence must have the good properties of autocorrelation and cross correlation. An asynchronous
CDMA system was proposed the spreading sequence using pseudorandom (PN) sequence to assign each
user. The kind of the PN sequence can be gold sequence, Kasami sequence, maximum length sequence
(m-sequence) to name a few.

In this section, the briefly introduction of a DS/CDMA system will be presented. The definition
of the DS/CDMA system will be described by the model of functional block DS/CDMA communication
system. The generation of the PN sequence is also discussed in this section as well, while the

application for the conventional spreading sequence are given at the last section.

2.1.1 Concept and Modeling

For a DS/CDMA system, a direct sequence spread spectrum technique allows users to occupy the
same time and frequency. In this system, each user is identified by the unique codes [22, 23]. These
unique codes are set binary sequences which are orthogonal or almost orthogonal to one another. Figure

2.1 demonstrates the functional block of a transceiver in the DS/CDMA system.



Chip waveform filter
symbols signal
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(a) Transmitter

(b) Receiver

Fig. 2.1 The functional block diagram of a DS/CDMA transceiver

At the transmitter, the binary message signal is multiplied by the spreading sequence, generated
by a spreading sequence generator. While, the receiver correlates with the received signal with a replica
of the spreading sequence. The threshold element estimates the transmitted signal from the result of the
correlation. Spreading sequences are required to have a broadband spectrum; i.e., they should be
uncorrelated. In order to reduce crosstalk, spreading sequence from different transmitter-receiver pairs

must not correlate to each others.

212 PN sequence generator

A DS/CDMA system allows a PN sequence to modulate the information of the data with noise
like waveform [24, 25]. A PN sequence is generated by such a shift register that has autocorrelation
properties similar to those of white noise. There are several PN sequences that are used to generate the
binary spreading sequence in DS/CDMA system. In this section the detail descriptions of generation the
PN sequence are presented below. These are a maximal-length sequence (m-sequence) generator and a
gold sequence generator.

A PN-sequence, ... @_,, @_q, g, Ay, A ..., Where @, € {0,1}, generated by shift registers is a
periodic sequence of ones and zeros with period N,. Because the sequence is periodic, @n = @n+N,
for any n. The spreading signal a (f) derived from this pseudorandom sequence is also a periodic
pseudorandom function of time with period ' = N, T, and is defined by



a(t) = Z ap hr (t —nT,) @1

n=—oo

where a,, = (—1)*" , and hy_(t) is a pulse or chip period 7,. The signal a(f) is deterministic, so that its
autocorrelation function is defined by

T
Ry(r) = % fo a(t)a(t +7)dt 22)

Because a(t) is periodic with period T, it follows that R,(7) is also periodic with period T, the

power spectrum A (f) is found by taking the Fourier transform of (2.2). This power spectrum consists of
. . . 1

discrete spectral lines at all harmonics of /an

2.3)

- k
AD= ) M- =)

k=-co g'c
Where & (.) is the delta function. Consider two different signals a(t) and '(t) . The cross correlation

function of these two deterministic signals is

A T
Ryq (7) = 7 ] a(t)a'(t +1)dt (24)
0

Where it has been assumed that a(t) and a’(t) have the same period T, then the cross-correlation
function is also periodic with period 7.

2.1.2.1 Maximum-length sequence (m-sequence)

An M-sequence can be generated using linear feedback shift registers (LSFR) and the
combination logic that will produce the sequence which likes a high frequency noise. This pseudo-noise
sequence is not completely random, but it is generated by a well defined logic. The same logic is used at
the transmitter and the receiver. Figure 2.2 shows the illustration to generate m-sequences using
m-registers, where the coefficient g, g,, ....., g, are elements of the binary Galois Field, GF(2), with the
value 0 or 1.

The symbols of the field element over GF(2") in polynomial form are shown below :

B(D) = Bo + 1D + "‘ﬂm—1Dm“1 (2.5)



P @1 Pm2 Pm3 @ 1

B B (e e B, DB o

@ Modulo 2 Adder ® Modulo 2 Muiltiplier Single Stage Shift Register

Fig. 2.2 An M-stage linear shift register (Galois feedback generator)

These polynomial forms are initially stored in the stages of a shift register as can be seen at
Figure 2.2. The first operation is to add (in GF(2)) g, to B; for 1 <i <m—1 and then to shift the
register one position to the right, replacing f,,_, in the leftmost pesition by By, - It should be verified
that the content of the shift register at this point in polynomial form is

BU(D) =TT BDT! + By Bty @D (2.6)

From Equation (2.6), it follows that

.44 4
BDDID = B(D) + Pop (D) i

where

pD)=1+ Zl ‘piDl 2.8)

@(D) is the characteristic polynomial of the shift register.
Suppose now that @(D) is a primitive polynomial over GF(2) and this polynomial generates
GF(2"). Because a primitive elements of the field is a root of ¢ (D) we get from Equation (2.8) that

BM(a)a = B(a). 2.9)

If B(a) = a’, then BV (a) = a1,

The circuit in Figure 2.2 generates the power of @ in inverse order. Correspondingly, the output
of the shift register, { (D), is the sequence of zero coefficients of the elements of this sequence. The
period N, of this sequence is (2™ — 1), because the number of the nonzero elements in GF(2") is equal
to (2™ — 1) . This is the maximal possible period for shift registers of length m. Such a shift register is



called a maximum-length (linear) shift register (MLSR). The sequence can be generated by an MLSR
sequence, maximum-length sequence, maximal-length, or m-sequence.
Equation (2.7) can be written in the form

BE+D(D)DE+ = O (D)D* + LD (D), (2.10)

where B(®) is the register content at the t-th moment and { , is the register output at the t-moment, t = 0,
E28...

The summation of Equation (2.10) over ¢ from ¢ = 0 to ¢ = oo gives

T2, BODIDE + BOD) = X2, P (D)D! + {(D)e(D),

(2.11)
where oo
WEDNA @.12)
t=0
is the output sequence of the shift register. From (2.12), we have
8O
i) = o)’ (2.13)

where B(°) (D) is the initial condition polynomial.

Randomness property of the PN-sequence is the main point to support the CDMA system.
M-sequences almost satisfy the randomness properties of Bernoulli sequences. The parameters of the
generation process (the coefficient @; of the generator polynomial (D) ) are deterministic but the m
terms of the initial vector, or equivalently, the time shift of the MLSR sequence can be chosen
randomly. As pseudorandom sequence, that eligible to use in the predecessor of CDMA system, m-
sequences have the best periodic autocorrelation in terms of minimizing the maximum value of the out-
of-phase autocorrelation, while for the cross correlation, some of m-sequence pairs have large cross
correlation values that make the m-sequence no longer exist to implement in multiple users
environment. The limited number of the sequences that can be generated by the m-sequence generator is
also the problem that lead out to the new generation of spreading sequences.

Table 2.1 shows the list of the shift register connections for generating the m-sequences. An m-
sequence is a maximum-length nonlinear shift register sequences, which is said to be a primitive m-

sequence if it is obtained by adding all zero n-taps in ones of a period of an m-sequence.
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Table 2.1 Shift-register connection for generating m-sequences

m Stage Connected | m Stage Connected | m Stage Connected
2 1,2 13 1,10,11,13 24 1,18,23,24
3 1.3 14 1,5,9,14 25 1,23
- 1,4 15 1,15 26 1,21,25,26
5 2,5 16 1,5,14, 16 27 1,23,26,27
6 1,6 17 1,15 28 1,26

1,7 18 1,12 29 1,28
8 1,5,6,7 19 1, 15, 18, 19 30 1, 8,29,30
9 1,6 20 1,18 31 1,29
10 1,8 21 1,20 32 LN, 31, 32
11 1,10 22 1,22 33 1,21
12 K7.9,12 23 %19 34 1,8, 33,34

Delay and add property

Consider an output sequence {p (D) of the shift register in Figure 2.3. According to Equation
(2.13), it can be represented as

~ B®m®
G(D) = g (2.14)

where B is the initial condition polynomial and @ (D) is the characteristic polynomial of the
shift register. If the sequence {p (D) are shifted by an arbitrary number of cycles k, k < 2" — 1, the
output sequence of the shift register & (D), for different initial vector 8% (D) is below

———
W(P)=_ (2.15)

If the original sequence {j (D) and the shifted sequence {i (D) is added, term by term modulo 2,
we obtain a new sequence that itself is an output sequence of the shift register with initial condition
vector BO(D) + B*(D), that is

©0)+p® (D)

_ B
$o(D) + §(D) = ot (2.16)
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Hence, the generated sequence is itself a time shift of the same m-sequence. This is the delay and
add property. The sequence {y(D) + {; (D) satisfies the balance property. It follows that two sequences
{o(D) and g, (D) , each of the length 2"-1, differ in 2™ positions and agree in 2" — 1 positions.

We can formulate the first and third properties in terms of the real number of alphabet {1, -1}
instead of the binary logical alphabet {0, 1}. The first property is reformulated as equality

1 1
~ In=18n = ~% (2.17)

where a, is the equivalent (in the real number alphabet) of the n-th term of the MLSR sequence,
{n . that is, a, = (—1)%r . Equation (2.12) follows from the balance property in Equation (2.11)
The third property is

. N 1, |/ k=0
0, (k) = a Aoy = {—I/N,, 753 i (2.18)
n=1

This is the discrete autocorrelation function of the m sequence takes only two values. The
autocorrelation of the m-sequence can be defined by averaging over a complete cycle of the sequence.
In practice, synchronization of signals spread by the pseudorandom sequence often require that an
estimate of the correlation between the received signal and the receiver dispreading signal is made in
less than a full period.

If we consider the sequence {a,} as a discrete time periodical random process, Equation (2.12)
implies that the time average of the process is equal to -1/N, ; Equation (2.13) implies that the time
correlation of the process is equal to 1 or =I/N,. If we treat the initial condition vector as a random
vector with II D equiprobable binary components, the m-sequence becomes a stationary ergodic process.

In some CDMA applications, it is useful to be able to generate m-sequence in different phase.
For example in a DS/CDMA system, different phase shift of a very long spreading sequence may be
used to distinguish different users. The DS/CDMA receiver selects the desired signal by choosing the
phase of the reference dispreading signal. The phase difference may be equivalent to thousand chips,
thus making the use of straightforward phase shift impractical. A practical method is simply to calculate
the shift register initial conditions required to generate a sequence delayed by k chips from the sequence
generated from another specific initial condition.

From the consideration of the Galois feedback generator, it follows that these initial contents of

the shift register are two elements of GF (2") such that 8 = g(® g~k
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2.1.2.2 Gold sequence

The gold spreading sequences were introduced by Gold in 1967. Gold sequence that was
invented by Gold has a small value of cross correlation within a set, that lead out to the good impact in
multiple user environments. This class of pseudorandom sequences with their good properties can
decrease the multiple access interference that can be found in multiuser DS-CDMA communication
systems [26]. Furthermore, a gold sequence generator is also can generate more pseudorandom
sequences, so that the multiple users in DS/CDMA can be handled.

Gold sequence can be generated by a pair of m-sequences, called preferred m-sequence and
forming the modulo-2 of two sequences. Consider ¢ maximum-length sequence a of period
N, = 2™ — 1and a second sequence is said to be the decimation of the sequence a . the notation a”=a[q]
is used for sequence a’. Sequence a’ has period N, if and only if ged(N,,q) = 1, where “gcd” means the
greatest common advisor. Any pairs of maximum-length sequences a and @’ having the same period N,
are related as a’ = a[q] for some g.

The cross-correlation spectrum of pairs of maximum-length sequences can be three-valued, four-

valued, or many-valued. All pairs of maximum-length sequences whose cross-correlation is three-

_im 1 [tm)-2]

valued are called preferred pairs of m sequences. Those three-values are oA
P 14 P

where = log,(Np + 1), Np, Np is the sequence’s period,

mt2 (2.19)

mi1
{1+2 2z, formodd,
1427, formeven

The following conditions are sufficient to define a preferred pair a and a’ of maximum-length
sequences with period N, = 2™ —1:

®  m# 0 (mod 4); that is, m is odd or m = 2 (mod 4)
. a‘=a[q],whereeitherq=2k+1orq=22k-22k+l

1, for m odd
] —
ged (m.k) { 2, for m = 2(mod 4)

where gcd means greatest common devisor.

In defining sets of Gold sequences, it is necessary to find preferred pairs of maximum-length
sequences. Let a and a’ represent a preferred pair of maximum-length sequences having period
N, =2™ — 1. Consider the set of N, + 2 = 2™ + 1 sequences {a, a’, a+a’, a+Da’, ... , a+D""'a 1,
where D"; » means phase shift of @’ by j units. This set is called the set of Gold sequences. It can be
proved that any pair of sequences in the set has three-valued cross-correlation spectrum. With the
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exception of sequences a and a’, the set of Gold sequences does not contain maximum-length
sequences. Hence, their autocorrelation functions are not two-values but four-valued and they take the
same three-values as the cross-correlation plus the value 1.

Gold sequences form a family of spreading sequences with good cross-correlation properties,

while the auto-correlation properties is not as well as cross-correlation properties [27].

Fig. 2.3 The Gold code generator with m-shift registers

2.2 Chaotic System

The superiority. performance of chaotic in nonlinear dynamics attracted many researchers to
employ in communication system, since the natural behavior of chaos can turn out to be the beneficial
factor to gain security and capacity in terms of data communication [28-33]. In this section, the concept
and modeling of the chaos will be discussed in details and the generation of chaotic sequences using
several map of a chaotic generator will be presented. To support the compatibility in communication
system, some synchronization techniques of coupled chaotic system [34] are also given in this section.

2.2.1 Concept and modeling

The idea of using chaos in communications systems sparked in the early 1990s. A brief
summarize of the properties of chaotic signals are described in Table 2.2. These applications result from
three core aspects of chaos, broadband, complexity, and orthogonality [35-38].
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Table 2.2 Properties of chaotic sequences

Property Description Application

Deterministic | Generated by deterministic systems | Information coding, measurements
(algorithms); can be reproduced in

principle

Noise-like Seemingly random; irregular to an | Pseudorandom signal  generators,
observer not knowing the generation | information encryption

algorithm

Broadband Continuous power density spectrum over | Broadband stimulation, measurement,

an extended frequency range and communication

Decorrelated | Signals from : CDMA, communication and broadband

- The same generator with different initial | measurements
conditions

- Structurally identical = systems with
slight parameter differences that are not
correlated

2.2.2 Chaotic sequence generator

The major difference of chaotic sequence than a PN sequence is the characteristic of chaotic
sequence that are no longer binary. Therefore, the chaotic sequence must be transferred into binary
sequences. Figure 2.4 is shown the process of binary converter in chaotic generation. The chaotic
sequences are generated by chaotic map gemerators. This continuous chaotic sequence then feeds

forward to the quantization and encoding process.

! Chaotic binary
Parameters Chaotic map | sequences
: generator \

Fig. 2.4 A chaotic sequence generator

In this research, the T. Kohda binary quantification algorithm is used to assure the security of
binary sequences as applied in cryptography [39]. Chaotic real-valued sequence is transformed into the



15

binary by using the algorithm. The procedure of T. Kohda binary qualification algorithm is described as
follows.

Firstly, the threshold function of g, (x) is defined as

0 (x<v)

o,(x) = {1 G=v) (2.20)
Secondly, the absolute value of x in a floating-point number with m bits is written by
lx| = 0.c*(x)c?(x) .. c™(x) ci(x) €{0,1}. (2.21)

The i-th bit can be expressed as shown at Equation below. So that, the binary sequences can be

obtained from the seed generator of chaotic system,
c'(x) = a1(2" x| - T4 2P 1P (). 2.22)
2

Figure 2.5 shows the basic processing scheme of a CDMA system using chaotic code sequences.
The two chaos generators in the transmitter and receiver have to generate the same sequence x(k), so
they have to be synchronized. If a reliable synchronization channel is not available, this can be done by
generating the sequences in advance and storing them in the receiver. This automatically means
truncation and periodic repetition, which is an important condition for synchronization. Synchronization
is then achieved in the usual way, as it is done with PN sequences, or alternatively, a corresponding
matched filter with a chaotically generated sequence of coefficients is used.

AWGN
mik)
s < Filter | -
x(k) (k)
Chaos | Chaos
Generator Synchronkisten Generator
Transmitter Receiver

Fig. 2.5 Baseband model of a CDMA system using chaotic sequences

The performance of coherent chaos-based CDMA systems can be characterized as follows: as
long as a correlation receiver is used for the calculation of the bit error rate, only the second-order

characteristics are taken into account. So the receiver cannot distinguish chaotic and random signals,
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and the performance of chaos-based systems should compare with that of conventional systems. The
benefit of using chaotic sequences consists of two points:
1. With given code length, a larger number of sequences can be generated by a chaotic sequence
generator compared with the conventional spreading sequences.
2. Chaotic sequences can be easily generated and their statistical characteristics can be adjusted
with the users’ needs.

The latter point is especially interesting; hence, it has been found recently that slightly correlated
sequences show a better performance than purely uncorrelated ones [40]. From the desired correlation
or spectral properties of the sequence a return map g can be constructed that, from different initial
values, generates a variety of code sequences. Another aspect to take into account is the structure of
chaotic sequences for the receiver design. This leads to the nonlinear receivers, which might perform

better than the classical ones [41-44].

2.2.2.1 Logistic map

One of the simplest and most widely studied nonlinear dynamical systems capable of exhibiting
chaos is the logistic map [46]. Logistic map is one-dimensional map and nonlinear. One important
feature of thre logistic map is the passage to chaos through a sequence of period doublings; the
bifurcation where this doubling occurs is called a pitchfork bifurcation, because the local shape of the
bifurcation diagram resembles a pitchfork [47],

F(x,r) = rx(1—x). (2.23)

Or written in its recursive form, we have

i = Nl ED= 0 S R W <O r <¥ (2.24)

Here, F is the transformation mapping function, and  is called the bifurcation parameter, that is
shown in Figure 2.6 with 2,8 < r < 4. Depending on the value of , the dynamics of this system can be
changed attractively, exhibiting periodicity or chaos. The bifurcation occurs at r = 3, leading to a stable
period-2 cycle which eventually lose stability, as r = 3,45, giving rise to a stable period-4 cycle. As r
increases further, the scenario repeats itself over and over again : each time a pe:n'od-2k cycle of the map
F loses stability through a bifurcation of the map F*~' , which gives rise to initially stable period-2""
cycle, where F is often-mentioned logistic map with a periodic point of prime period k. for 0 < r <
g =357 ... the sequence {x_} of values of r at which cycles of period 2" has a finite accumulation
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point r = 3.57. For . < r < 4, the sequence is chaotic, for all practical purposes, non-periodic and
non-converging [48). Figure 2.6 shows the bifurcation diagram of Logistic map.

Simultaneously, it is mathematically proven that excepts for negligibly short intervals where the
sequence has odd periodicities, this particular range of values of » causes the logistic map to be chaotic
over {0 1}. However, further investigation provides that map has indeed, a period-2 cycle for r slightly
greater than three, equivalently, or a fixed point.

Furthermore, this map has a very sensitive dependence upon its initial value x,, for those values of
r. This sensitive dependence can be illustrated by giving a large initial points range to the iterative map.
After a few iterations, the two resulting sequences will look completely uncorrelated.

Figure 2.7 is given as one dimension and phase trajectories of Logistic map using the value of

initial condition is 0.5.

0 22 N WL L CTTITTGII7( P L
- 22 24 26 28 3 32 34 36 38 4
bifurcation parameter value (r)

Fig. 2.6 Bifurcation diagram of Logistic map with initial value x=0.5
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a. One dimension of logistic map
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05
X{n+1) 05 Xin)

b. Phase space trajectories of logistic map

Fig. 2.7 One dimension and phase trajectories of Logistic map with initial value 0.5

2.2.22 Chebyshev map
The principle of Chebyshev map of degree %, is defined by Adler (1964) and Rivlin (1990) as
shown at the Equation (2.32).

Xn41 = cos(k arcos(x,,)), -1<x, <1, n=0,1,2,.. 2.25)

Here, the map is chaotic when the value of k is k = 2. As chaotic maps, the Chebyshev equation
has the properties that are sensitive to the initial value. If the value of = 2 , they have positive
Lyapunov exponents for any initial value, the Chebyshev is also have good properties with mixture and
ergodicity. The real-valued sequences generated by the Chebyshev maps are orthogonal. The auto-
correlation function of real-valued sequences generated by the Chebyshev maps is & function
[Niansheng Liu-86]

As presented in [49] that the examples of Chebyshev polynomials are given by

To(x) =1, T(x) =1,
T,(x) = 2x% — 1, T3(x) = 4x3 — 3x, ...

Adler and Rivin [50] have shown Chebyshev polynomials of degree k > 2 are mixing and thus
ergodic, and their invariant measure is given by (x)dx = % . Furthermore, by investigating the
asymptotical stability of the Frobenius-Perron operator corresponding to Chebyshev transformations,
Chebyshev polynomials are shown to be exact and thus mixing and ergodic transformation [51].

The Chebyshev polynomials have the orthogonality as below
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[, TOT pGdx = 8,754 @27)

The auto-correlation functions for sequences generated by the Chebyshev polynomial are given

1 n
(COY =2 T+ 1)

J=1

1

T ()T, , (x) p(x)dx (2.28)
-1

=26(0).
2.2.2.3 Chen’s attractor
In this section, the generalization of Chen’s attractor is presented. The research of Chen’s
attractor in secure communication was proposed by Chen [52]. The definition of the Chen’s attractor is

described in Equation as below:

x=a(y—x)
¥ =(c—a)x+cy—=xz (2.29)
Z=Xy,=.bz

where a > 0, b > 0, and c are the parameters (2¢ > a). With the typical parameter values of a =35,b=3

and c = 28, the corresponding numerical Chen’s attractor can be found and is depicted in Fig. 2.8.
The Chaatic Chen attractor

Y 40 -2

Fig. 2.8 The chaotic Chen’s attractor

The previous works of using chaotic in communication system have been investigated in [74-80].
V Nagarajan and P.Dananjayan [74] presented the implementation of logistic map in multi-carrier (MC)
DS-CDMA system. In their proposed model, the chaotic sequence is using in time domain and
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frequency domain as given in Figures 2.9 and 2.10 as transmitter and receiver model respectively with k
number of users.

b(r) ? ‘
a. (1)

Fig. 2.9 The transmitter model of MC DS-CDMA in time domain and frequency-domain

In this technique, the transmitted signal can be expressed as
Sit) = |2E M be(D)a (O cy [mIcps(Wat), k=123 ....K. (2.30)

where P represents the transmitted power of each user and {w, }, m=1,...,.M represents the subcarrier
frequency set. The binary data stream’s b (t) waveform consists of sequence of mutually independent
rectangular pulses Py, of duration T, and of amplitude +1 or -1 with equal probability. The spreading
sequence 2,(t) denotes the T-domain spreading sequence waveform of the user. By assuming the T-
domain spreading factor N=T /T, to represents the number of the chips per bit-duration, it is can be
assumed that the subcarrier signals are orthogonal and the spectral main-lobes of the sub-carrier signals
are not overlapping with each other. The received signal can be shown by

)= ¥, \/%;bk(t)ak(t — ti)Ci[mgm xcos(Wit + @) + n(t), (2.31)

Where n(t) represents the AWGN with zero mean and double-sided power spectral density of N/2. As
shown in Figure 2.10 and Equation (2.29), each time and frequency (TF) domain spread MC DS/CDMA
signal that is identified by the aid of two spreading sequences, one applied in the context of the T-

domain.
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ﬁ cos(axt+6,,)

1 iT+T+7;
F dt}—» LPF e % —
iT+1;
a(t—iT -1,) Cpy
V2 cos(@+6, ) | T -,
i
0 T dt s LPF _.C% D —x-.
— T iT+r; Z
V2 cos(@y,f +6, ;)
1 iT+T+5;
e _f dt | LPF
iT+1;
a,(t—iT -r1,) Gy

Fig. 2.10 Receiver model of MC DS-CDMA using both time-domain and frequency domain

23 Channel Coding Principles

During the last few decades, there has been an increasing demand for efficient and reliable digital
data transmission and storage systems. To reliably reproduce the data, a major concern of the system
design is the control of errors. With his 1948 paper, “A Mathematical Theory of Communication”,
Shannon [58] demonstrated that, by properly encoding of the information, errors induced by a noisy
channelorstmagemediumcanbemducedtoauydesimdlevelwiﬂmﬁsacriﬁcingthemteof
information transmission or storages, as long as the information rate is less than the capacity of the
channel. The fundamental philosophical contribution inspired the research in the error control coding

areas.

2.3.1 Interleaving

Interleaving plays an important role in many digital communication systems for manifold
reasons. In the context of wireless communications, fading channels often lead to bursty errors. Then,
several successive symbols may be corrupted by deep fades. This has a crucial impact on the decoding
performance, for example, the performance of convolutional codes because of its sensitivity to bursty.
In order to overcome this difficulty, interleaving is applied. At the transmitter, an interleaver simply
permutes the data stream in a specified manner, so that the symbols are transmitted in a different order.
Consequently, a de-interleaver has to be employed at the receiver in order to reorder the symbols back

into the original succession.
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2.3.2 Convolutional Codes

Convolutional codes are used extensively in numerous applications in order to achieve reliable
data transfer, including digital video, radio, mobile communication and satellite communication. A
convolutional code is described by three integers, which are the number of input symbols, &, the total
number of output symbols, n, and memory order, m [59]. The n-tuple emitted by the convolutional
encoding procedure is not only a function of an input k-tuple, but is also a function of the previous mk-
input tuples. Figure 2.13 shows a simple convolutional code encoder, which is a linear feed forward
shift register. The connection between the shift register elements and the modulo 2 adders can be
conveniently described by the following two generator sequences:

gV =(2) 8" &")=010)

g” =(g" 2" g;”)=(111)

If u=(...,u_,uy,u,,..,u,..)is the input data stream, then the two output sequences, denoted

n_ @ 1 D (1) 2000 2 2) @2 2 p
by V" = (s VO 05, ) and v = (L v VD VP v L) can be obtained as

(2.32)

v =uxg® =12 (2.33)

where * denotes the convolutional operator.

V(l)

V(Z)

Fig. 2.13 A (2,1,2) convolutional encoder.

A convenient and common way of describing encoding and decoding operations is using trellis
diagrams. A trellis stage for an input at time 7 for binary (2,1,2) code is shown in Figure. 2.14. A trellis
diagram consists of N stages, where N is the number of input words, each consisting of k input data bits.
The stage of the encoder is defined as the content of its shift register. For the encoder with total memory
K, the stage number is 2K. Each new block of & inputs causes the transition to a new stage. That is, there
are 2K branches leaving each stage. Each branch is labeled the k input causing the transition at time unit
t, denoted by %, =[u,,U,,....u,]and n corresponding to outputs, denoted by

Y, =[V,0sVipseesVipal-
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The performance of a convolutional code depends on the decoding algorithm and distance
property. If a hard-decision decoding algorithm is used, the code performance is measured by Hamming
distance. The minimum free distance of a convolutional code is defined as the minimum Hamming
distance between any two code sequences, which is the minimum weight of all non-zero code sequences
of any length. If a soft-decision decoding algorithm is used, the code performance is measured by
Euclidean distance. The minimum free Euclidean distance is defined as the minimum Euclidean
distance between any two code sequences. However, the using of decision decoding algorithms is
depends on both the convolutional code trellis and modulation type [60].

lStatt:l State

Fig. 2.14 One stage in the trellis diagram for binary (2,1,2) convolutional code.

2.3.3 MAP Decoding Algorithms

The decoder can apply a number of the soft output decoding algorithms. As the overall receiver
complexity is mainly dominated by the decoder complexity, the choice of the decoding algorithm
depends on the available processing power at the receiver. The maximum a posteriori (MAP) approach
[61] is optimum in the sense that it minimizes the bit error probability at the decoder output and is
usually implemented by using a forward and backward recursion algorithms. The MAP decoding
algorithm operates on a trellis representation of the convolutional code as shown in Figure 2.14.

The conditional error probability of the decoder is defined as:

P(E|r)=P@a#u)=P(V+v) (2.34)

where — P(E) is the probability of error in the decoder

- ris the received where the term P(r) is independent of the decoding algorithms.

P(E) is given by:

P(E)=Y" P(E|r)P(r) (2.35)

So, the minimum probability of error in Equation (2.34) is achieved by minimizing P(V = v |r)

for all r which is represented by:
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P(r|v)P(v)
P(r)

If the coded sequences are all likely equal, the probability of optimal decoding for a discrete
memories channel is denoted as:

PE=v|r)= (2.36)

P(r| v)=HP(r,. Iv,) (2.37)

The Equation (2.37) is rewrite in monotone increasing function as:

log P(r|v)= Zk)g P(r,|v,) (2.38)

where log P(r]v) is known as log-likelihood function.
The soft-output MAP decoder calculates the a posteriori log-likelihood ratio for data bit u, as:
AQu)= 103M (2.39)
p{u,=0|r}
where P{u=ilr} is the a posteriori probability (APP) of the data bit u,.
Then, the decoder makes the hard decision by:
L, if A(w,)>0

Au) = {0, AN (2.40)
The APPs in Equation (2.39) can be computed from the trellis diagram as:
plu, =0|r}="> P(S_ =m'S, =m|r} (2.41)
(m'm)eB)
plu, =1} = (m'%‘ey P{S . =m'S =m|r} (2.42)

where S, and S, are the encoder stages at time (1) and #, respectively, and B’ and B'are set of
transitions from state m' to stage M caused by u=0 and =1, respectively. (2.40) and (2.41) can be

written as
P{S, , =m'S, =m|r}
plu,=0[r}= = : (2.43)
(m',mz)eb," P(l')
P{S, , =m",S, =m|r}
plu, =l{r}= = : (2.44)
(-',-z)eﬂ.’ P(r)
where P(r) is a constant.

In order to efficiently calculate the information bits APPs, the following probability functions are
defined [59]

a,(m)=P{S, =m,r'} (2.45)
B(m)=P{x" | S, =m} (2.46)
7i(m'\m)=Pfu, =i,S, =m,r,| S, ,=m"} (2.47)

where = (FosesTiineens i) (2.48)
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and = (e ) (2.49)
The joint transition probability, P{S, , =m', S, = m,r}, can be expressed as
P{S,_ =m" S, =m,r}=a, (m)Y y/(m',m)B,(m) (2.50)
i€0,1

where o (m)and g (m)are obtained recursively as
a,(m)= Za, ()Y 7l (m',m) 2.51)

i€0,1

B,(m)= Zﬁm(m)z 7, (m',m) 252)

i€0,1
and y,(m',m)is a channel transition probability weighted by the information bit a priori probability
p(u, =i),i=0,1where u, is the information symbol associated with transition S,_, =m'—>S, =m.

Coefficient y,(m',m)can be written as

j=n-1
rimm = p Gy =) [] P07 15, 2:53)
J=
1 ('i,j =X.j )2
P{’;,j |'xl_[} & ‘/%e = (2.54)

where x, ;, j=0,...n—1, is a binary phase shift keying (BPSK) modulated symbol in the codeword
associated with transition S,_, =m" > §, =m.
If we assume that the encoder starts and ends in a zero stage, the boundary conditions are
a,(0)=1, a,(m)=0, form=0 (2.55)
By©@) =1 B, (m)=0, form=0 (2.56)
The log-likelihood ration now can be written as

> @, )y (m';m) B, (m)

3/ (m',m)eB'
Au,) =log 2 SISINE S, Py (2.57)

(m'm)eB’
The above algorithm is usually referred to as a forward/backward algorithm, since the coefficients

@,(m) are calculated recursively starting from the beginning of the trellis, and the /3, (m) coefficients

are calculated recursively starting from the end of the trellis.

a,,(m') Bia(m"y)

a(m)
ﬂ(m;\o
r'(ml’m) 7l+l(m m l)

H(m ) ﬂm(m 1)

Fig. 2.15 Graphical representation of the forward and backwards recursions.
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Figure 2.15 shows the graphical representation of the forward and backward recursion. In this
figure, o, (m' )represents & coefficients for state 7', in the (+-1)th stage which is connected with
stage M in t-th trellis stage and where the transition s,_, =m'—>S, =m is caused by the information
bitu, =i,i=0,1. Similarly, the £, , (m")denotes P coefficient for stagem"in the (¢-1)th trellis stage
which is connected with stage M in r-th trellis stage and where the transitions, , =m'—> S, =mis

caused by the information bitu, =4i,i=0,1.The a posteriori probabilities of the information bits can be

calculates as
el\("‘)
P{u, =1 I l'} = T+—eAT') (2.58)
1
P{u, = OI l'} — W (2.59)

The a posteriori probabilities of the transmitted bits can be calculated by adding the probabilities

of the codeword that contain a particular transmitted, are denoted as

Pix, =i} = ) Py, =i|r} (2.60)
u=ix, ;=1

Bix, ==1{rk= > " Pl =i}
u,=i,x,J=—|

24 Multiuser Detection Techniques

Over the past twenty years, a number of sophisticated receiver designs, for example, multiuser
detection, have been proposed for interference suppression under various settings. Generally, multiuser
detection techniques are applied to joint detection of different signals transmitted over MIMO channel.
Multiuser detection [62-65] was first proposed for CDMA systems rather than TDMA systems. The
simples approach to demodulate CDMA signals is the single-user matched filter (MF), which was
adopted in CDMA receiver. However, conventional single-user receivers are designed to operate in the
fading channel without CCI and MAL Hence, they do not work well in a multiuser system. The studies
of multiuser detection techniques for CDMA system was started with the work of verdu [66]. For the
AWGN channel, Verdu presented an optimum multiuser receiver based on maximum likelihood (ML)
or maximum a posteriori probability (MAP) algorithm. This optimum technique however requires a
prior knowledge of the signal amplitudes and phases and involves a high degree of computational
complexity. Therefore, some suboptimum multiuser detection, named as linear detection which included
zero-forcing (ZF) and minimum mean square error (MMSE) detection have been investigated. They can

suppress the interference by means of linear processing in much lower complexity. Other sub-optimal
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schemes were proposed in hopes of reducing complexity while maintaining good performance, are
referred as decision-feedback detection such as successive interference cancellation (SIC) and parallel
interference cancellation (PIC). However, in designing a multiuser detector for MIMO channels, the
knowledge of MALI characteristics such as the spreading sequences, the availability of the CSI at the
receiver, must be jointly take into account in order to mitigate ISI, CCI, and MAI. Another successful
technique, named adaptive detector, was introduced, based on an adaptive signal processing scheme
such as recursive solutions. The advantages of using adaptive signal processing techniques are its
capacity to track the channel variation without prior knowledge of CSI and its simplicity and robustness
to the signal.

2.4.1 Asynchronous CDMA Systems
In a K-user synchronous CDMA system, the received signal consists of the sum of all users’
spread signals embedded in additive white Gaussian noise (AWGN) as shown in Figure 2.16.

x'(1) e
A's'(t)
-l X MO g ) Receiver
4's (1) n(r)
X () MOD
A5sE @)
Fig. 2.16 DS-CDMA model.
The received signal is represented as:
r(t) = is" A x  +on(t) , 1t=[0,T] (2.61)
k=1
where T is the data symbol period. s'(t) is the signature waveform assigned to the k-th user as:
sk ()= is" (m)q(t—(n-1T)) (2.62)
n=1
where: sk(n) denotes the n-th chip value of s
q(t) is the chip waveform
T, is the chip interval.

Then, s'(t) is normalized to have unit energy as given by:
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Is* "2 = i[s"z (tdt =1 2.63)

0
The signature waveforms are assumed to be zero outside the interval [0,T], and hence there is

no inter-symbol interference (ISI). A" is the received amplitude of the k-th user’s signal. Al‘2 is
referred to as the energy of the k-th user. X* € [—1,+1]s the symbol transmitted by the k-th user and
n(t) is additive white Gaussian noise with zero mean and variance 0" .
Equation (2.61) can be written in a discrete-time form as the following:
r=SAx+on (2.64)
where r=[r(1),7(2),....,r (N} (2.65)

and

PLV° ) et —,

o slgz) sl.(z) - s”'(2) (2.66)
s'(N) s*(N) ... s5(V)

A=diag[A', 4,..., 4] (2.67)

b=[b.0,...b (2.68)

n =[n(),n(2),.... (NI (2.69)

where N is number of data frame length.

2.4.3.2 Maximum A Posteriori Probability Detection
The Maximum a Posteriori (MAP) detector selects:

% = argmax Pr(x transmitted | r received) (2.70)
which minimizes the probability of error. This is the same as the ML estimate if the symbols are likely
equal. However, when combined with error control coding and iterative soft decoding, the decoder can
pass reliability information to the multiuser detector in the form of the a priori distribution or likelihood
ratio for each transmitted symbol. Hence, in that scenario the MAP estimate generally differs from the
ML estimate. Furthermore, the MAP detector itself computes soft estimates of each symbol, although
the final (hard) estimates are obtained from the soft estimates by thresholding. If the receiver detects a
subset of the vector x, then the MAP estimate maximizes the corresponding marginal distribution.

The MAP detector suffers from the same drawbacks as the ML detector, namely, the
complexity grows exponentially with the size of x, and it requires knowledge of H. However, in some

applications where the system size is relatively small, the complexity may be manageable.
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2.4.4 Interference Cancellation Detections
Besides the linear detection schemes, researchers have also proposed non-linear detectors that
use the interferers’ data to detect that of the desired user. Interference cancellation (IC) [62] detectors
employ temporary data estimates to reconstruct the interference, and then subtract it from the received
signal. The IC detector includes two classes: successive interference cancellation (SIC) [63-65] and
parallel interference cancellation (PIC) [66-69].

2.4.4.1 Successive Interference Cancellation Detection

Received Baseband
Signal

Correlate Each User’s
Signal

Find Strongest User for
Cancellation

Regenerate Strongest
User’s Signal

Subtract Regenerated
from Buffer

Fig. 2.19 Algorithm for successive interference cancellation.

The successive interference cancellation scheme uses the algorithm shown in Figure 2.19. At
each iteration of the scheme, all the user’s signals are estimated. The signal with the largest power is
then regenerated and subtracted from the buffered received signal. The remaining signals are now re-
estimated and a new largest user is selected. The process will continue until all the users’ signals have
been recovered or the maximum allowable number of cancellations is reached.

Successive interference cancellation has been shown to be very robust to imperfect power
~ control in a DS-CDMA system. This comes from the strongest users (and thus best estimated) all having
been cancelled from the received waveform. Successive interference cancellation is considered one of
the simplest forms of interference cancellation because of the single stage of cancellation. However, the

processor performing the cancellation must perform all the cancellations while maintaining the
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necessary data rate. As show in [70], this class of detectors has the almost paradoxical feature that
interference cancellation can be performed most reliably when the interference is strong relative to the
desired signal, i.e. when there is a significant power difference between each of the users signals.
However, its performance is poor when power levels are approximately equal. At the same time, the
signals need to be sorted by power correctly, and signal reordering is required whenever the power
profile changes. This will be a particular risk in a high capacity system with widely variable power

levels. Moreover, serial cancellation one by one will lead to a relatively long processing delay.

2.4.4.2 Parallel Interference Cancellation Detection

Parallel interference cancellation detection simultaneously removes from each user the
interference produced by the remaining users. In this detector, each user in the system receives equal
treatment in the attempt to cancel its MAIL Compared with the SIC, since the IC is performed in parallel
for all users, the delay required to complete the process is dramatically reduced. Figure 2.24 illustrates
the structure of the PIC detector in a two-user scenario. The PIC performs the estimation for all users’
signals separately at first. Then the signal decisions are used to reconstruct the MAI, which is subtracted
later. It’s clear that the parallel cancellation process should be divided into at least two stages as shown

in figure 2.20 and 2.21.
5 yl
!
s ()
r(t)
s’(r)

e
eY J

Fig. 2.20 Parallel Interference Cancellation for CDMA systems.

In the first stage which can be provided by the MF or linear detectors, the signal from each
users are demodulated. Then, the data estimate of the kth user is given by:
%, =sgn(yyy) 2.71)
where sgn(.) is the sign of a real number.
For the desired user &, remodulating the signal of user j with the signature wave, we get the
which is subtracted from the received signal:

MAI construction s’ (1)s* (1)4,%,
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yf»:c )= Y:lr - Z Pk (’)Ajf;”
s 2.72)
=43, =Y, pu(DA,(x, - %)+ n'(t)
Jj=k
Assuming that a hard decision is employed, the output of the two-stage PIC detector is:
Tpic = Sg0(Vpic)
. sgn(Akxk -Z P,-k(‘)Aj(x,- —ij)"" n'(t))
J#k

The PIC approach can be further iterated by replacing the conventional MF outputs with the

2.73)

increasingly reliable temporary decisions of the interfering users. It is made by PIC detector in the last

iteration as shown in Figure 2.21.

r(t)

Fig. 2.21 Iterative PIC detector.

Then, the received signal is rewritten as:

Viec® = yip ()= pu DAL (2.74)
jk

where y}/ is the I-th iteration PIC detection result and ¥/ 'is the data decision made by the PIC
detection in the (/1) th iteration. Moreover, the iteration can be performed as many times as needed. In
general, the performance of the detector should continuously improve with increasing number of
iterations. However, the disadvantage of PIC is that the risk of error propagation still exists. From
Equation (2.80), the MAI can be fully removed if the temporary decision is correct. On the other hand,
if the temporary decision is wrong, the error will be doubled after the PIC.

2.4.5 Adaptive Detections Recursive Least Squares Algorithm
Another alternative detection technique is an adaptive signal processing scheme, based on
adaptive filters and adaptive algorithm. The advantages of using adaptive detection are its capacity to
track the channel variations without prior knowledge of channel state information and its simplicity and
robustness to the signal. The most common adaptive filters, which are used during the adaptation
process, are the finite impulse response filters (FIR) types. These are preferable because they are stable,
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and no special adjustments are needed for their implementation. The adaptation algorithms, which will
be introduced in this thesis is Recursive Least Squares (RLS) Algorithm.

RLS algorithm has higher computational requirement than LMS, but behaves much better in
terms of steady state MSE and transient time [72]. The RLS algorithm is based on the Least Squares
estimate of the filter coefficients w(n-1) at iteration (n-1), by computing its estimate at iteration » using

the newly arrive data [72]. Figure 2.23 presents the general RLS block diagram.

x(n) | Filter w(n—1)x(n) Output
Tl win-1
Adaptive e, ,(m) Y d(n)
"| mechanis

Fig. 2.23 RLS block diagram algorithm.

According to the exponentially weight least squares solution, the means square error function in

Equation (2.95) is rewrite with the criterion of exponential forgetfing factor as:

fm =3 Aie()? 1= Y A" [d(i) =Y, w,(myrti= E)F 287
=

i=y k=0

Make the following variable change:

r'(i) = JFr(i) }

d iy = NA""d () (2.88)
Then, (2.100) is rewritten as:
n M-l
£=YId'0)- Y, w (mr'G-bF (2.89)
= k=0
So, the LS solution can be obtained as:
w(n) =[ D) z(n) (2.90)
where o)=Y Ay (i) 2.91)
(n) = AP (0)A() (2.92)
Note that the data before (i=0) is zero. By using the information already available at time (n-1),
(2.106) is defined as:
wn-1)=[®n-)]"z(n-1) (2.93)
Rewrite the variable ®(n)and z(n) as the functions of z(n-1) and®(n-1):
®(n) = AD(n—1)+r(n)r’ (n) (2.94)
z(n) = Az(n=1)+ r(n)d(n) (2.95)

By using the matrix inversion formula [71], we have:



A=B'+cD7'CT

then, A'=B-BC(D+C"BC)'C"B
where,

A=®(n)

B = A®(n-1)

C=r(n)

D=1

By applying the matrix inversion formula to (2.107), we obtain:
A0 (n-Dr(n)r’ ()@ '(n-1)

O (m)=A"® (n-1)- 14 A7 (m)@ 7 (n-)r(n)

Denoting:
Un)=®"'(n)=A"'Un-1)-2"gn)r" (n)U(n-1)

AU (n=1)r(n)
1+ A7 (n)U (n = Dr(n)

e(n)=d(n)—r" (mw(n-1)
Therefore, the tap coefficient w(n) can be recursively calculated by:
w(n)=w(n-1)+g(n)e(n)
where w(0)=0 and y(0)=of -

g(n)=
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(2.96)
(2.97)

(2.98)

(2.99)

(2.100)
(2.101)

(2.102)

(2.103)

Necessary basic knowledge to be used as tools and the simulation architecture has been
presented in this chapter. Next chapter presents the research methodology linking knowledge in this

chapter with the findings from computer simulations.



Chapter 3

Research Methodology

In this chapter, the methodology of this research is presented. Layered space time coding (LSTC)
of a Direct Sequence Code Division Multiple Access (DS/CDMA) system was proposed to simulate
chaotic sequences as spreading code. The previous research of LSTC DS/CDMA using adaptive
iterative receiver RLS presented in [73] is used to compare the performance of chaotic and gold as
spreading codes. The adaptive iterative receivers have ability to reduce the co-channel interference
(CCI) and multiple access interference (MAI) using the interference suppression and cancellation
techniques. In this research, the performance of chaotic spreading code is simulated using LSTC

DS/CDMA transmitters and receiver structures.

3.1 System Model

A downlink CDMA system as depicted in Figure 3.1 is considered in this study with no a priori
knowledge of Channel State Information (CSI), spreading sequences and fading coefficients except the
training sequence for each user. Data from different users is modulated by different signature
waveforms before being transmitted asynchronously through a wireless channel [73], which is modeled
as multipath Rayleigh fading. Then, the entire signals are combined with noises through Addictive
White Gaussian Noise (AWGN) channels. At the receiver, the user data is retrieved adaptively by using

the proposed adaptive iterative detector.

PN 1§
In&‘;te?fg——- Transmitter 1 Adaptive
AWGN Receiver 1
£y 24 3 Adaptive
Input Data T 2 — Fading ~ R f -
— Transmitter 2 |—{ + {+ ) 2
User2™ r)——' pm— (*) Receiver
‘ .
. iy :
Input Data T . K Adaptlvc
UserK | . ransmitter Receiver K

Fig. 3.1 An adaptive CDMA system model
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3.2 Transmitter Structure
The layered space-time (LST) architecture is used in the proposed transmitter structure. In LST
coding algorithm, N data streams are transmitted simultaneously over N antennas over the same
frequency band. The receiver uses M received antennas and interference canceling/suppression
techniques to minimize interference caused by simultaneous transmission from N transmit antennas.
There are a number of various LST architectures, depending on whether error control coding is
used or not and on the way the modulated symbols are assigned to the transmit antennas. The proposed

LSTC-CDMA transmitter structure is described in detail as follows.

/ PN,

Input Data
User 1

—{ S/P 4 S

ERASTD
Input Data . Iy
User K "
——{SIP ?

Fig. 3.2 Block diagram of LSTC-CDMA transmitter structure

In a downlink LSTC-CDMA system, all user signals are transmitted simultaneously with N
transmitters and M receiver antennas. Figure 3.2 shows the LSTC-CDMA transmitter structure with X
users. The binary information of each user is transmitted at a data rate of , = 1/T,, where 7, is the bit
interval. This data information is first converted into layered data information streams by a serial to
parallel (S/P) converter. Before modulating, each information stream is encoded by a convolutional
encoder to produce coded data stream for each layer. The layered coded data streams are then fed into a
spatial time interleaver (Sr1) and time interleaver (7). Next, the coded data streams are spread by its
signature sequence using a spreading gain of L with L = T/T,, where T is the symbol interval, and T, is
chip duration of spreading sequences. Finally, the spread symbols of all users are then combined

together and simultaneously transmitted through N transmit antennas.
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Let’s b is the coded signal vectors transmitted by K users through N transmit antennas and is
defined by:
b=[b;,b,,...b,,,...b; 1" G.1)
where W = [ Bps BY 1 (.2

and b,',' is the information bit of the p-th user for n-th transmit antenna with n=1,..,N and p=1,...K.
Let S represents the L x KN spread transmitted sequences of K users for » transmit antennas, as given
by:

S=[s:,...,s,N,...,s';,...sk,...sﬁ] (3.3)

n n,l n, n LT
= . 8, =[sp 5--0s85% 0085 1 (.4)
and S:’q is the g-th chip of a spreading sequence for the p-th user and n-th transmit antenna with n

=L...,N; p=1,..K; and ¢=1,..,.L.

Let’s !',f’j is the received signal vector for the p-th user at the receiver antenna j , j=1,...,M,

for symbol #, is represented by:
r), =SH;b+n?, (3.5
. and SR e A g LA G (3.6)

’

and r,f;’q is the received signal for the p-th user at the g-th chip of the #-th symbol for j-th antenna.

The received signals for all receive antennas of the p-th user are given by

Rf =[rtf,l""’rtf,j""3rny]T (3.7
HY ; is defined by:
where b7, =diag[h L (O 1], (D)sees BTy (] iy (3.9)

and A J’-f n(?) represents the fading coefficient from j-th receive antenna to n-th transmit antenna of the p-

th user.
Thellfj is defined as an Lx1 noise vector at the receive antenna j of the p-th user, given by:

nrp,j :[nﬁl(t),'--,nﬁq(t)’---snzL(t)]T (3.10)
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where nf q(t) is a Gaussian random variable with a zero mean and two sided power spectral density

N_/2 per dimension.

33 Receiver Structure

In downlink LSTC-CDMA system, there is an assumption that the system has no knowledge of
Channel State Information (CSI), spreading sequences, and fading coefficients except the training
sequence. A block diagram of the proposed adaptive iterative LSTC-CDMA multiuser receiver for the
p-th user is shown in Figure 3.3. This structure consists of X adaptive iterative LSTC-CDMA single
user receivers, each with an adaptive detector followed by N parallel soft-input soft-output channel
decoders. The received signals are first input to the adaptive detector. The detector outputs are then fed
to the time and spatial deinterleavers, denoted by 11" and SIT, respectively. The deinterleavers
outputs are then decoded by a Maximum A Posteriori (MAP) decoder. The estimated soft symbols of
MAP decoders from all users are sent to the spatial and time interleavers, and then fed back to the
adaptive detector under iterative technique to cancel the interference from adjacent antennas of the user,

called CCI, and the interference from other users, called MAL

1
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Adaptive

Detector e
User 1
Ej;:- E
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iy O
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User K
;i >
: L] .
o |w)
H . . g
E‘ _N) d
X TR
> S
2= 1

. SI'I—I g sn °

Fig. 3.3 Block diagram of LSTC- CDMA receiver structure

The challenge in detection of space-time signals is to design a low-complexity detector with
improving system performance. Hence, detector structures in time domain system are investigated in

this proposed receiver design. The recursive least square (RLS) as the main detection algorithms is
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studied. The MAP approaches [74], which minimizes the big error probability at the decoder output, is
employed in this structure.

3.3.1 Time Domain Adaptive Iterative LSTC-CDMA receiver

The block diagram of the adaptive iterative LSTC-CDMA receiver for the p-th user in time
domain system is shown in Figure 3.4. In the proposed adaptive receiver structure, N sets of adaptive
detector consist of M equalizers for the feed-forward filter and an equalizer for the feedback filter
modules. An equalizer, employed in the proposed adaptive detector, is based on the RLS algorithms.
The detector output for each layer is obtained from combining a feed-forward and a feedback filter
output. In the iterative process, the feed-forward filter is compensated for the channel estimation error,
and the feedback filter is used to cancel the interference from adjacent antennas and other users. In the
first iteration, there are no estimated symbols from the decoders and the feedback filter coefficients are
zeros; thus, the feedback filter output is also zero. In the feed-forward filter, the M adaptive equalizers
are used to estimate the channel coefficients and signature sequence for each layer of each user. The
equalizer outputs from all receive antennas are added to obtain a feed-forward filter output signal for

each transmit antenna as shown in Figure 3.4.

ooty

[
[ J
-
}
o |
o |
e |
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l_F...__.b_.__l I rR| ol “‘_S‘)l\f'“""‘"s
— Fesdback FiterN |}/ ety other

Fig. 3.4 Block diagram of the time domain adaptive iterative LSTC-CDMA receiver

Let wf *(t)be an Lx1 feed-forward tap coefficients vector for the j-th receive antenna of the p-th user

during the k-th iteration at symbol interval # and be given by:
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wrrEO)=[wl(0),...,wlf (q),... . W] (L- 1)]T (3.11)
where W, *(q) is the feed-forward tap coefficient corresponding to the q-th chip of the spreading
sequence.

aik

The _,pls(KN—l)Xl vector of the estimated soft symbols, at the k-th iteration, from MAP decoders

of every antenna of all users, except the i-th antenna of p-th user at symbol interval 7, given by:
~ik

~ Nk ~ik ANk
x _(x[l, 7x1] 9 sxpp9 sxgxa 2] ) (3.12)
“lk = 2.k Ad-1,k ~i+l,k ANk
where X, (x, p’x',p”"’xl,p Xy g seeesX, ) (3.13)

Let wj;" (7) be the feedback filter coefficients of all users, except the i-th antenna of the p-th

user, at symbol interval ¢ in time domain, is expressed as:
W O=[W, (0w @)y W (), s WA (D, W (DT (3.14)

where Wiy O, Oy S O Wy (s (0] (3.15)

The detected symbol of the p-th user obtained at the output of the adaptive detector for the i-th
antenna during the k-th iteration at symbol interval ¢, denoted by y,‘: , 18 defined as:

M
ik 5 H A ik
A AVIES Z W) e Hwy B, (3.16)
7=0

'3k - . - - - -
The detector soft output y,', p 1n the time domain is then compared to training symbol, denoted
ik
by x:, p - The difference between them is calculated as the detection error. The detection error for the p-

th user in the -th iteration at symbol interval 7, for i-th antenna, denoted by 1 p , is represented by:
i kY sk
et,p—yt,p-xt,p . (3.17)
The detection error is then used to adapt the feed-forward filter and feedback filter tap
coefficients in the time domain. After the Mean Square Error (MSE) approaches a specified value, the
training mode is switched to the decision directed mode, in which the training sequence is replaced by
the hard decision output of each user detector. In the decision directed mode, the detection error is given
by the difference between the detector output and the hard decision of the detector output.

The values tap coefficients, W j.’ * (?) in Equation (3.11) and feedback filter tap coefficients,
W;,’k (t) in Equation (3.14) are calculated by minimizing the mean square error, defined as & , and
given by



&= """"(E 4] ) B min(E [lyi:: - % ]) (3.18)

Finally, the value of W/”(f) and W}"(¢)can be calculated recursively by the adaptive
detection algorithms RLS, as shown in Section 3.3.2.

3.3.2 Adaptive Detection Algorithms

In the adaptation process of both proposed receiver structure, the adaptive detection algorithms
are used in order to compute the value of feed forward and feedback tap coefficients. It is obvious that
the RLS adaptive filter has higher computational complexity than the predecessor of adaptive filter such
as LMS or PFGLMS adaptive filters.

The adaptive filter Recursive Least Squares algorithm behaves much better in term of steady
state Means Square Error (MSE) and faster transient time. So, tap coefficients of the feed forward and
the feedback filters, can be determined recursively by Recursive Least Squares (RLS) algorithms as the
following Equations (3.19)

Feed-Forward tap coefficients

wPh@E 1)y = w2 () +g2* (t+1)e(r) (3.19)
Uk (Or ),
g E o L
Where Y (R, (3.20)
U @)= A/ [0 @ -D-gh' (x0T (e - 1)];
Feedback tap coefficients

Wi+ D) =wiA @) +gl* (t+De() (3.21)

Ire. U2 (D& 5
gb (t+1)_ Ai kT Pk ~ ik
where A, + %, U7 (1)xs, (3.22)

U @) =4, U (=D —gl* (& U (1 - 1))

where 1, and %, are defined in Equations (3.6) and (3.12), (4,,4, ) are the forgetting factor of feed-
forward and feedback adaptation respectively. The initializations of RLS algorithm are:

w(0)=0

U0)=¢ "'1 ,
where § is the inverse of the input signal power estimate and the recommended value is § > 10002,

is the (p + 1) by (p + 1) identity matrix and p is the filter order.
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3.3.3 MAP Decoder

In the proposed receiver structure, detector output for the user p, denoted by y:': , 18 decoded by
MAP decoder. The soft-output from the decoder is used to suppress the interference in the feedback
filter in the next iteration. The process of this adaptive iterative detection/decoding is performed until
the symbol estimation can converge to the optimal performance. The soft-output from the decoder in the
last iteration is then fed into a decision device to produce a decision. For a Binary Phase Shift Keying
(BPSK), the functions for the transmitted modulated symbols 1 and —1 can be written as:

1 11(—1)2

\/ 210° 207

(3.23)

P ,p il)

The Log-Likelihood Ratios (LLR) is determined in the k-th iteration for the i-th transmit layer

ik
of p-th user, denoted by A,,p

] _log{ Pt =1pit) (3.24)

Lp ik ik
P x,”P = —lly,:p

ik i !
The symbol A Posteriori Probabilities (APP) P(x::p= ql y,_‘:), with ¢ equal 1 and -1,

ik
conditioned on the output variable which is defined as l, .p for p-th user, can be obtained as:

A I,k
nLp
(xr P 1|y, p) 77 (3.25)
e A |
i i 1
4 Pl =—tyit)=—— 629
e’ +1

The soft-output symbols are estimated in the i-th layer and k-th iteration for p-th user,
calculated as:

1k
Ai’k _ € i —1
t,p - l:" (3.27)
e " +1

We have discussed the structure for computer simulation in this chapter. Next chapter provides

simulation parameters and data as well as the results.



Chapter 4

Results and Analysis

This section describes the methodology used in this research. The performance evaluation is the
BER performance of a direct sequence code division multiple access (DS/CDMA) system. Figure 3.1
shows a block diagram of the chaotic communication scheme based on the DS/CDMA system. The data
information of individual user will be spread employed their own sequences, which generated the

chaotic spreading code by designed method in which be emphasized discussion on the next section.

4.1 Simulation Systems and Parameters
The system models of conventional spreading code and chaotic spreading code in layered
space-time coding (LSTC) DS/CDMA is described as shown in Table 4.1.

Table 4.1 Simulation systems

Components Selected Components
Encoder Convolutional Code
Decoder MAP
Modulator BPSK
Spreading Codes m-sequence, Gold sequence,

chaotic sequence

Interleaver Random Interleaving
Channels Model Rayleigh Fading Channels
Noise Channels AWGN

In this simulation, the nonsystematic convolutional codes with code rate 2 and memory order
of 3 is presented. The proposed system is simulated with 2 transmit and 2 receive antennas with 130
information bits in each frame per layer for each user. Each layer consists of 266 encoded symbols per
frame. The data rate is 1 Mb/s at the carrier frequency, f, of 2 GH,. The simulation results are
represented in terms of average BER versus the ratio of averaged energy per bit, denoted by Eb, to the
power spectral density of the AWGN, denoted by No.
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4.2 System Performances Results

4.2.1 Correlation properties of the spreading code

4.2.1.1 Auto-correlation

One of the most important characteristics of spreading sequence is its auto-correlation
properties. At the receiver, the received signal is mixed with locally generated spreading sequence. The
value of the auto-correlation at the receiver side must be maximum or signal strength at the point of
synchronization for the best decision to be made on the incoming signal.

Figures 4.1 and 4.2 show the autocorrelation of the 31-bit m-sequence and the Gold sequence
respectively. Figures 4.3 and 4.4 show the cross-correlation with the length of L = 31 chaotic sequence.
M-sequences are said to have very good autocorrelation properties because of their balance property,
which means that the sequence will have exactly one higher bit than lower bit. This is the closest a
sequence consisting of an odd number of 1 s can get to a zero average. The autocorrelation is given as N
when the time lag is 0 and given as -1/N at all other times. Gold sequences can be unbalanced and thus
causing some spikes in their autocorrelation properties. The table below shows the correlation bounds of
the non-zero lags of the autocorrelation. We can notice that the auto-correlation bounds are comparable
between the Gold sequence and the chaotic sequence given in Figure 4.3.

Table 4.2 shows the details of the value of auto correlation properties of m-sequence, Gold

sequences and Chaotic sequences.

Table 4.2 Auto-correlation properties of spreading sequence

Mean Max Bounds
m-sequence 5.22¢-4 1 [0, - 0,09]
Gold sequence 0.0259 i [0.23,-0,21]
chaotic sequence 5.28¢-4 1 [0:21, - 0.24]

The auto-correlation properties in DS/CDMA have the important impact to recover the signal at
the receiver. In order to recover the received signal, the code which the signal was spread within the
transmitter is reproduced in the receiver and mixed with spreading signal. If the incoming signal and the
locally generated PN code are synchronized, the original signal after correlation can be recovered. This

correlation to recover the incoming signal is named auto-correlation properties.



m-sequence
m-sequence Autocorrelation
1 i LY T L T L] A
0s} .
t!§ a6k J
L~
8
=
é 04} ]
2 02} :
a :_/\A,\j\/\/\/sf\,J e AN NAA~
2% 20 10 0 10 20 30
Correlated Interval
Fig. 4.1 Auto-correlation of m-sequences
Gold-sequence
Gold sequance Autocomrelation
Ay - . : . -
08} i
& 08t ]
5
=
o
E o0sr -
3
02t .
o
%5 -20 -10 o 10 20 30
Corretated interval

Fig. 4.2 Auto-correlation of Gold sequences

Figures 4.1 and 4.2 present the auto-correlation properties of the conventional spreading
sequences. The m-sequences perform the better auto-correlation properties than the Gold sequences.
Chaotic sequences also show the better performance than the Gold sequence, but compared to the m-
sequence the correlation properties of chaotic sequences is not as good as the m-sequence. Figure 4.3

shows the auto-correlation of chaotic sequences.
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4.2.1.2 Cross-correlation

Another desired property of spreading sequence is the minimum cross-correlation. In a spread
spectrum system with multiple users, when the received signal is mixed with the locally generated
spreading sequence, it must result in minimum signal strength. This would ensure the receiver would be
able to differentiate between the transmitted spreading sequence and the other spreading sequence from
other users.

Figures 4.4, 4.5, and 4.6 show the cross correlation of the m-, Gold and chaotic sequences. We
can see from the table below that the cross-correlation bounds are approximately the same for all three
sequences. Studies show that m-sequences have very bad cross correlation properties. In this simulation
the correlation bounds are about 0.21 and -0.24 for all three sequences. For much longer sequences,
Gold codes have much lower cross-correlation than m-sequences, and chaotic sequences have been
known to achieve much lower cross-correlation bounds than Gold codes.

Table 4.3 shows the details value of cross correlation properties of m-sequences, Gold
sequences and chaotic sequences. This cross-correlation property is useful to mitigate the interference in
multiple access (MAI). As performed in Figures 4.5, 4.6, and 4.7, chaotic sequences have the superior
cross-correlation properties than their predecessor spreading codes.



Table 4.3 Cross-correlation properties of spreading sequence

Mean Var Max Bounds
m-sequence -1.22¢-18 0.5328 0.2395 [0.21, - 0,24]
Gold sequence -1.47e-18 0.6294 0.3316 [0.31,-0,24]
Chaotic sequence -6.82¢-19 0.5907 0.3112 [0.29,-0.21)
m-sequence
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Fig. 4.4 Cross correlation of m-sequences
Gold-sequence

CrossCormelation R"

Gold sequence Crosscorreialion

08

06}

a
Corretated interval

Fig, 4.5 Cross correlation of Gold sequences
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4.2.2 BER Results

The simulation results for the adaptive iterative LSTC DS/CDMA receiver with BPSK
modulation in time domain systems are presented in this section. The system operates in the training
mode until the mean square error (MSE) approaches the minimum mean square error (MMSE), then it
switches to the decision directed mode.

The performance of chaotic and Gold sequences using adaptive iterative recursive least square
(RLS) LSTC DS/CDMA receiver is presented. In this simulation, multiuser performance with the length
of the spreading sequence is 31 with a given AWGN channel. Figures 4.7, 4.8, and 4.9 show the BER
performance of the conventional spreading code and the chaotic spreading code for 2 users. The results
show that the chaotic sequences seem to perform the best, followed by the Gold sequences and finally
m-sequences. Chaotic sequences in one-dimensional map given by the logistic map shows the best
performance than other two chaotic ones with higher dimensional map, i.e. the Chebyshev map and the
Chen’s attractor. As one-dimensional map, the logistic map is the easier and simpler sequences to
generate and synchronize. As mentioned in Chapter 2, that the parameter of the initial condition in the
chaotic map is the key value to be assigned for each user. In this simulation, the initial condition of each
chaotic map is set by value x, = 0.5. For the logistic map, the bifurcation parameter of r is 3.57 <r<4 to
achieve the perfectly chaotic sequences as non-periodic sequences. Figure 4.7 shows the performance of
the logistic map when the value of the bifurcation parameter r = 3.89.
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There can be seen at the Figure 4.8 that the BER performance of the Chebyshev map is better than Gold

sequences and m-sequences. For Chebyshev polynomial of degree-k, we use initial condition value x,
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=0.5, and polynomial degree of k = 2. While for the Chen’s attractor as three-dimensional chaotic map
seems not so superior compared to Gold code, but better with m-sequence, it seems that Chen’s attractor

is much better as shown in Figure 4.9. Note that the chaotic parameter used herein for the Chen’s

attractor is the x parameter.
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Fig. 4.9 The BER performance comparison for 2 users

Figure 4.10 presents the BER performance comparison of the chaotic sequence when the users
are 2 users. Using the same initial condition for each of the chaotic map, i.c the logistic map, the
Chebyshev map, and the Chen’s attractor map, it is shown that the logistic map has the better
performance in term of BER than the higher-dimensional chaotic map, i.e a Chebyshev map as a two-
dimensional map and a Chen'’s attractor as a three-dimensional map.

The performance of chaotic spreading sequences and conventional spreading sequences for 4
users are given in Figures 4.11, 4:12, and 4.13. The results show that the performance of chaotic

spreading code and conventional spreading code are degraded when the number of users are changed
from 2 to 4 users.
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In Figure 4.14, BER performance of the logistic map, the Chebyshev map, and the Chen’s
attractor are plotted. When the number of the users are increased, the performance of the chaotic is not
significantly different. The logistic map still performs superior to the conventional code and the higher-
dimensional chaotic map.

In this chapter, the performance of using various spreading sequences in the LSTC DS/CDMA
adaptive RLS receiver is presented. The BER performance of different chaotic spreading sequences and
conventional spreading sequences is evaluated. It can be seen that chaotic sequences based DS/CDMA
performs outperforms the conventional sequences. But, in our case, when the higher-dimensional map is
applied in this system, the performance is degrades slightly. Remark that the parameter for Chen’s
attractor used herein is the x parameter. This parameter is less sensitive compared to z parameter. It is
recommended to carry out further investigation on other parameters, i.e. y and z before the final

justification in term of BER performance.



Chapter §

Conclusions -

S5.1 Conclusions

The objective of this thesis is to investigate chaotic sequences as spreading codes in the layer
space time coding (LSTC) direct sequence code division multiple access (DS/CDMA) system
comparing with the conventional spreading code, the Gold and the m-sequence spreading code. The
chaotic sequence in one-dimensional map, two-dimensional map, and three-dimensional map are
proposed. The performance comparison of bit error rate (BER) performance in LSTC DS/CDMA
communication system is carried out.

As the number of users in wireless communication system increased, the demand of spreading
sequence in CDMA system is also increases. Since the technique in spread spectrum system employed a
unique spreading code to be assigned to each user, the wark is carried out under this assumption. In this
thesis, the chaotic logistic map, the Chebyshev map, and the Chen’s attractor described in Chapter 2 are
presented to replace the conventional spreading code. In doing so, the large number of the sequence
implied the higher capacity of the users can be accommodated.

The LSTC DS/CDMA transmitter and receiver are described to simulate the performance of the
chaotic spreading code. The structure of an adaptive detection algorithm recursive least square (RLS)
receiver is also given in Chapter 3 to mitigate the interference. Note that this interference occurs
because of the co-channel interference (CCI) and multiple access interference (MAI).

The performance of chaotic sequences and gold sequences as spreading sequences with additive
white Gaussian noise (AWGN) channels are presented in Chapter 4. From the simulation results, it can
be shown that the chaotic spreading codes outperform the Gold sequence in terms of BER performance.
But, the performance of the Chen’s attractor is not as well as the lower-dimensional chaotic map i.e the
logistic map and the Chebyshev map. This might be because the investigation is limited to x parameter
only. Further investigation is needed to conclude the BER performance in other situation such as
changes in y and z parameters, which is beyond the scope of work in this research and is suited for
future study.

The use of chaotic sequences for LSTC DS/CDMA system has several advantages over the
conventional methods. One advantage is the availability of an enormous mumber of different sequences

of a given length compared to the PN sequences. The generation and regeneration of chaotic sequences
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are very simple and involve the storage of only a few parameters and functions even for very long
sequences. Moreover, the code sequences are easily made independent from one information symbol to
the next. The chaotic sequences make the transmitted signal looked like noise. As a result, chaotic
transmissions have less risk of interception and hard to be detected by eavesdroppers. They possess low

auto and cross correlations with spectral density similar to wideband noises.

5.2 Future Research Works

The details theoretical study of generalization chaotic system properties and its applications for a
data transmission system LSTC DS/CDMA based on the properties of chaotic dynamics were conducted
in this thesis. For the future research, the practical implementation of the chaotic spreading code in
LSTC DS/CDMA system should be further investigated.

To enhance the performance of the higher-dimensional map, the improvement of synchronization
is needed, so that the future investigation about synchronization technique will be considered in the
future works. Furthermore, the implementation of chaotic in modulation technique will be a good topic

to work in comparison with the performance of other techniques.
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Abstract—The growth of teleccommunication technology need
the high security and capacity to deliver data from source to
destination. CDMA system with spreading sequences in spread
spectrum system have many advantages to combat interference
that is occurs during transmission. Optimal over-sampled
chaotic binary sequences (OCMBS) Chebyshev chaotic as
spreading sequences is proposed in this paper combined with
LSTC adaptive receiver CDMA system to gain the high security
for data transmission with their behavior in non-periodic, non-
correlation and random performances. The performance of
Chebyshev OCMBS then compare with gold code.

L INTRODUCTION

DS-CDMA as a spread spectrum technique have been
widely used in wireless communication based on pseudo-
noise (PN) sequences. In DS-CDMA, all of the users transmit
their information using their own basic signals, which are
orthogonal to each other. These basic signals can be
pseudorandom (PN) sequences with good correlation
properties. The PN sequences can be generated by Gold code,
Kasami code, Walsh code, OVSF code and Maximal length
shift register sequence (m-sequence).

Adaptive iterative receiver for Layered Space Time Coding
(LSTC) CDMA was proposed in [1] to combat interference
from adjacent layer and adjacent users in multiple user
environments. Since the classical PN sequences is difficult to
generate in a large number of sequences and because of their
security issues, then chaotic spreading sequences were studied
in [4]-[10], [12], [13]. There are chaotic as spreading
sequences was introduced in spread spectrum communication
system, e.g. Logistic map, Chen’s attractor, Tent map,
Chebyshev, to name a few. But, since the chaotic sequence is
no longer binary, so digital encoding technique is used to
convert continuous values to binary.

Based on adaptive iterative receiver for LSTC, The use of
Chebyshev chaotic code is proposed in this paper to increase
the performance of the spread spectrum CDMA system,
especially in security and capacity of users. The main idea of
using Chebyshev chaotic codes as a spreading sequences are
because the generated signals have a good property of
autocorrelation function and cross correlation function, they
can generate a large number of orthogonal spread sequences,

and easy to be tracked and acquired. For Chebyshev chaotic
sequences in spread spectrum, Yang ef al. was proposed the
performance of chaotic with Optimal over sampled Chaotic
Map Binary Sequenced (OCMBS) [14]. Furthermore, the
OCMBS can enhance the security because it have several
initial value, degree k and the other parameters which can
produce many different value of spreading sequences and the
SNR of system can improved by OCMBS.

This paper is organized as follows: system model about DS-
CDMA based on Chebyshev code is presented in Section II,
performance result is presented in Section III and finally,
conclusion of this paper is given in Section IV. This
document shows guidelines for preparing a final camera-
ready manuscript in the proceedings of ICT 2010. The format
here described allows for a graceful transition to the style
required for that publication.

1I. DS-CDMA BASED ON CHEBYSHEV

In a LSTC CDMA system model, all the signal of K user
are transmitted simultaneously with N transmitter antennas
and M receiver antennas. Fig. I shows structure of LSTC
transmitter with Chebyshev, chaotic codes as spreading
sequences.

Fig. 1 DS-CDMA transmitter structure based on chaotic
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The binary information of each user is transmitted at a data
rate of r» = 1/Th, where Tb is the bit interval. This data
information is first converted into layered data information
streams by a serial to parallel (S/P) converter. Before
modulated, each information stream was encoded by a
convolutional encoder to produce coded data stream for each
layer. The layered coded data streams are then fed into a
spatial time interleaver ( £ S ) and time interleaver (£). Next,
the coded data streams are spread by Chebyshev sequences
using a spreading gain of L with L = T/Tc, where T is the
symbol interval, and 7: is chip duration of spreading
sequence. Finally, the spread symbols of all users are then
combined together and transmitted simultaneously through N
transmit antennas.

In this paper we proposed the second degree (Chebyshev
polynomial) of chaotic Chebyshev map as spreading
sequences that was studied in [2],[3]and [5]. The Chebyshev
polynomial of degree k is described by:

Xp—y = cos(k cos™* x,,) x, € (-1,1) )

With invariant density p(x) = n~1(1 — x2)"%2, whose
trajectories can behave “chaotically”, from equation (2) we
can get chaotic sequence with over-sampled chaotic map.

Xner = £ (f o (FGR)) = FO ) @

where x4 = f(x,,) is a one-dimensional chaotic map and k
is a natural number > 2.

Since the chaotic sequence is no longer binary, so to obtain
binary sequences from chaotic real-valued sequence {x, }3,.
over-sampled chaotic map is given as below :

(Ixl <€)

(x>0 (c=0) 3)

o) ={]

The threshold c are equal to the median value of chaotic real
valued sequences for OCMBS.

Let x be the coded signal vectors transmitted by K users
through N transmit antenna and be defined by :

X = [X3, X, e, Xy s X" 4)

where x, = [x3, ..., X}, ..., x}'] and b} is the information bit
of the p-th user for n-th transmit antenna with n=1, ..., N and
p=1, ..., K. Let B represents the L x KN spread transmitted
sequences of K users for n transmit antennas, as given by

B=1[bl,..,bY, .., b, ..bY] )

where K is the number of K-user and N is the N-transmit
antenna.

Fig. 2 shows the structure of adaptive iterative receiver with
de-spreading Chebyshev map. Let y/; be the received signal
vector for the p-th user at the receiver antenna j, j=1, ..., M,
for the symbol t, and is given by :

v =BT x+ n’,’,,- 6)

T/ represents the fading coefficient from j-th reccive antenna
to n-th transmit antenna of the p-user; ny ; is defined as an L x
1 noise factor at the receive antenna j of the p-th user. The
assigned vector is given by
ny; = [nf,(®), ey W (0D wo i (£)]7  where ny,(t) s
Gaussian random variable with zero mean and two sided
power spectral density No/2 per dimension. The received
signals for all receive antennas of the p-th user is given by
ytP = [r:l' ...,1;"’1, 'rt’,,M]T'

For a one-dimensional map x,,, = f(x,,), assume that the
error at the trajectory point x,, is d,,

dxnyy = fO +dxy) — flxn) = f'(xn) . dx, Y]
Assuming the error dx, in the seed is given, the error x,, can
be given by:

ldx,| = dxo IS5 | f'(x:)l 8)
Where | f'(x;)] is a local expanding factor.

The structure of the receiver consists of K adaptive iterative
single user receivers with the adaptive detector. The received
signal first forward to adaptive detector to estimate the
channel coefficients and signature sequence for each layer of
each user. The detector outputs are then fed to the time and
spatial deinterleaver. And then the output of the spatial
deinterleaver forward to the decoder to decode the signal with
Maximum A Posteriori (MAP) decoder. The output of the
MAP decoder as estimated soft symbol from all users are sent
to the spatial and time interleaver and then fed back to the
adaptive detector to cancel Co-Channel Interference (CCI)
from adjacent antennas of the user and Multiple Access
Interference (MAI) to cancel the interference from other users.

{4
1
"

>:

Fig. 2 DS-CDMA receiver structure based on chaotic sequences

The Chebyshev polynomials have the orthogonality as
below as described in [11]:
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.L11 Ti(x) 1}(.‘!) p(x)dx = 8 (1+8i0) ©)

2
where §; ; is the kronecker delta function such that

i=j

i#j, L

lr

8ij = {o.

The autocorrelation and cross-correlation properties of

Chebyshev OCMBS are described by equation (11) and (12),

respectively. From Fig. 3 and Fig. 4 can be seen that

Chebyshev based on OCMBS have good correlation

properties, even though their initial values have a little
difference.

Auto-correlation:
1 N-1
ac(m) = ﬁ Z XiXitim| (11
i=0
Cross-correlation:
%Zﬁ—-—ol Xpei X1 (i+m) O<ms<M
ccy(m) %Zi":o‘ Xgi X m=0 (12)
o
X Xpe(1-m)Xii -M<m<0
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As mentioned that the key point of spread spectrum system
is about their correlation properties, OCMBS Chebyshev
shows the good auto-correlation and cross-correlation
properties. The auto-correlation property of Chebyshev map is
shown in Fig. 3 and Fig. 4 for their cross-correlation.

This paper simulate about performance of OCMBS
Chebyshev map as spreading sequences based on CDMA
system compare with gold code as a classical spreading
sequences. When the number of users increases, Chebyshev
chaotic performance degrades slightly when compared to gold
code.

IV. CONCLUSIONS

Chebyshev chaotic code is proposed in this  paper,
compared with gold code as spreading sequences. The
performances result shown that OCMBS Chebyshev
polynomial based on chaotic spreading sequences is inferior
than gold code. The correlation function of chaotic shows the
better performances than gold code and for chaotic can
enhanced the security of system. Furthermore, the study of
receiver structure will be improves to gain the better
performance of chaotic spreading codes.
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Abstract—In HDD manufacture, OCR is employed to
identify each production lot for HGAs, HSAs, and other
components. The obtained data can be sent via wireless

communication to the production department for recording
in the company’s database. This paper presents DS-CDMA
based on Chen’s chaotic generator as pseudorandom (PN)
sequences for secured communmication. Digital encoding
adopted to convert continuous sequence of the chaotic
function’s to binary sequence. Recent studies showed that
chaotic sequence can enhance security amd imcrease the
capacity of the system using the behavior of the chaetic

signals. In this paper we also presented the performance of
adaptive iterative receiver in DS-CDMA system embedded
with the chaos.

Keywords-data communication; CDMA; chaos; PN
sequence

L INTRODUCTION

Hard disk drive industry has been employed OCR to
identify serial number of each product such as HGA,
HSA, and other components. However, utilization of the
data recorded in the local computer may not suit the need
for on-line tele-access. This can be solved by using RFID
interface for communication arrangement. Nevertheless,
the range of RFID communication is not appropriate for
long distance. The modern communication for rich data
such as 3-G technology can be employed for transferring
the signals. To ensure the confidentiality, secured
communication is needed. In this paper we propose a
solution based on this demand using a technique of 3-G,
namely, Direct Spread Spectrum Code Division (DS-
CDMA) with chaotic signals to realize the system.

In DS-CDMA, all of the users transmit their
information using their own basic signals, which are
orthogonal to each other. These basic signals can be
pseudorandom (PN) sequences with good correlation
properties. The PN sequences can be generated by gold
code, Kasami code, Walsh code, OVSF code and
maximal length shift register sequence (m-sequence) as
given in [1].

Implementation of Layered Space-Time Coding
(LSTC) CDMA system has been studied in [2]. This
system generates interference from adjacent layers and

from the other users. Eventually the approach can
degrade the system performance seriously. To mitigate
this interference and increase the performance of the
system, chaotic function is presented as PN sequences. In
this paper, we purpose chaotic functions using Chen’s
system. Since the spreading sequence in chaotic spread
spectrum is no longer binary, the application of the
chaotic sequences in DS-CDMA is limited. A further
attempt digital encoeding technique is used to convert
continuous values to binary.

In this work, chaotic function is used to generate PN-
sequence because the characteristic of this signal can
mitigate interference that is occurs during transmission in
the receiver. Chaotic signals are non-periodic, non-
converging and bounded, but deterministic and very
sensitive to initial condition and control parameter as
described in [3-5]. The behavior of the signal can
increase the befter performance of the ordinary DS-
CDMA, especially for the security and capacity of the
system.

There are chaotic functions that have been studied, e.g.
Logistic map, Henon map, Lozi map, Chua’s circuit,
Lorenz system and Chen’s system in [6,10], to name a
few. In this paper, only Chen’ ssystemisemployedasan
example. The advantage of using chaotic sequences as
spreading sequences is that infinite Sequences exist with
different initial conditions to carry different users, as
meaning that the different user will spread the spectrum
based on different initial condition as given by [7-8]. In
doing so, the system can be traceable by the network
administer and retain generating random sequences (PN)
for the users.

This paper is organized as follows: system model is
presented in Section II, performance result is presented in
Section MIT and finally, conclusion of this paper is given
in Section IV.

II. SYSTEM MODEL

Since the modem communication in HDD
manufacture need the high data communication with high
security, capacity and can cover the width area, so
wireless communication i.e. DS-CDMA based on PN
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chaos is purposed to support the demand of secured data
communication in HDD manufacture. In this chapter,
transmitter and receiver structure of DS-CDMA system
based on PN chaos is described.

A. Transmitter Structure

In a downlink DS-CDMA system, all user’s signals
are transmitted simultaneously with N transmitters and M
receivers. Figure 1 shows the DS-CDMA transmitter
structure with K users. This transmitted subsystem can be
implemented and installed on site along the production
line

Data information from K users are converted from
serial to parallel (S/P) converter, and then each of the
information sequence is encoded by convolutional
encoder to produce coded data stream for each layer and
coded information stream. The stream is modulated by
binary phase shift keying (BPSK) modulator. Before the
coded information streams are spread by chaotic code,
each of the coded information streams are fed into spatial
time interleaver (SIT) and time interleaver (II). The
spread symbol of all users are then combined together
and transmitted into N transmitters. The chaotic function
that is used in this system is Chen’s system with 3
dimensional maps.

Let x be the coded signal vectors transmitted by K
users through N transmit antenna and be defined by :

x = [x4, Xz, s Xpy e X )T (1)
where x, = [x3, ..., X5, .., Xp | and by is the information
bit of the p-th user for n-th transmit antenna with
=1, ...,Nandp=1, ...,K

Let B represents the L x KN spread transmitted
sequences of K users for n transmit antennas, as given by

= [b}, ..., bY,..., b}, b @

where K is the number of K-user and N is the N-transmit
antenna.

B. Receiver Structure

An adaptive receiver detector for multi-users was
studied in [1]. This adaptive receiver is used to mitigate
Co-Channel Interference (CCI) from the adjacent layers
and Multiple Access Interference (MAI) from the users.
The structure of the receiver of DS-CDMA is shown in
Fig. 2. In this application scheme, the receivers can be
installed remotely at the data collection office far away
from the manufacturing sites.

Fig. 1| DS-CDMA transmitter structure based on chaotic
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Fig. 2 DS-CDMA receiver structure based on chaotic sequences

Let y”i be the received signal vector for the p-th user

at the receiver antenna j, j=1, ..., M, for the symbol t, and
is given by :

}’t J 3)

T, represents the fading coefficient from j-th receive
antenna to n-th transmit antenna of the p-uscr;nfd is
deﬁnedasaanlnoisefactoratthereoeiveantcnmj of
the p-th user. The assigncd vector is givcn byn”

[ (), e, 05 (), ., ()] Where 0}, (t) is Gaussian
mdomvariablew:ﬂizeromemandtwosxdedpower
spectraldmsityNszerdimensim.Thereccivedsigmls
for all necewc antennas of the p-th user are given by

= [Re T ss ol -

The strucmre of the receiver consists of K adaptive
iterative single user receivers with the adaptive detector.
The received signal first forward to adaptive detector to
estimate the channel coefficients and signature sequence
for each layer of each user. The detector outputs are then
fed to the time and spatial deinterleaver. And then the
output of the spatial deinterleaver forward to the decoder
to decode the signal with Maximum A Posteriori (MAP)
decoder. The output of the MAP decoder as estimated
soft symbol from all users are sent to the spatial and time
interleaver and then fed back to the adaptive detector to
cancel Co-Channel Interference (CCI) from adjacent
antennas of the user and Multiple Access Interference
(MAI) to cancel the interference from other users.

C. Chaotic Chen’s System

In this paper, we purposed Chen’s system as a
PN-sequence in DS-CDMA. Since the spreading
sequence in chaotic sequences is no longer binary, the
application of the chaotic sequences in digital
communication is limited. Digital encoding technique is
used to transform continuous values to binary sequences
to adopt it in digital communication system. The studied
of digital encoding is given in [9].

There are various methods to generate binary
sequences from chaotic continuous sequences. Open flow
coupled-chaotic sequence, threshold function and
digitalization can be used to generate binary sequences
from chaotic function [10].

=BT x+ny;




Chaotic generator
(Chen's system )

(Chen's system) (Chen's system)

HE

digitaization

Fig. 3 Generation of binary chaotic sequences

Digitalization with quantizing and encoding process
use to generate binary sequence in this paper. The block
diagram of generation of the binary chaotic sequences is
given in Fig. 3. The chaotic sequences are generated by
chaotic function and then fed forward into quantizing and
encoding block. The quantization performs an equal-
interval quantization of the floating point input signal
varying from -1 to +1. The output signal is quantized into
whole units, the unit size is determined by the number of
bits used in the binary representation. The coding block
converts the quantized signal into a bit stream. And the
sequence of the stream bits is a chaotic bit sequence.

Chen’s system is purposed to generate the chaotic
sequence. The chaotic Chen’s system can be described as

below:
2=aly —x)
y=(c—-a)x—xz+cy @
Z=xy—bz

where a = 35,b=3,andc=28

Since good correlation is needed to achieve good
performance in data communication, chaotic Chen’s
system presents the auto-correlation between PN-
sequence generated at the transmitter and at the receiver
and cross-correlation of the PN-sequence between
different users at the same frequency and time [9]. The
autocorrelation function is shown in Fig, 4. Figure 5
shows the cross-correlation function of the Chen’s
system. The auto correlation functions used to avoid the
higher peak values which help in reliable recovery and
provide optimal cross correlation functions, which
minimize symbol error rate due to interference.

The normalized cyclic hamming auto correlation
function of a sequence of length N can be defined as

R(I)=(nr—;d'2, 0 <71 <N=1 @5

Similarly, the normalized cyclic hamming cross
correlation function of an N sequence can defined as

xy()—— ‘l’ 'l')

Where and are number of agreements and
disagreements respectively to an N - length sequence for
any correlative distance with N = 5120 bits.

As the results from Fig. 4 and Fig. 5 show that the
value of auto correlation and cross correlation is less than
0.2. It means that for the Chen’s system have a minimum
value of correlation properties. This eventually benefits
to employ this system to the direct spread spectrum.

0<7T<N-1 (6
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Fig. 4 Autocorrelation function of Chen’s system

CDMA, because of having the low correlation properties.
The displayed good auto correlation properties simplify
the synchronization of such codes and the low cross
correlation properties are useful in increasing the user’s
capacity in LSTC CDMA.

Chaotic sequences have also been proven for easy-to
generate-and-store feature. Initial condition and control
parameter of the chaotic function are needed for their
generation, which means that there is no need for storage
of long sequences. Moreover, a large number of different
sequences can be generated by simply changing initial
condition and control parameters.

IIl. PERFORMANCE RESULTS

This section presents simulation results for the
Adaptive Minimum Means Square Error (MMSE)
receiver. We use adaptive iterative downlink LSTC
CDMA receiver over Additive White Gaussian Noise
(AWGN) channel and multipath channel. Figure 6 shows
the performance results of adaptive receiver for varying
Ey/Ng conditions. It is seen that when the number of users
lS4 there is a 0.2 dB performance difference at a BER of
10" between chaos and gold methods. This difference is
increaséd to almost 1 dB at a BER of 107 in case of 7
users. It also seen that there is 0.8 dB performance
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penalty at BER of 10” for chaotic sequences when users
changed from 4 users to 7 users. So, as the number of
users increases, gold based adaptive receiver performance
increase slightly when compared to chaos based adaptive
receiver. The users here can be represented by number of
stations used for sending the data.

In Fig. 7, performance of adaptive receiver was
investigated for carrying E;/N, conditions over multipath
channel. As can be seen, the performance of chaotic
based on adaptive receiver is inferior to gold code based
on adaptive receiver when the numbers of the users are
increased.  To achieve the same quality but retain
encrypted data, the number of users during operation
should be strictly limited for not exceeding 4 locations
accessing at the same time.

Fig. 6 BER performance of MMSE receiver for varying Ey/N, for
4 users and 7 users being active in the system in AWGN channel

o BER s EbNo of MUSE recsier n

—4— chaos 7 users
<-4 -~ chaos 4 users

s
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Fig. 7 BER performance of MMSE receiver for varying Ev/No for
4 users and 7 users being active in the system in multipath channel
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IV. CONCLUSION

In this paper we purposed chaotic Chen’s system as a
spreading code (PN-sequence) in DS-CDMA system to
mitigate interference that is occurs at the Receiver during
transmission system. The simulation is given to show the
performance result of the chaotic sequences compared
with gold code as PN-sequences. The correlation of the
encrypted signals during transmissions reveals the
effectiveness of the proposed scheme in generating the
pseudorandom sequence. The HDD industry may be
adapted the scheme to secure long distant data
communication between the production line and the other
offices. Although the generation of the chaotic sequences
is simple for the transmitter and the intended receiver
with the knowledge of parameters and functions
involved, the exact regeneration is very difficult for the
receiver that has to estimate them. Good and robust
synchronization is required, which should be a topic for
further research in implementation phase.
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Abstract- An adaptive generalized RAKE receiver for Layered
Space Time Coded CDMA (LSTC-CDMA) system has been
proposed in this paper. The proposed Generalized RAKE
receiver, based on a joint adaptive iterative defection and
decoding algorithm, adaptively mitigates the effect of multipath
fading and cancels the system interferences such as Co-Channel
Interference (CCI) and Muitiple Access Interference (MAI). The
Partially Filtered Gradient Least Means Square (PFGLMS)
algorithm is used for both feed-forward filter and feedback filter
in the adaptive detection in order to defermine the weight
coefficient of each finger element. The performance of the system
is evaluated by simulation results for the various mumbers of

RAKE fingers in multipath Rayleigh fading channels.

I.  INTRODUCTION

Wireless technology ~ is  experiencing . spectacular
developments according to the emergence of interactive and
digital multimedia applications as well as rapid advances in the
highly integrated systems. The MIMO technique proposed in
recent years makes a full use of the space resources by
employing multiple antennas at the transmitting and receiving
terminal, thus largely increasing the channel capacity.
Moreover, Direct-Sequence CDMA (DS-CDMA) has emerged
as a predominantly multiple-access technique for 3G systems
because of its efficient capacity and facility of network
planning in a cellular environment.

To improve the throughput of this cellular system, the
combination of Layered Space-Time Coding (LSTC) and
CDMA, named as LSTC-CDMA, has been intensively studied
m [1-3] This implementation generates Co-Channel
Interference (CCI) from the adjacent layers and Multiple
Access Interference (MAI) from the users, hence, both will
degrade the system performance seriously. To mitigate the
aforementioned interferences controlled by Channel State
Information (CSI), an adaptive Minimum Means Square Error
(MMSE) receiver for a LSTC system have been proposed in
[4]. In this work, CCI can be reduced, but MALI is still a huge
problem, degrading the performance and yielding channel
estimation inaccurate in a high interference environment. A
non-linear adaptive iterative receiver has been studied in [5, 6],
containing a feed-forward filter to suppress the system
interference and a feedback filter to cancel the interference
from adjacent antennas under an iterative format. In order to
reduce the computational complexity of the feedback filter and
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improve the convergence speed of the above proposed systems,
an adaptive iterative receiver for multiuser LSTC-CDMA
system based on LMS and PFGLMS algorithms have been
investigated in [7].

Due to the multipath fading of wireless channel, it is a
difficult task to enlarge the network capacity and improve the
quality of service. As the results, the generalized RAKE (G-
RAKE) receivers for interference suppression and multipath
mitigation have been developed in [8,9]. Compared to the
conventional RAKE receiver, this generalized RAKE receiver
has more fingers and has different combining weights.

In this paper, an adaptive iterative generalized RAKE LSTC-
CDMA receiver for interference suppression and multipath
mitigation has been proposed. Consequently, the proposed
adaptive detector, based on the PFGLMS algorithm [10], was
investigated in multipath Rayleigh fading channels. Moreover,
the performance results show that the systems performances
have been improved by increasing the number of RAKE
fingers beyond the number of multipath components. The
paper is organized as follows. System model is demonstrated in
Section II which is mainly focus on proposed transmitter and
receiver structure. The system performance is quantified
through the Performance results from the computer simulation
which is presented in Section III. Finally, section IV gives a
conclusion of this work.

IL. SysTEM MODEL

A CDMA system as depicted in Fig.1 is considered in this
paper. Data from different users is modulated by different
signature waveforms before being transmitted as y
thr a wireless channel [11], which is modeled as multipath
Rayleigh fading. At the receiver, the user data is retrieved
adaptively base on the minimum mean square error criterion
(MMSE).

Input Deta

Vser | ‘Transmitter 1

EN2
g Transmitter 2

BN,
Transmitter K
Fig. 1. An adaptive CDMA system model.

Loput Data
UserK




Fig. 2. LSTC-CDMA transmitter structure.
In a downlink LSTC-CDMA system, all user signals are

transmitted si with N transmitters and M receivers
antennas. Fig. 2 shows the LSTC-CDMA transmitter structure
with K users. The binary information of each user is
transmitted at a data rate of n, = 1/T,, where T} is the bit
interval. This data information is first converted into layered
data information streams by a serial to parallel (S/P) converter.
Before modulated, each information stream was encoded by a
convolutional encoder to produce coded data stream for each
layer. The layered coded data streams are then fed into a spatial
time interleaver (SI1) and time interleaver (I1). Next, the coded
data streams are spread by its signature sequence using a
spreading gain of L with L = T/T, where T is the symbol
interval, and T is chip duration of spreading sequence. Finally,
the spread symbols of all users are then combined together and
simultaneously transmitted through N transmit antennas in a
multipath Rayleigh Fading channels.

Let b be the coded signal vectors transmitted by K users
through N transmit antennas and be defined by:

b=[b,b,,..b,. b, m
whereb , = [b},.,b] ..., 6, ], and b} is the information bit
of the p-th user for n-th transmit antenna with n=1,.. N and
p=i1.K

Let 8 represents the L x KN spread transmitted sequences of
K users for n transmit antennas, as given by:

S=fy . xsB . £t [aV]

i3 @

where l; =[s"‘l,...,s"’q,...,8;'l'}r, and s;"is the g-th chip
of a spreading sequence for the p-th user and n-th transmit
anterma withn=1,.., N, p=1,..K; and g=1,. L.

Let A is the received amplitude of the p-th user’s signal for
n-th transmit antenna with »n=1,..N and p=1,..K; which is
represented by:

AMAI,]:----AI,MN--App-”rAKlN"'AKJVD (3)

Let 1/, is the received signal vector for the p-th user at the
receiver antenna ;, ;1A , for symbol 7 and delay time 7,
18 represented by:

.....

r(t) = s(t -7)h4b +n(t)
v/, =SH} Ab+n/,

and is equivalently by: @
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where r? =[r7',..57%, .55 ", and 774 is the received
signal for the p-th user at the g-th chip of the #-th symbol for j-
th antenna. MY, is defined by Hf, =diag®f ,..h )pun
where b7, = diaglh?, ()., @) " Ol and
() represents the fading coefficient from j-th receive
antenna to n-th transmit antenna of the p-th user. nf, is
defined as an Lx1 noise vector at the receive antenna j of the p-
th user, given by nf; =[nf,(),...n0,(0)....n7 ()] where
n?  (t)is a Gaussian random variable with a zero mean and
two sided power spectral density N/2 per dimension. The
received signals for all receive antennas of the p-th user are
givenbyR;! =[r/....r7,...¢/ T

B, Receiver Structure

In downlink LSTC-CDMA system, we assume that the
system has no knowledge of Channel State Information (CSI),
spreading sequences, and fading coefficients except the
training sequence. A block diagram of the proposed adaptive
iterative generalized RAKE CDMA multiuser receiver for
Layered Space Time Coded systems in multipath fading
channels is shown in Fig. 3.

This structure consists of K adaptive iterative G-RAKE
LSTC-CDMA single user receivers, each with an adaptive
detector that followed by N parallel soft-input soft-output
channel decoders. The received signals are first input to the
adaptive detector in order to mitigate the effect of multipath
fading. The detector outputs are then fed to the time and spatial
deinterleavers, defined by 11" and SII, respectively. The
deinterleavers outputs are then decoded by a Maximum A
Posteriori (MAP) decoder. Next, the estimated soft symbols of
MAP decoders from all users are sent to the spatial and time
interleavers, and then fed back to the adaptive detector under
iterative technique to cancel the interference from adjacent
antennas of the user, called CCI, and the interference from
other users, called MAL

n

El

’MY gé; _ill‘:‘n:Elsn—l
By

Fig. 3. Block diagram of G-RAKE LST- CDMA receiver.
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Fig. 4. Block diagram of the adaptive iterative G-RAKE LSTC-CDMA receiver.

The block diagram of the adaptive iterative generalized

RAKE LSTC-CDMA receiver for the p-th user is shown in Fig.

4. In order to determine a weight coefficient of each finger
element, the proposed detector employs an adaptive G-RAKE
structure and antenna array processing. Unlike the conventional
RAKE receiver, the G-RAKE receiver benefits from using
more fingers than the number of multipath. In the proposed
adaptive receiver structure, N sets of adaptive detector consist
of M equalizers for the feed-forward filter and an équalizer for
the feedback filter modules. An equalizer, employed in the

proposed adaptive detector, is based on the PFGLMS algorithm.

Moreover, the structure consists of a bank of U/ RAKE fingers.
each correlating to a different delay of the received signal. The
finger outputs are then combined to form a decision statistic.
Importantly, the detector output for each layer is obtained from
combining a feed-forward and a feedback filter output. In the
iterative process, the feed-forward filter is compensated for the
channel estimation error, and the feedback filter is used to
cancel the interference from adjacent antennas and other users.
In the first iteration, there are no estimated symbols from the
decoders, and the feedback filter coefficients are zeros; thus,
the feedback filter output is also zero. In the feed-forward filter,
the M adaptive equalizers are used to estimate the channel
coeﬁimcmsandsxgmnresequcnceforenchlay«ofeachuser
The equalizer outputs from all receive antennas are added to
obtain a feed-forward filter output signal for each transmit
antenna as shown in Fig. 4.
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Let w)*(f) be an Lx] feed-forward tap coefficients vector
for the j-th receive antenna of the p-th user during the k-th
iteration at symbol interval £ and be given by:

witQ) = 2Ol (@ oL -DF O

where (q) is the feed-forward tap coefficient
conespondng to the g-th chip of the spreading sequence.

Let. w,(#) be the feedback filter coefficients of all users,
except the i-th antenna of the p-th user, at symbol interval ¢ in
time domain, is expressed as:

W O=[WS 0, 30 @ WO W 0. WEOF (6)
where | wy” (6= Do (0 Wi 2 0 3 (00w 0] (D)
X% is (KN < 1)x1 vector of the estifmated soft symbols, at

the /i-th iteration, from MAP decoders of every antenna of all
users, except the j-th antenna of p-th user at symbol interval £,

given by:
K = bk &N *N.k
-G NP ®
-~ = ~ k - ~ k 3

witkee x" (R & xR -x3fp) ®

I:J is the finger outputs for u-th finger of p-th user at the
receive antenna j and transmit antenna i for symbol ¢ and be

represented by = ff, ot — 8‘“ ) 10)



The detected symbol of the p-th user obtained at the output
ofdleadapt:vede(ectorfortha:—lhanﬁnmdwmgthek—dl
iteration at symbol interval ¢, denotedhvy,' . is defined as:

y,';,=Zw"'*(t) 2/ +wit ("5 an

Thdaectorsoﬁoutpm v"‘ in the time domain is then
compared to training svmbol, dénoted by x,’, The difference
betmthemnswkuhwdasmemuonm The detection
mforu\cp-thusammlu»lhlhnmnatssmbolmmull

for i-th antenna, denoted by e , is represented by:
etk = vtk o 12)

The detection error is then used to adapt the feed-forward
filter and feedback filter tap coefficients in the time domain.
After the Mean Square Error (MSE) approaches a specified
value, the training mode is switched to the decision directed
mode, in which the training sequence is replaced by the hard
decision output of each user detector.

The values tap coefﬁuema wf"(l) in (5) and feedback
filter tap coeflicients, W k@ * in (6) are calculated by
minimizing the mean square error, defined as ¢ . and given by

=mim(l:1e,'::| =min(1{[|y,'": —x," D (13)
And they can be determined recursively by partially filtered
gradient LMS (PFGLMS) algorithm. PFGLMS algorithm
based on an exponentially weighted least square error is
utilized to improve the convergence speed with a slight
increase in complexity |10}
The modified feed-forward and feedback coefficients of the
PFGLMS algorithm can be expressed as:

| (t+l)-w (t)+p,g ) (14)
w;;‘(t+|)=w )+ 1,84 @) (15)
where :
"‘(t)=e(t)z’ +87 ()
& =48} (V4 yeltnr, it
d Ak ~ ik
g () =e()x,, +8:5(1) an
"'m A=)+ y,e05

where _,p and z/
My and g mlh.slcpmcslorload—!ommdtm
feedback adaptation. (y,.n) and (Ay.4,) are the
fagemng factors and the scaling l‘actors respectively,
and g (0)=g;*(0)=0

2. Maximum A Posteriori Decoder

ln!hepmposedreccwcrsmum., detector output for user p,
denoted by v, is decoded by Maximum A Posteriori (MAP)
Decoder. msoﬂ-mnput lmmﬂx&:coa-nauscdlow
the interference in the feedback filter in the next iteration. The

are defined in (8) and (10), respectively.

process of this adaptive iterative detection/decoding is
performed until the symbol estimation can converge to the
optimal performance. The soft-output from the decoder in the
last iteration is then fed into a decision device to produce a
decision. For a Binary Phase Shift Keyimg (BPSK), the
functions for the transmitted modulated symbols I and 1 can
be written as [12]: . X ,,.:):
2t = st)=———exp as)
‘ V270

The Log-Likelihood Ratios (LLR) lsduemnnedmlhek-th
ltcrauonforﬂ\ea-muuwmtlavetolp-lhuser denoted by 2% -
P(x = 2) (%)

The symbol A Posta'nanhabxlmes(APP)P(x,,-q v“).

with ¢ equal to 1 and -1, conditioned on the output variable
whu:hsdel'medas v" lorp-!huser cmheobhn:las

A =pis)— -lV‘)— ******* @0)
The soft-output symbols are estimated in lhe t-(h la_vcr and k-
th iteration for p-th user, calculated as:

ety @n

NI PERFORMANCE RESULTS

This ‘section presents simulation results of the adaptive
G-RAKE receiver for downlink LSTC-CDMA systems over a
quasi-static Rayleigh fading channel whereby the fading
coefficient is constant within. a frame, but changes
independently from one frame to another. The constituent
codes are nonsystematic convolutional codes with the code rate
R of 1/2 and memory order of 3. The spreading sequence is a
gold sequence with processing gam of 7. The proposed system
is simulated with 2 transmit and 2 receive antennas with
multipath fading of 3 and with 130 infonmation bits in each
frame' per laver for each user. -Each layer consists of 266
encoded svmbols per frame. The data rate is | Mb/s at the
carrier frequency, f, of 2 GH,.

10 ——— —

+~ 3 Fmgers
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Fig. 5. The MSE performances of 3 and 6 fingers G-RAKE CDMA receiver.
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A comparison of MSE performances of adaptive G-Rake
CDMA receiver for 3 and 6 fingers is shown in Fig. 5, whereby
the MSE curve of 6 fingers RAKE receiver is lower than that
of 3 fingers. This shows that the system performance improves
when additional finger is placed at a delay. The performance of

the 2 transmit and 2 receive antermas for 5 users under time
domain approach is depicted in Fig. 6. The result shows that
the performance of the G-RAKE receiver, based on PFGLMS
algorithm, has a significant improvement in the first iteration
and gradually improves for the higher iterations. The number
of users for adaptive CDMA G-RAKE receiver is shown in Fig.
7. The simulation results show that the number of users is 15 at
3 iterations for a BER of 8.5 x 10°. These results also show
that when the mumber of users increases, a higher number of
iteration is required to achieve the same BER. In Fig. 8, we
present the performance comparison between an adaptive
LSTC-CDMA receiver [7] and a 3 fingers G-RAKE LSTC-
CDMA receiver. The BER curves show that adaptive iterative
receiver only performs better then G-RAKE receiver in the first
iteration. This means that the proposed G-RAKE receiver have
a better performance from second up to higher iteration.

IV. CONCLUSION

In this paper, we present an adaptive iterative generalized
RAKE receiver for Layered Space-Time Coded CDMA
systems, based on the Partially Filtered Gradient LMS
algorithm, in order to mitigate the effect of multipath and
suppress the interferences of the systems. Moreover, the system
performance improved when the number of fingers was
increased beyond the number of resolvable multipath Due to
the higher reliability of the Co-Channel Interference (CCT) and
Multiple ~ Access Interference (MAI) estimation, this
performance results prove that the proposed G-RAKE CDMA
receiver can effectively mitigate the CCI and MAI using the
interference suppression and cancellation techniques.
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