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Abstract.

Combined Turbo Coding and Interference Rejection for DS-CDMA
By

Emmanuel Oluremi Bejide
Doctor of Philosophy in Electronic Engineering
University of KwaZulu-Natal, Durban, South Africa, 2004

Supervisor: Professor Fambirai Takawira.

This dissertation presents interference cancellation techniques for both the Forward Error
Correction (FEC) coded and the uncoded Direct Sequence Code Division Muitiple
Access (DS-CDMA) systems. Analytical models are also developed for the adaptive and
the non-adaptive Parallel Interference Cancellation (PIC) receivers. Results that are
obtained from the computer simulations of the PIC receiver types confirm the accuracy of
the analytical models that are developed. Results show that the Least Mean Square
(LMS) algorithm based adaptive PIC receivers have bit error rate performances that are

better than those of the non-adaptive PIC receivers.

In the second part of this dissertation, a novel iterative multiuser detector for the Turbo
coded DS-CDMA system Is developed. The performance of the proposed receiver in the
multirate CDMA system 1s also investigated. The developed receiver is found to have an
error rate performance that is very close to the single user limit after a few numbers of
iterations. The receiver 1s also resilient against the near-far effect. A methodology is also
presented on the use of the Gaussian approximation method in the convergence analysis

of iterative interference cancellation receivers for turbo coded DS-CDMA systems.



Table of Contents.

1. INTRODUCTION.... 1.1
1.1 MULTIUSER DETECTION IN UNCODED CDMA SYSTEMS ....vvutueuinrenimiiniiraeeeeaeeareeenens 1.2
1.2 MULTIUSER DETECTION FOR CODED CDMA SYSTEMS.....ooceiieeieeieeriieeeveeeevveerneenens 1.4
1.3 GOALS AND CONTRIBUTIONS OF THE DISSERTATION .....uvutuurtniunnrnnieaaeasiasaraeeeaeaanes 1.6
1.4 LIST OF PUBLICATIONS. ettt ee e st eee e e e e e e e e et eteaessen et easbennn s eeerarstanaeneeenannnnns 1.7

2. PERFORMANCE ANALYSIS OF PARALLEL INTERFERENCE
CANCELLATION TECHNIQUES FOR DS-CDMA IN MULTIPATH FADING

CHANNELS.......ce.... tereesmseestessesasanernessessesassasarenasens 2.1
2] INTRODUGCTION. vttt e e e e e e e et eeee e e e e e es st et aaeeeeertasaasassenbsanananes 2.1
2.2 SYSTEM MODEL .ottt r st e s e st s e e e s et eeiaera e s e e eevneeanseeesenanees 2.4
2.3 COMPARISON OF THE SOFT TENTATIVE DECISION-BASED AND THE HARD TENTATIVE

DECISION-BASED PIC RECEIVERS. ..ot e e et ae s eetsveta e e aeeneens 2.11
2.4 PERFORMANCE AN ALY SIS, oot iiieitettee et e e e e e e e ee e s e e s e e e e s e e aeteaanans 2.19
2.5 OPTIMAL WEIGHTS DETERMINATION FOR THE WEIGHTED PIC RECEIVER............. 2.23
2.6 DISCUSSION OF NUMERICAL RESULTS. ... tieetieeee oot ee e eee e e e e e e vneaneeanaens 2.25

3. ADAPTIVE PARALLEL INTERFERENCE CANCELLATION RECEIVERS

FOR DS-CDMA...... 31
3.2 LMS IMPLEMENTATION OF ADAPTIVE PIC RECEIVER. ..eoetttieeieeeeeeeeeeeeeeesessseeenesennens 32
3.3 ERROR RATE PERFORMANCE OF THE ADAPTIVE PIC RECEIVER. ....ccovviveeieeieeeennn. 34
3.4 CONCLUSION. ..ottt ettt te e s e s et e e et e e e e e eee e et e e s e et eeeeeasen e eteeeeeeaeeaaeestareaeees 39

4. CONVERGENCE ANALYSIS OF ITERATIVE INTERFERENCE
CANCELLATION RECEIVERS FOR TURBO-CODED DS-CDMA SYSTEMS. 4.1

4.1 INTRODUCTION ....ooteit ettt ettt e e e e et e e et e et e e e et e s e s ereeeeeseseeeeeeeereessesreeens 4.1
4.2 GAUSSIAN APPROXIMATION METHOD FOR THE ANALYSIS OF TURBO DECODERS. ...4.4
4.3 ERROR RATE PERFORMANCES OF ITERATIVE INTERFERENCE CANCELLATION

RECEIVERS. .ottt ettt e et e e e e e e e et e e 4.10
4.4 CONVERGENCE ANALYSIS. oot iet et oot eeeeesseeeeseeeseeee et eseseaeee e e e s eeeesve e 4.12
LN Ol0) N (0 8013 (6) NS R 4.19
5. AN ITERATIVE MULTIUSER DETECTOR FOR TURBO CODED
DS-CDMA SYSTEMS ...coereeereeerecesseerscessssssenne 5.1
S.TINTRODUCTION ..ot e 5.1
S22 SYSTEM MODEL ....ooeiiiee oo e 5.2
5.3 THE ITERATIVE MULTIUSER DETECTOR ..oc.ovveeoeeee oo 5.5
5.4 IMPLEMENTING THE ITERATIVE DETECTOR ..oveeee oo 5.13
5.5 PERFORMANCE DISCUSSION ...ttt et e 5.14
5.6 CONCLUSION ....ouittitietieteeei et ettt et e e e e et e e e oo 5.21
6. PERFORMANCE OF THE ITERATIVE MULTIUSER DETECTION IN
MULTIRATE DS-CDMA SYSTEMS...cooeveveernennnn. 6.1
6.1 INTRODUCTION ..ottt et e e et 6.1



6.2 MULTIRATE CDMA SYSTEM MODEL...ccovitiiiiiiiiieieie e e _6.3

6.3 SIMULATION MODEL OF MULTIRATE CDMA ... 6.6
6.4 DISCUSSION OF RESULTS. ... et eeeteoe et e et s e e e e et a e s e e e v eraan e eeeaeeenan 6.6
6.5 CONCLUSION . <.ttt e e e e e ee e e e eseaeae et aeesaeesaaetatansseeesessasenssbrnrereentnnes 6.9
7. CONCLUSION....cocnirctrrereesreseisesscsansacnesess . reeereesessannensesanees 7.1
REFERENCES...........c..... - R.1
APPENDIX A. DERIVATION OF EQUATION 2.2.1............ v A.l

APPENDIX B: VARIANCES OF THE RESIDUAL MULTIPLE ACCESS
INTERFERENCE FOR THE TOTAL AND THE WEIGHTED PARALLEL
INTERFERENCE CANCELLATION RECEIVERS. ......ccoieinnnminsrcnsenssssscsnssossases A2

Vi



List of Figures.

Figure 2.1: The time delay impulse multipath model. 2-7
Figure 2.2: The MRC diversity-based RAKE receiver. 2-7
Figure 2.3: Functional Block Diagram of the Total Parallel Interference Cancellation

Receiver. 2-11

Figure 2.4: Functional Block Diagram of the Weighted Parallel Interference Cancellation

Receiver. 2-12
Figure 2.5: Functional Block Diagram of the Partial Parallel Interference Cancellation

Recelver. 2-12
Figure 2.6: Illustration of the multistage implementation of the PIC receiver. 2-13

Figure 2.7: BER Performance of the PIC Schemes with increasing SNR at the variance
of the channel gain estimation error of 0.06. 2-16

Figure 2.8: BER performance of HD-PIC and SD-PIC with channel gain estimation error.
2-16

Figure 2.9: BER Performances of the HD-PIC and the SD-PIC with Channel Phase
Estimation Errors. 2-17

Figure 2.10: BER performance of HD-PIC and SD-PIC with channel Gain and phase
estimation errors. 2-17

Figure 2.11: BER performance of PIC schemes with channel gain estimation error and
increasing stages. 2-18

Figure 2.12: BER performance of PIC schemes with channel phase estimation error and
increasing stages. 2-18

Figure 2.13: BER results to show the accuracy of the proposed analytical model for the
RAKE receiver. 2-26

Figure 2.14: BER vs SNR for RAKE receiver and the total PIC receiver. L=3, M=3,m=1,
0=0.2, k=10, N=15. 2-26

Figure 2.15: BER vs SNR for RAKE receiver and the total PIC receiver. L=5, M=5, m=1,
6=0.2, k=10, N=15. 2-27

Figure 2.16: BER vs SNR for RAKE receiver and the first stage of weighted PIC
receiver. L=3, M=3m=1, 8=0.2, k=10, N=15. Cancellation weight = 0.7. 2-27

vil



Figure 2.17: BER vs SNR for RAKE receiver and the two stages of weighted PIC

receiver. L=3, M=3,m=1, 6=0.2, k=10, N=15. Cancellation weight = 0.7. 2-28
Figure 2.18: BER vs SNR for three stages of weighted PIC receiver. L=3, M=3,m=0.75,

0=0.2, k=10, N=15. 2-29
Figure 3.1: BER vs SNR results for the single stage adaptive PIC receiver. 3-8
Figure 3.2: BER vs SNR results for the two stage adaptive PIC receiver. 3-8
Figure 4.1: lterative Multiuser Detector for Turbo Coded Systems. 44
Figure 4.2: The nonlinear dynamic model of the turbo decoder. 4-7

Figure 4.3: Functional block diagram of the iterative interference cancellation receiver.
4-11

Figure 4.4: Error rate performances of the iterative interference cancellation recerver.
Framelength=200. 4-12

Figure 4.5: Iteration Schedule for the iterative interference cancellation receiver.  4-15

Figure 4.6: Error rate performance of the iterative interference cancellation receiver
after one iteration. 4-16

Figure 4.7: Error rate performance of the iterative interference cancellation receiver
after two 1terations. 4-16

Figure 4.8: Error rate performance of the iterative interference cancellation receiver

after three iterations. Dashed line for simulation results. Solid line for analytical results.
4-17

Figure 4.9(a): The noise figure of the turbo decoder over [?] of 0dB to 4dB. 4-17
dB

o

Figure 4.9(b): The noise figure of the turbo decoder over %] of 2.5dB to 3dB.
daB

o
4-18

Figure 4.10: Convergence Analysis of the Iterative Interference Cancellation Receiver.
4-18

Figure 5.1: A Turbo Coded CDMA transmission System. 5-3

Figure 5.2: The Proposed Iterative Multiuser Detector. 5-7

viil



Figure 5.3: Forward and reverse state probability recursions. 5-10
Figure 5.4: Functional diagram of the proposed iterative multiuser detector. 5-14

Figure 5.5: Comparison of the performance of the “Turbo IC” and the Conventional
Iterative Interference Canceller. Cross-Correlation = 0.25, K=10, Framelength=200. 5-16

Figure 5.6: Comparison of the performance of the “Turbo IC” and the Conventional
Iterative Interference Canceller. Cross-Correlation = 0.3, K=10, Framelength=200. 5-17

Figure 5.7: Performance of the “Turbo IC” with various cross-correlation values. K=10,
Framelength=200. 5-17

Figure 5.8: Performance of the “Turbo IC” with various numbers of users. Cross
correlation=0.3, Framelength=200. 5-18

Figure 5.9: Performance of the “Turbo IC” in near-far scenarios. Cross-correlation=0.3,
Framelength=200. 5-19

Figure 5.10: Performance of the “Turbo IC” in the asynchronous DS-CDMA system. 5-21

Figure 6.1(a): Hlustration of the bit interaction of interfering bits in a dual multirate
CDMA system when the user of interest has the higher processing gain. 6-5

Figure 6.1(b): Illustration of the bit interaction of interfering bits in a dual multirate
CDMA system when the user of interest has the lower processing gain. 6-5

Figure 6.2: BER performance of the multiuser detector in the multirate CDMA system
with variations in the number of detection iterations. 6-7

Figure 6.3: BER performance of the multiuser detector in the multirate CDMA system
with vanations in the size of the framelength. 6-8

Figure 6.4: Comparison of the BER performance of the multiuser detector and the Turbo
decoder in the multirate CDMA system. Number of iteration is one. Frame Length = 200.

6-8
Figure B.1: BER vs SNR the first stage of Total PIC receiver. L=3, M=3, m=1, §=0.2,
k=10, N=15. A-7
Figure B.2: BER vs SNR the first stage of weighted PIC receiver. L=3, M=3,m=1,
6=0.2, k=10, N=15.Cancellation weight = 0.7. A-8

1X



List of Acronyms.

AWGN Additive White Gaussian Noise.

BER Bit Error Rate.

BPSK Binary Phase Shift Keying.

CDMA Code Division Multiple Access.

DA Data Aided.

DD Decision Directed.

DFE Decision Feedback Equaliser.

DS-CDMA Direct Sequence Code Division Multiple Access.
FEC Forward Error Correcting.

GA Gaussian Approximation.

HD-PIC Hard Tentative Decision Parallel Interference Cancellation.
LDPC Low Density Parity Check.

LMS Least Mean Square.

MAI Multiple Access Interference.

MAP Maximum a-Posteriori..

MIMO Multiple Input Multiple Output.

MIP Multipath Intensity Profile.

ML Maximum Likelihood.

MLSE Maximum Likelihood Sequence Estimation.
MMSE Minimum Mean Square Error.

MRC Maximum Ratio Combining.

MUD Multiuser Detector.

PDF Probability Density Function.

PIC Parallel Interference Cancellation.

PSD Power Spectral Density.

RSC Recursive Systematic Convolutional.

SD-PIC Soft Tentative Decision Parallel Interference Cancellation.
S1 Side Information.



SIC Serial Interference Cancellation.

SNR Signal-to-Noise Ratio.
UMTS Universal Mobile Telecommunication System.
WCDMA Wideband Code Division Multiple Access

X1



Acknowledgements.

1 would like to thank my PhD dissertation supervisor, Professor Fambirai Takawira, -for

his guidance and valuable suggestions throughout the course of this work.

The support received from Telkom SA and Alcatel SA under the Center of Excellence

programme 1s gratefully acknowledged.

Support, suggestions and comments received from my colleagues at the Centre for Radio
Access Technologies of the University of KwaZulu-Natal are gratefully acknowledged.
Particularly, appreciation is due to Tom Walingo for his steadfast support during the very
trying days of this work and to Bruce Harrison, the network administrator, for making the

network available for running simulations for this work.

I would like to thank the very many people who have been sources of encouragement to
me at critical junctions in my journey through the pursuit of academic excellence. First of
all 1s my mother, Cecilia Olabisi Bejide, without whose efforts I will definitely not have
the opportunity of a University education nor have the privilege of presenting this
dissertation, and my father J. D. Bejide for his many encouragements. My gratitude goes
also to Dr. S. Adeniran, of the Obafemi Awolowo University, Nigeria, who is a great
influence on my academic career and my perception of issues. I would also want to thank
Prof. G. O. Ajayi, also of the Obafemi Awolowo University, Nigeria, for creating an

enabling environment for me to dream and to pursue my dreams.

At this juncture I would like to remember the late Caroline Olusola Odeyemi a sister and

a worthy role model.

Last but definitely not the least I would like to thank my wife, Olanike, and my daughter,

Oluwatosin, for their patience and understanding.
I give thanks unto the LORD; for he is good: for his mercy endures for ever.

X1



Chapter 1

Introduction

A strong candidate for the actualisation of the goal of “communication anywhere” is
wireless communication. With wireless communication technology, there is no physical
restriction on where information can be exchanged. Because many users will be
accessing the common communication channel in wireless communication, there is
therefore the need to device means of sharing the communication channel. This is to
prevent interference arising from the effects of the signals of other users that access the
channel simultaneously. Some techniques have been developed to allow simultaneous
access of a communication channel by many users. These techniques are referred to as

multiple access techniques.

Code Division Multiple Access (CDMA) is an enabling multiple access technology for
the purpose of providing wideband services in wireless communication. CDMA is the
access technology specified for the second generation cellular system 1S-95 [Gar97] and
for various third generation cellular communication systems like the Universal Mobile
Telecommunication System (UMTS) [Chi92], and Wideband CDMA (WCDMA)
[Pra98]. CDMA is also the access technology for wireless local area network systems like
the IEEE 802.11 standard [Gar97]. Numerous satellite communication systems also use
CDMA as their radio access technology [Mag94]. In general CDMA has received a wide

acceptance in the communication industry.
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The interest in CDMA can be attributed to some of its advantages over the narrowband

systems. Some of the advantages are [Mag94][Sch77][Vit79]:

e Low probability of Interception,
e Multipath mitigation capability,
e Anti-jam capability,
» Interference rejection capability,
e Multiple access and

e Accurate ranging.

However, the performance of the CDMA systems degrades when they are used in a
multiple access environment. In such a situation the capacity of the system decreases and
the probability of error of the system increases as the number of co-located systems. on
the channel increases. The interference on the signal of the user of interest from other co-

located CDMA systems is referred to as the Multiple Access Interference (MAI).

Multiuser detection techniques are developed in order to counteract the effects of the
multiple access interference. The objective of designing multiuser detectors is to increase
the fidelity of the signal of the user of interest to the level it would have been if other

CDMA systems are not accessing the channel.

1.1. Multiuser Detection in Uncoded CDMA Systems

Multiuser Detectors (MUD) are designed by using some characteristics of all the received
signals in the multiple access channel to reduce the effects of the multiple access
interference, mutually on all the users. Multiuser information theory is a discipline that is
many decades old. With respect to CDMA however, the pioneering work in designing a
MUD for CDMA is the work of Verdu [Ver86a] that was published in 1986. The detec;tor
of [Ver86a] is often referred to as the optimum multiuser detector because its

performance is exactly the single user performance.
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In the optimum MUD, the Maximum Likelihood Sequence Estimation (MLSE) of the
signal of the user of interest is performed given the signals of the other users in the
multiple access channel [Mos96][Ver86a][And02]. Although the MLSE receiver has an
optimum performance, its shortcoming 1s its prohibitively high computational
complexity. The computational complexity of the optimum MUD increases exponentially

with the number of users (K), that is O(2%).

Because of the high complexity of the optimum multiuser detector, several sub-optimal
multiuser detectors have been developed. These types of receivers have computational
complexities that-are very low when compared with that of the optimum multiuser
detector. The low complexity is, however, at the expense of performance. Sub-optimal

MUD can be classified into two categories:
1. Linear Multiuser Detectors,

2. Non-Linear Multiuser Detectors.

In linear MUD, linear filters are used to extract the signal of the user of interest from the
received signal and to suppress the MAI at the same time. Examples of linear MUD’s
includes the decorrelating MUD (which multiplies the received signal sequence by the
inverse of the correlation matrix of all the active users on the channel), the interference
whitening filter (in which the filter coefficients are dependent on the spreading code of
the user of interest), the Minimum Mean Square Error (MMSE) receiver (in which the

MMSE criterion is invoked in detecting the signal of the user of interest)
[Ver86a][Ver86b][ Ver89][Lup89][Mos96][Hon95].

Nonlinear MUD includes the Decision Feedback Equaliser (DFE) receiver and
interference cancellation receivers. Interference cancellation receivers can be classified as
Serial Interference Cancellers (SIC) and Parallel Interference Cancellers (PIC)
[Var90][Div95][Puz99][Y0093][Hui98][Div98][Vit90].
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The SIC and the PIC have received a.considerable amount of attention in the literature
because of their ease of practical implementation. In the SIC, the interferences of all the
users are estimated. For the user of interest, the estimated interference due to all other
users are subtracted, one user at a time (starting with the user that has the highest power),
from the received signal. An improved received signal, from the point of view of the user
of interest, is obtained as the estimate of the interference of each user is sequentially

subtracted| Vit90][Mos96].

In PIC, the MAI on the user of interest is estimated at once from the signal of all other
co-located users. The estimated MAI is then subtracted from the received signal (from the
point of view of the user of interest). This procedure is carried-out for all the users

simultaneously (in parallel).

An advantage of the PIC over the SIC is that the delay experienced in SIC is much more
than the delay experienced in PIC. This has made the PIC much more accepted in
practical system designs than the SIC [Mos96]. A more detailed description of the PIC

scheme is made in Chapter 2.

1.2 Multiuser Detection for Coded CDMA Systems

Error correcting codes are often used to improve the performance of CDMA systems.
Realizing that error correction alone cannot remove the effects of the multiplé accéss
interference effectively, a lot of emphasis is now being placed on designing multiuser
detectors for channel coded CDMA systems. Pioneering work in this respect is the work
of Giallorenzi and Wilson [Gia96a] where the optimum detector of [Ver86a] is combined
with convolutional decoding. The complexity of the receiver of [Gia96a] increases
exponentially with the product of the number of users and the constraint length of the
convolutional encoder. Some sub-optimal implementations of the receiver of [Gia96a]

were proposed in [G1a%6b]. Another suboptimum type of the optimum MUD with
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channel coding is found in [Wei97] where the low complexity breadth-first algorithm of
[Sim90] was used in the MLSE of [Gia96a] for convolutionally coded CDMA systems.

The advent of Turbo codes [Ber93] and the generalization of the “Turbo principle” in
many aspects of digital communication [Hag97] have inspired the development of many
“iterative” multiuser detectors. In [Ale99], the “super trellis” of the joint convolutionally
coded and the time varying CDMA coded system was transverse, based on the Maximum
a-Posteriori (MAP) criterion. This is in contrast to the work of [Gia96a] where the Viterbi
algorithm was used. The work of [Ale99] has the same prohibitive complexity as the

receiver designed in [Gia96a].

Work done on reducing the complexity of iterative detectors to levels that can be
practically implemented has mainly focused on combining various sub-optimal multiuser
detectors with iterative channel decoding in an integrated manner. The decorrelating
decision feedback MUD was studied in [Hsu01] for a Turbo coded DS-CDMA system.
The MMSE filter was iteratively combined with channel decoding for the convolutionally
coded CDMA system in [Gam0O]. Several other attempts to combine sub-optimal
multiuser detectors with channel decoding in an iterative manner can be found in the

following references: [Mar0la][Mar01b][Wan99][Qin01].

On the combination of interference cancellation and iterative decoding, an iterative
interference canceller was proposed for convolutionally coded CDMA in [Ale98]. This
scheme ntegrates the subtraction of the estimated multiple access interference and
channel decoding. The iterative interference canceller was also studied in [Ker99] and
[Moh99]. The iterative receiver of [Ker99] tries to improve on the ones proposed in
[Ale98] and [Moh99] by subtracting a weighted estimate of the multiple access
interference from the received signal. The partial interference canceller of [Div98] was
combined with Turbo decoding in [WuOl]. In a nutshell, iterative interference
cancellation (and some of its variants) has received wide acceptance. This could possibly
be due to its low level of complexity. Iterative interference cancellers for turbo coded

CDMA are discussed in greater details in Chapters 4 and 5.

1-5



A major problem with iterative interference cancellers is that the direct subtraction of the
estimated MAI from the received signal could lead to erroneous detection when the MAI
estimation is not very reliable [ShiOl]. This is more likely when the cross-correlation
between the signals of the co-located users is high. In that case, the error variance of the
iterative interference canceller becomes very large [Bej03][Ker99]. It s, therefore,
necessary to find a novel way of using the MAI estimate in Turbo coded CDMA systems

to mitigate the effects of the MAI effectively.

1.3  Goals an.d Contributions of the Dissertation

Much of the work done on the development of MUD for channel coded CDMA systems
have focused on convolutionally coded CDMA. Little work has been done on
investigating the combination of MUD and Turbo coding. Also, the concept of iterative
detection [Hag97] opens a lot of opportunities on how channel decoding and other
detection processes like the MUD could be combined. The statements in the two
sentences above motivated this work. This dissertation investigates performances of
existing iterative interference cancellation techniques for uncoded and turbo coded
CDMA systems and proposes a novel way of implementing the MUD-channel decoding

integration (with emphasis on improved error rate performance and increased capacity).

In the process of achieving the goals set for this work, the following original

contributions were made to the field of MUD for CDMA:

1. In Chapter 2, analytical models for various types of PIC are presented. These
models are shown to be in good agreement with simulation results. The models
are useful in the Bit Error Rate (BER) analysis of PIC receivers for DS-CDMA.
Also, an expression for the optimal cancellation weights for the weighted PIC

recelver is presented.



2. In Chapter 3, adaptive PIC receivers that are based on the Least Mean Square

1.4

(LMS) algorithm are presented. An analytical model for the adaptive PIC

receivers is also presented.

The density evolution approach is used in the analysis of iterative interference
cancellers for Turbo coded CDMA systems in Chapter 4. A methodology for the
convergence analysis of the receiver is presented by using the density evolution

based Gaussian approximation method.

A novel iterative interference canceller is developed in Chapter 5. The detector is
developed by using the estimate of the MAI as additional information in the
iterative decoder. A direct subtraction of the estimate of the MAI is avoided in
order to prevent the effects of the estimation error variance. The developed
receiver has a better error rate performance than that of the existing iterative
interference canceller. The improvement in performance is much more obvious at

higher values of cross correlation between users.
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Chapter 2

Performance Analysis of Parallel Interference Cancellation

Techniques for DS-CDMA in Multipath Fading Channels.

2.1 Introduction.

Parallel Interference Cancellation (PIC) is a widely accepted technique in the wireless
communication community [Mos96]. This technique has been the subject of many
research activities in the last decade. The wide acceptance of the PIC technique is due to
its low complexity of implementation while still providing substantial reductions in the

effect of the multiple access interference.

Parallel interference cancellation was first proposed in [Var90]. It was derived through
the Maximum Likelihood (ML) estimation of the desired user’s transmitted bit, given the
received signal. For illustration purpose, let the transmitted bit at some particular time

instance for user j (1< j<K) in a multiple access environment having K number of
users that are transmitting simultaneously be b;. Let the signal at the output of a
matched filter that is matched to the signature sequence of user j be Y. The parallel
interference cancellation technique determines P(b ' |Y). The ML estimation, as

computed in [Var90], produces a receiver structure in which the improved received signal
for the user of interest is obtained by the subtraction of the estimate of the multiple access
interference from the received signal. The improved received signal that results is then

matched filtered to determine the transmitted bit of the user of interest.
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Paraliel interference cancellation can-be (and is often) implemented in a multistage
manner. Each additional PIC stage in a multistage system improves on the performance

obtainable from the previous stage.

With improvement in the fidelity of signals at subsequent cancellation stages of the
multistage PIC receiver, the reliability of the estimate of the multiple access interference
that is obtained by using these statistics increases. This prompted the development of a
variant of the PIC receiver that is referred to as the weighted PIC receiver. In this receiver
type fractional value of the estimated multiple access interference is subtracted from the
received signal. The amount of the fraction that is subtracted is increased as the
processing moves from a lower stage to higher stages of interference cancellation. This is
done because estimates of the multiple access interference in higher stages of interference

cancellation are more reliable than at lower stages of interference cancellation.

In [Div98] another type of PIC technique was derived based on the ML estimation of the

message bit of the user of interest, given the received signal and the estimated message

bit at the immediately previous cancellation stage. That is P(b; | Y,l.ag-f-l)). This is the

detection metric used at the f " cancellation stage. This resulted in a PIC receiver in

which fractions of the estimated MAI and the soft information on the transmitted bit of

the user of interest in the ( f ~ 1)’h cancellation stage are subtracted from some fraction of

the received signal. This type of PIC receiver is referred to as the partial PIC receiver.
PIC receivers that have no form of fractional cancellation are referred to as total PIC

receivers.

In estimating the MAI, the tentative decision that is taken on the soft “information” of all
other co-located users could be any of the many decision techniques that are available.
The soft, the hard, the threshold and the tanh () decision techniques have been suggested
in the literature [Div98][Hui98][Div95]. It has also been noted, as also presented briefly
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in Section 2.3 of this Chapter, that the use of the soft tentative decision leads to PIC
receivers that have error rate performances that are very poor when compared with those
of PIC receivers that are based on the hard tentative decision[Bue99][Cor99]. This
behaviour was explained in [Bue99] to be due to the fact that the decision statistic is
biased when the soft tentative decision is used. In this dissertation therefore, our focus

shall be on PIC receivers that are based on the hard tentative decision.

Error rate performance analyses of the total PIC have been presented in [Y0093] and
[Hui98] for the Rayleigh multipath fading channel. To the best of our knowledge, no
work has been presented in the literature on the error rate performance analysis of the
weighted PIC receivers in the literature. Also, error rate performance analyses of the PIC
receivers in the Nakagami multipath fading channel have not been presented in the
literature. It 1s important to have analytical models for these receivers in the Nakagami
multipath fading channel for the following reasons
[ATh85][Lom99][Wo0j86][Eft97][Eng95]:

1. The Nakagami distribution fits experimental data that are obtained from urban
radio multipath channels accurately.

2. The Nakagamu distribution is a generalized distribution which can model different
environments and could be approximated to different distributions. For instance,
the Rayleigh, the Rician and the one-sided Gaussian distributions are special cases
of the Nakagami distribution.

3. The Nakagami distribution can account for shadowing and other large-scale
effects.

4. Amplitude fading that is due to ionospheric scintillation follows the Nakagami

distribution.

In this Chapter therefore, the error rate analyses of the total and the weighted PIC are
presented for the Nakagami multipath fading channel. The Gaussian approximation
approach is used n the analyses. The Gaussian approximation method has been found to

be accurate for the error rate performance analyses of DS-CDMA systems in the
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multipath fading environment [Jul02]. The following contributions are made in this
chapter:

1. A simple expression for the average BER of DS-CDMA systems 1n the Nakagami
multipath fading channel with Maximum Ratio Combining (MRC) is proposed.
The expression that is obtained is computationally simpler than the result that was
reported in [Eng95].

2. A procedure for determining the average BER of the total and the weighted PIC
receivers in the Nakagami multipath fading channel is presented. The approach
that i1s used in this Chapter for the estimation of the variance of the residual MAI
is different from and more accurate than methods that have been reported in the
literature so far.

3. The expression for the optimal cancellation weights for the weighted PIC receiver

1s presented.

The rest of the Chapter is outlined as follows. The system model for the asynchronous
DS-CDMA system is presented in Section 2.2. In Section 2.3 a comparison between the
PIC receiver that employs the hard tentative decision and the PIC receiver that employs
the soft tentative decision is made. Analytical models for the error rate performance of
the PIC receivers are presented in Section 2.4. Optimal cancellation weights for the
weighted PIC receiver are derived in Section 2.5. Numerical results are presented in

Section 2.6. Section 2.7 concludes this Chapter.

2.2 System Model

2.2.1 Received Signal Model

The signal that is transmitted by a single user & (1 <k <K) in a multiple access scenario

that comprises of K active users can be represented as

5k (0) = (2P (1)by. () cos(, 1) 2.1)
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Notation P, represents the power of the signal of user k, a;(¢) represents the antipodal
waveform of the random spreading code of user k£, w, is the carrier frequency and by (t)

represents the antipodal waveform of the message sequence of user k. Notation 7,

represents the bit duration of the spreading code. The summation of the signals that are

transmitted by all users in the multiple access environment can be represented as

K
S()= Y 2B ay ()b (1) cos(w,t + ;) (2.2)
k=

1

¢ 1s the modulation angle of user k.

The multipath fading channel as seen by the receiver of user & is modeled as a time-
delay impulse channel model [Eng95][Pro01] as illustrated in Figure 2.1. The response

of the channel can be represented as

L .
(D)= Y. Bro(t ~ 1y )¢ 2.3)
/=1

where Sy, 7 and 6, arethe /™ path’s channel gain, delay and phase shift respectively
for the k™ user’s signal. We assume that 7; €[0,7] and is independent of the channel

gain coefficient. Notation T is the message bit duration. Also, let the processing gain of

the system be represented as N . The received signal can therefore be represented as

K L
r(t) =kZ V2B 2 Bieap (t -ty )by (¢ -ty ) cos(wot + ) + n(t) (2.4)
- /=1

Wik = O + P +o.1ty and yy, €[0,27]. Each user’s signals are taken to be propagated

through L different paths.
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The Maximum Ratio Combining (MRC) based RAKE receiver is used for diversity
combining. Figure 2.2 shows a rake receiver that employs the MRC diversity scheme.
The output of the RAKE receiver that has M fingers can be expressed as [Eft97]

T
X;= ;1 j Ber(t)a;(t =t ;)cos(wt +y, ;)dt

'>./

2.5)

M

=y {U AV AW +77g}

=1
where

P 2
b &
Z /Z ﬂgjﬁzk{b LR j (T =7, ;) + by, kRk](le ng)} cos(Wix —¥c )
I
/\;tj
(2.7)

\/—Z 'BGI'B/J b 1R (T =7 )+ by Ry (T - gj)}cos(‘/’lj_'/’gj) (2.8)

l#¢

T+cT,

e = _[ n(t)ﬂgjaj(t—rgj)cos(a)ctﬂ//gj)dt (2.9)
sT,
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Notations U, W, ; and 7). represent the desired user’s signal, the MAI component,

ciVeio
the Side Interference (SI) component and the AWGN component respectively. Also,

T . T
Ry;(7) = [ay(t=7)a;(t)dt and Ry;(r)= [ap(r—7)a;()dt. Notations b, ; and b_j 4
0 T

represent the message bit to be detected and the preceding bit respectively.

The relationship between the power of the direct signal and other reflected signals in the
multipath fading channel has been modeled in a variety of ways. This relationship is
referred to as the Multipath Intensity Profile (MIP) which is defined as the average power
at the output of the channel as a function of path delay [Eft97]. The uniform, the
exponential and the Gaussian MIP has been discussed in the literature [Eng95] [Eft97]. A
measure of the average power of a given path is the second moment of the fading gain
coefficient for that path. In a multipath channel that has the uniform MIP, all signals on

all the propagation paths have the same second moment, that is

E(ﬁlkz) =E(,82k2) = = E(,[)’Lkz) for a multipath channel that has L paths. In

the multipath channel that has the exponential MIP the second moment of the first

incoming path is related to the second moment of other paths through the relationship

E(,B/kz) = E(,Blkz)e_N with 6 being the decay factor (5 >0).

Experimental measurements made by Turin [Tur72] have shown that the MIP in urban
environment is exponential. Based on this understanding, the exponential MIP will be

used throughout this dissertation.

The channel gain coefficients used in this Chapter are modeled as Nakagami m-

distribution variates having the Probability Density Function (PDF) given as

p(p) = 2B tmiop?

e (2.10)
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Q2 _. QZ
var[(§)’]  E[(8* -]

. The variable Q defines the second

where Q = E[$?] andm =

moment of . In particular 2, =E[(,B,,k)2]. With our selection of the exponenﬁal

multipath intensity profile (MIP), Q,, is related to the signal strength of the first path

by Q1 = Qlke'”§ . In this dissertation, the second moments of the initial path’s fading
statistics of all users are modeled to be the same. Therefore we can simply write
Q= Qle'”5 . Changing the values of m in equation (2.10) can enable us to change

the channel model from a very good channel (with no fading) when m = « and to the
worst fading case when m =0.5, the case when m = 1 corresponds to the Rayleigh
fading distribution. Other fading models can be approximated by an approprate selection

of the parameter m .

2.2.2 Parallel Interference Cancellation Models.

Mathematical representations of the parallel interference cancellation are presented in this
Section. For the total PIC receiver, tentative hard decisions are taken on the decision
statistics of the users’ signals in the system. For a given user of interest, tentative
decisions from all other co-located users are used in the estimation of the MAI. The

estimate of the MAI after the /™ stage in the multipath fading environment that was

discussed in Section 2.2.1 of this dissertation can be expressed as

SOANIR SR (5D 2D j
PG = o Z A B R =+ B DRy )] cost, )
k#j

(2.11)

where 1;((){/\,_1) and l;flf ;1) represent the tentative bit of user & that correspond to the

present and the immediately past instances respectively.
For the total PIC process, the output of the receiver at the end of the ! " cancellation

stage can be expressed as



vy —

; {Vg(jf)} 2.12)

I M

For the weighted PIC receiver, the output of the receiver at the end of the f th

cancellation stage can be expressed as

. M., '
¥, NS {Vg('f)} (2.13)
¢=l

where 1(/) is the cancellation weight for the f ™ cancellation stage.

Finally, the decision statistics at the end of the f ™ cancellation stage for the partial PIC

receiver can be expressed as

M

(/) _ 400 3OO |1 200y 507D
X0 =2 [Xj— {ng }J+(1 AD) R (2.14)

3

Figures 2.3 to 2.5 show the functional block diagrams of the PIC techniques that are
discussed in this chapter. The multistage implementation of the PIC scheme is presented
in Figure 2.6. In these Figures, R{(?) represents the improved received signal at the end of

the /" cancellation stage for the k™ user.
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Figure 2.3: Functional Block Diagram of the Total Parallel Interference Cancellation
Recelver.

2.3 Comparison of the Soft Tentative Decision-Based and the Hard

Tentative Decision-Based PIC Receivers.

The objective of this Section is to compare the performances of the PIC receiver that is
based on the hard tentative decision (HD-PIC) with those of the PIC receiver that is based
on the soft tentative decision (SD-PIC). The comparison is carried-out through computer
simulations. The studies are carried-out in the multipath Nakagami fading channel. For
the purpose of the comparison, the bit rate of the system is taken to be 64Kbps.

Performances with varying Signal to Noise Ratio (SNR) and with changing number of
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users are studied. The Signal-to-Noise (SNR) is defined as

. Symbol P represents

the transmitted power and this is taken to have the same value for all users. The unit
energy constraint is assumed. Furthermore, simulation results are also presented for the
situation where the channel fading gain and phase shift are erroneously estimated at the

recejver.

Channel] estimation techniques could either be Deciston Directed (DD), where estimation
1s made based on the decision that is made on the received data, or Data Aided (DA) ,
where a pilot signal is transmitted along with the data to aid the estimation process
[Jun98]. In either case there are still some estimation errors that are made. Therefore, the
estimated channel parameters are sums of the actual parameter and the estimation noise.
That is

P = P+ p, (2.15)

R
/o

Ritr)

Ry



B = e + B, | (2.16)

where Agp, and Ay are errors made In estimating the channel gain and phase

respectively. In this work, we modeled Ag, and Ay ~as zero mean Gaussian random

variables having variance of 52 and o—; respectively. This model has been reported to
i i

be valid for both the DA and the DD channel estimation techniques [Fre99][Eng97].

The performance of both the SD-PIC and the HD-PIC were studied through a computer
simulation. A multiuser DS-CDMA system using Gold codes of length 63 was simulated
for various channel parameter estimation errors with 5 active users. The value of the
parameter m 1in the Nakagami fading channel model is selected as one. This corresponds
to the Rayleigh fading channel model. The transmitting frequency of the active users was
taken to be 2GHz and the mobiles were modeled to be traveling at a velocity of 80Km/h.

Therefore, the maximum Doppler’s spread, f,,, of the fading channel is 148.13Hz. The

channel 1s modeled to be correlated. A MRC Rake receiver using 3 fingers was used both
between cancellation stages and at the front-end of the receiver. The number of
cancellation stages for both the HD-PIC and the SD-PIC detection was 3. We optimized

the estimated MAI by using weighted sum of the estimate for each user for cancellation.

M
o v _ 5
That is Xjf =X, -As Zl{Vg(jf)}-
g:

In this comparison, we estimate the optimal cancellation weights through computer
searches and we take the cancellation weights to be constant for all users on all paths at a
given cancellation stage. For the HD-PIC, our optimal cancellation weights are 0.4, 0.7,
and 1 for the first, second and the third stage of cancellation respectively. For the SD-
PIC, our optimal cancellation weights are 0.0003, 0.0006, and 0.0009 for the first, second
and the third stage of cancellation respectively. The very small fraction of the estimated
MALI that is subtracted from the received signal in the case of the SD-PIC is due to the

over-estimation of the MAI when the soft tentative decision is employed. It was even
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found in [Div98] that the SD-PIC receiver performs worse than the RAKE receiver in

some situations.

The simulation results are presented in Figures 2.7 to 2.12. We use notation like SD-PIC3
to represent the third stage of SD-PIC cancellation and so on. Figure 2.7 compares the
BER performance of the HD-PIC and the SD-PIC with vanation in SNR in a frequency
selective fading channel when the variance of the channel gain estimation error is 0.06.
The HD-PIC is observed to have a better performance than the SD-PIC. Our remaining
simulation results are presented at 21dB SNR with variation in the variance of the
channel estimation errors. From Figures 2.8 and 2.9, it is observed that although the HD-
PIC has a better BER performance than the SD-PIC, (as also earlier noted for the additive
white Gaussian noise channel in [Bue99]), the HD-PIC is more sensitive to both the
channel gain and phase estimation error than the SD-PIC. However, there is more to be
gained in using the HD-PIC receiver as long as accurate estimations of the channel gain

and phase responses are obtained.

Figure 2.10 illustrates that the two PIC schemes are more sensitive to gain estimation
errors than to phase estimation errors. From Figures 2.11 and 2.12 we observe that the
sensitivity of the PIC schemes to channel estimation errors increases with increasing
stages of cancellation as will be expected since the decision statistics at a cancellation
stage are dependent on those of the previous stages. This way the unreliability of the
decision made at previous stages is propagated to subsequent stages. With channel gain
estimation error, the performance of the third stage of HD-PIC fell below that of its
second stage when the variance of the estimation error was about 0.09. The same

observation was made in the case of the SD-PIC at the variance of 0.14

The performance of PIC schemes in a fading channel was evaluated. The performance of
the HD-PIC was observed to be better than that of the SD-PIC even with channel
parameter estimation errors. The PIC schemes are more sensitive to channel gain

estimation error than they are to channel phase estimation error.
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2.4 Performance Analysis.

We will use the Gaussian Approximation (GA) method in this section to analyse the
performances of the total and weighted PIC receivers in a multipath fading channel. It is
assumed that all users are transmitting at the same power. Random spreading codes are
used by all the users. The scenario that is considered in this section corresponds to the
single cell situation in a cellular communication system. The single cell scenario is
considered because the PIC receiver assumes knowledge of the spreading code of the
interfering users. Therefore, it 1s not possible for the PIC receiver to estimate the out-of-

cell interference.

2.4.1 Initial Stage.

By initial stage we refer to the output of the RAKE receiver before any form of
interference cancellation. The BER performance at this stage can be analysed by the
usual GA method where the conditional BER (conditioned on the channel gain

coefficient of the desired user) is given as:

p) = 0 (2.17)
L ]
2 _ YU :
where o7” = Z] {var[ng]+var[ng]+var[77g ]}. Qlx]is the Q-function of x defined as
g:
o
Olx]= - e 2sin"0/40 for x>0. The notation var[Y] stands for the variance of
0

the random variable Y . Expressions for var[V; ], var[ng] and var([7. ] were derived in

[Eng95] and [Eft97]. For systems with random spreading sequences we have:
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T2(8,,)° K ‘
var[ng:,= W’—kgl Pog(L,5)XY (2.18)
k=+j

T2 ()
var[ng} = :_]fvpj[q(L,a)-J.] (2.19)
and
TN, (B.)*

var[ng] = 0—(4'8“)— (2.20)

L _ -Lé
where g(L,8) =Y. el0 = le—_(S

/=1 l1-e

For simplicity from hereon, we assume an equal transmitted power for all the users, that

is B, =P forall 1<k <K .Therefore,

M 2 M 5
Z Ujg Z (/ng) -1
¢=I ¢=I 2(K—1)Q(L,5)+[Q(L,5)—1]+ No

= 2.21)

M 2
Let us define a parameter S as S = QL > (,ng) then,
1 ¢=l1

M 2
2. Uje "
¢=l _s 2(K-Dg(L,6) [9(L,6)-1] No

= + +
2 3N N 0,PT

2.22
20'T ( )

=S },(j)
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and the conditional bit error probabilify can be expressed as PY = Q[\/ A) 7(j ) } The

average error probability of the initial stage, p(j ), for user j is then obtained by taking

the expectation of Q[\/S y(j)} with respect to the PDF of §. The average BER is

o) = J'P(j)P(S)dS where P(S) for equalé on all the combining fingers is
0
S
mT mT_l [_mL]
P(S)=['"—T] ST L9 (2.23)
QT F(mT)
M 2 M
q(M,9)
where mr=> m; =m ——"— | Q=) Q. =qg(M,5).
T 1‘§1 i mq(M,25) T igl i q( )

Consequently, it is straightforward to show that (see Appendix A)

b4
. 12 . 2m7-(9d9
pt) = L] _sin (2.24)
7§ (sin20+y' )T
where y/ v Qr .
2”’17'

2.4.2 Total PIC.

The decision statistics at the end of the ™ stage of a total PIC receiver can be expressed

as

_ Total
X = {Ujg sy o [f]+ng+Ng} (2.25)

Il =

I
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where V jTgo’”I [f1=V;. -V jelf1- Alsb, the variance of the residual MAI component of

the flh stage can be shown to be var[VJ?’al[f]]=(4Q[ y[f—l]q(é',M)Dvar[Vj ]

(See Appendix B). This new expression for the residual MAI is found to be more

accurate than those that are presented in [Y0093] and [Hui98] where the variance was
given as var[VJ?;o’al[f]] =4p(j)[f—1]var[ng]. This is shown in Appendix B.

Therefore,

-1
2(K-Dg(L,5)|4 —1]g(6, M -

Toul 1 _| 28 7D4C (40 Vo7 - 1lu¢ )])+[q<L,5) 1, No

(2.26)
3N N Q,PT

With an assumption of perfect channel gain estimation, the average BER for the total PIC

receiver can therefore be expressed as

sin?"76d6
(Sinze + 7;01a1[f])mT

p) = (2.27)

O NN

1
7

}/Total[f] QT

/
where 7/Tota[[f] = m
T

2.4.3 Weighted PIC.

The decision statistics at the end of the /™ stage of a weighted PIC receiver can be

expressed as

Xj:

NS

Weighted
l{Ujgwjge'g L)W N | (2.28)

2-22



where ¥V geigmd[ f1=V;c=ArV jc[f1. Also, the variance of the residual MAI

component of the f ™ stage can be shown to be

var[V}Zeigh'ed[f]] =((/1/ -1? +4/{_fQ[\/;”7€igh’ed[f—l]q(M,é)Dvar[ng] therefore

2K ~1)g(L, 5)[(4/ —1)2+4@Q[J7W‘”’g’"‘"d[f—uq(M,a)D
+

Weighted [q(L, 0)-1] 4 No
4 = 3N N QPT
(2.29)

With an assumption of perfect channel gain estimation, the average BER for the weighted

PIC receiver can therefore be expressed as

/4
: 2 2
o0 =L sin’ "16do _ (2.30)
Ty (sin29+}’Weighted[f]) ’

}/Weighred 1] Qr

/
where YWeighted [f]= 2my

2.5 Optimal Weights Determination for the Weighted PIC Receiver.

To avoid an arbitrary selection of the cancellation weights in the weighted PIC receiver,
it is expedient to determine expressions for the values of the weights that will produce
optimum performance with changing channel parameters and system loading. In this
Section therefore, we used the Minimum Mean Square Error (MMSE) criterion to
determine these optimal weights. The procedure is to minimize the mean square error at a

given stage for each of the receivers with respect to the cancellation weights.

The received baseband signal is given by
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K L
r(0)= Y 2P Y B (0 =y )by (1 = T Y cos(yy ) + n(2) (231)

k=1 /=]

Atthe /" cancellation stage, the estimate of the received signal will be

K L R
Fr(t)= 2 2B X Bikar (¢ =ty )bk, -1t =7y ) cos(wy ) (2.32)
k=1 /=1

where 5k,f_1(t ~17y,) is the estimate of b (1 —17y;) at the end of the (£ -1)" stage. We,

therefore, need to obtain the value of cancellation weights that minimizes the mean

square error between the original received signal and its estimate. That is,

minE[(r(t)—}LfFf(t))z]. The optimal weight can then be obtained by differentiating
Ar

E[(r(z)—/lffj»(t))z] with respect to A, and equating the differential to zero, that

EL ()= AgFy ()?]

1 =0.
d/if

o _ B0 (0)]
E[(Fr ()]

_KQq(L,98)

Therefore, ButE[(rf(z))z]_T conditioned on the

KQq(L,6)(1-20[ J¥1f ~1lg(M,8) |
8

also conditioned

message bit and E[(ff/~(t))2]=

on the message bit. Therefore

A =120 J/7 ~1lq(81,5) | (2.33)

for any given cancellation stage f .
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2.6 Discussion of Numerical Results.

In this Section, we determine the accuracy of the analytical models that are presented in
this Chapter by comparing them with results that are obtained through computer
simulations. We then used the analytical models in determining the effects of changes in

channel parameters on the performances of the PIC receivers. For computer simulations

we define the SNR as 4 P7 . The unit energy constraint is applied in all the computer

simulations.

2.6.1 PIC receivers with no channel estimation error.

We begin by determining the accuracy of the analytical models that are developed for
the conventional RAKE receiver, the total PIC receivers and the weighted PIC receivers.
Figure 2.13 compares analytical results using equation (2.24) that is developed in this
dissertation and simulation results for the RAKE reception stage. For various numbers of
users and processing gains, the number of multipath is three and the MIP decay factor is
taken as 0.2. High degrees of agreement could be observed. This shows the accuracy of
the analytical model. Figures 2.14 and 2.15 compare analytical results and simulation
results for two stages of the total PIC receiver. The processing gain is 15 and the number
of users in the system is 10. The exponential MIP decay factor is taken to be 0.2. This is
typical of the urban mobile communication system [Row98]. It can be seen that the
proposed analytical model is accurate for the PIC receivers. In Figure 2.14 for instance,
the model that is proposed in this Chapter is labeled as “Total PIC-1 (Ana)” and “Total
PIC-2 (Ana)” for the first and the second cancellation stages respectively. The model that
has been reported in the literature 1s labeled as “Total PIC-1 (Old Ana)” and “Total PIC-2
(Old Ana)” for the first and the second cancellation stages respectively. It can be
observed that the model that is developed in this work has better agreement with
simulation results (labeled as “Total PIC-1 (Sim)” and “Total PIC-2 (Sim)” for the first
and the second cancellation stages respectively). This is further articulated in appendix B.

Figures 2.16 and 2.17 compare the analytical and simulation results for the weighted PIC

recejver.
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Figure 2.13: BER results to show the accuracy of the proposed analytical model for the
RAKE receiver.
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Figure 2.14: BER vs SNR for RAKE receiver and the total PIC receiver. L=3, M=3 m=1,

6=0.2, k=10, N=15.
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Figure 2.15: BER vs SNR for RAKE receiver and the total PIC receiver. L=5, M=5, m=1,
6=0.2, k=10, N=15.
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Figure 2.16: BER vs SNR for RAKE receiver and the first stage of weighted PIC
recetver. L=3, M=3,m=1, 6=0.2, k=10, N=15. Cancellation weight = 0.7.
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Figure 2.17: BER vs SNR for RAKE receiver and the two stages of weighted PIC
receiver. L=3, M=3,m=1, $=0.2, k=10, N=15. Cancellation weight = 0.7.

2.6.3 Weighted PIC receiver with optimal cancellation weights.

In this Section we present results for the weighted PIC receiver using various cancellation
weights and compare those results with the result obtained using the optimal cancellation
weights. BER performances for various channel fading conditions and cancellation
weights are presented. The objective of the Section is to determine effects of using the

optimal cancellation weights as opposed to selecting the cancellation weights arbitrarily.

In Figure 2.18 we show error rate results for the weighted PIC receiver in the multipath
fading channel with three propagation paths. The m parameter for the Nakagami fading
channel is taken to be 0.75. It will be observed that the receiver that uses the optimum
cancellation weight has the best performances. The need for cancellation weight selection
is obvious with the un-predictable manner in which the error rate performances of the
weighted PIC receiver changes with various arbitrarily selected cancellation weights. A

method for selecting cancellation weights that are as close to the optimum weight as
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much as possible is by the use of an adaptive algorithm. This is the subject of discussion

in the next Chapter.

1.00E+00 —
Optimum Weight
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Figure 2.18: BER vs SNR for three stages of weighted PIC receiver. L=3, M=3,m=0.75,
8=0.2, k=10, N=15.

2.7 Conclusions.

This chapter began with a detailed description of PIC receiver types that have been
proposed in the literature. A motivation was also made for the need to investigate the
performance of these receivers in the Nakagami multipath fading channel with

exponential MIP. The SD-PIC and the HD-PIC receiver types were also introduced.

The HD-PIC receiver was shown to have better BER performance when compared with
the SD-PIC receiver. The additional hard decision devices can introduce some delay in
the HD-PIC system but the capacity gain of the HD-PIC receiver over the SD-PIC

receiver justifies the use of the tentative decision devices.

An accurate analytical model for the evaluation of the BER of the MRC-based RAKE
receiver for the DS-CDMA system in the Nakagami multipath fading channel was
presented in this channel. The developed model is based on the Gaussian approximation

method. The Gaussian approximation approach is accurate in the multipath fading
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channel and the Gaussian assumption becomes more accurate with increase in the number
of RAKE fingers. The level of the accuracy of the model shows that the model is useful
for CDMA system design. Analytical models were also presented for the BER evaluation
of the total and the weighted PIC receivers. It was observed that the models that are
developed in this work for the total and the weighted PIC receivers have better agreement

with simulation results than models that are already proposed in the literature.

The optimal cancellation weight for the weighted PIC receiver was also determined. The
observation that the weight selected based on the MMSE criterion gives optimal BER
performance in the weighted PIC receiver is a motivation for the need to adaptively
estimate the cancellation weight as the channel condition changes. Adaptive PIC receiver

i1s the subject of discussion in Chapter 3.
Finally the substantial capacity gain of the PIC receivers over the ordinary RAKE

receiver is seen in many of the results that were presented in this chapter. This definitely

explains the wide acceptance of PIC receivers in the wireless communication community.
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Chapter 3

Adaptive Parallel Interference Cancellation Receivers for DS-

CDMA.

3.1 Introduction.

It was observed in Chapter 2 of this dissertation that the selection of optimal cancellation
weights for the weighted PIC receiver is necessary in order to have the best possible
receiver performance for any channel condition or for any level of system loading. There
is, therefore, a need to have a method of selecting the optimal weights in a way that
adapts to changes in channel conditions and system parameter variations. This is the

subject of this Chapter.

The use of adaptive algorithms for parameter estimation is a well established field of
knowledge [Din97]. There are also many adaptive algorithm types that have been
developed and well researched. A good overview of adaptive algorithms can be found in
[HayO1]. Our main activity in this Chapter will be to adopt one of the existing adaptive
algorithms for PIC reception. The selection of the appropriate algorithm shall be based on
its suitability for the wireless communication scenario and its peculiar characteristics.
Any adaptive algorithm that is used for any purpose in wireless communication will have
to consider power consumption and computational complexity as these are the major

constraints.

For the PIC receiver, the adaptive algorithm that should be selected should not have a
high computational overhead so as not to negate one of the reasons why PIC receivers are

very attractive; their low computational complexity. At the same time, such algorithms
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should still be able to estimate the receiver parameter reliably. One adaptive algorithm

that seems to meet this requirement is the Least Mean Square (LMS) algorithm.

The Least Mean Square (LMS) algorithm has been used for the estimation of the
cancellation weights for the weighted PIC receiver in [Xue99][WanO]]. The LMS
algorithm was selected in these works because of its low computational complexity. This
is desirable in wireless systems design where low power consumption, which is related to
the computational overhead of algorithms, is very important. We will be using the LMS
algorithm in our work for the same reasons. In previous works in [Xue99]and [Wan01]
only simulation results are presented. Our focus in this Chapter will therefore be to
present analytical models for the performance analysis of the adaptive weighted PIC

recelver.

Our analysis of the adaptive PIC receiver will be to perform the BER evaluation for the
receivers when the adaptive algorithm has reached the steady-state situation. In steady-
state there will be some noise in the estimation which can be quantified by the excess
mean square error. We present expressions for the excess mean square error of the
adaptive receiver and presented the effects of the error on the BER performances of the

receiver.

The rest of the Chapter is organized as follows: Section 3.2 gives the LMS
implementation of the adaptive PIC receiver. Error rate performance analysis of the

adaptive receiver is presented in Section 3.3. Section 3.4 concludes the Chapter.

3.2 LMS implementation of adaptive PIC receiver.

The system that is considered in this chapter is also the asynchronous DS-CDMA system
in a multipath fading channel. The fading variates are taken to have the Nakagami

distribution. Therefore, in order to avoid repetitions, the channel and system models that
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are presented in Chapter 2 are also used in this Chapter. We will use the system model
of [Xue99] in the implementation of LMS-based weighted PIC receiver. In [Xue99] the
received signal is sampled at the chip rate before using it in the LMS algorithm. The

sampled received signal can therefore be written as
K L _
R(n)= Z 2P, z Briag (m)b (n)cos(yy, )+ E(n) 3.1
k=1 /=1

where a; (n) and b, (n) represents the sampled version of the spreading sequence and
the message bits respectively. Notation Z(n) represents the sampled version of the

AWGN. The sampled version of the estimated received signal can also be written as
K L -
Ry(n)= 3 Ap(m)2F Y. Bear(mby ¢ (n)cos(yy) (3.2)
k=1 =1

The error in the estimation of the received signal at the f ™ stage is therefore
ef(l’l) = R(n)-Rf(n) (33)

The cancellation weight adaptation by the normalized LMS algorithm can be expressed

as

)\.-/(I’I+1)=)\.f(n)+ 5
Xf(n)”

(3.4)

where X r(n) is the input vector to the LMS algorithm at instance n and stage f.

Notation 4 represents the step size of the adaptive algorithm. The k™ component of

X r(n) can be expressed as

3-3



X } (n)= i 2B Biear (m)by g -1(n) cos(¥ ) (3.5)
I=1

Notation A #(n) is the weight vector of the LMS algorithm at instance n and stage I
The ™ component of A /(n) can be represented asﬂ/k(n). The normalized LMS

algorithm is employed in order to have a faster convergence [Din97]. For each bit,

Ap(N —1) is then used as the cancellation weight. Therefore, the new expression for the

residual MAI will be:

and the more reliable decision on the signal of the user of interest will be sgn [X y )il

where

M .
X}f) -5 {Ugj +ijzdapuve[ 114w, +,7g} (3.7)
¢=1

3.3 Error Rate Performance of the Adaptive PIC Receiver.

Cancellation weights estimated by the LMS algorithm tend to converge to the optimal

value. Despite the fact that the algorithm converges to the optimum value on an average,

there are instantaneous deviations which can be quantified as Adg (n)= Ag (n)—- iﬂ(opt )
Notation AP t represents the optimum cancellation weight. We can model this noise

term as a Gaussian noise of zero mean and variance of & ,{2 [Din97] [Ber96a) [Ber96b].

By using an approach that is similar to the one that is presented in [Din97], the variance

of the noise term can be computed. Determination of the excess mean square error in
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LMS algorithm is well documented in [Din97]. It was shown in [Din97] that the excess

of mean square error for the LMS algorithm at steady state will be&, . = ,u(x—l)a,%af

where x 1s the number of stages andcrf 1s the variance of the input to the LMS

algorithm. When applied specifically to the LMS-based PIC receiver we have
' 2.2
é:axc ~H (K —l)o-no-x (38)

N . : o
where 0'3 = —2"— (as applied to the system model that is presented in this Chapter) and

2
X

second moment of (3.5) and can be given as

o 1s the variance of the input to the LMS algorithm which is obtained by taking the

o2 = PTQq(L,5) (3.9)

4 1s the step size of the classical LMS algorithm (without normalization). With the
M
2
X/
is a random variable. Therefore the expectation of ' shall be used in equation (3.8).
The expectation of 4 then is

normalized LMS algorithm that is presented in this Chapter, then g’ = which

E[u]=E| —= 2 (3.10)

= 2 =
anf(n)H KPTQq(L,0d)
Hence,
2 H(K-1)N
Glzgexcz# 3.11)

2K

3-5



Equation (3.12) shows the relationship between the excess of mean square error and the
step size of the adaptive algorithm. It can be seen that the step size should be selected as
small as possible in order to minimize the value of the excess of mean square error. A
tradeoff will have to be reached though on the selection of the value of the step size

because if a very small value is selected, the algorithm will converge very slowly.

The variance of the residual MAI component, J-/:_dap’ive[ /1, can be determined as

follows.

var| v dvtiey 1] [1-25[ ArBY I)J+E[/1/ (555"

) ]var[ng]
(122 0 el o ) o] el

2 ‘
[ b(f ‘) i/,{(O’”)+E{(b(f V) } aﬁ+(sz(opf))2]]var[ng]
E[50 )25 5 BV o2 o 2, (o0
/k + (O,k ) 0',{+( 3/ ) var[ng}
[ z""’ 2Q[\/ AdPIVEL f—1)g(5, M)Dwmz""') ]var[Vfg]
(3.13)
where
r : -1
(K —1)q(L,5>( 1-2297'(1- 2Q[\/7Ad"””"e[f —1]q(5,M)})+ o)+ (/17”’)2]
}/Adapn've[f] — 6N
+[q(L,cS)—l]+ No
aN 4Q,PT

(3.14)

for the situation where we incorporate the cancellation weight estimation error term.

The expression for the BER of the adaptive PIC receiver will, therefore, be given as:
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sin>""76d0 (3.15)

(J) =
(sin20+ ¥ gataprive S DT

l
2
p |
0

}/Adaptive[f] Qr
ZmT

/
where 7Aa'aptive[f] =

The analytical model that is presented in this Chapter is compared with results that are
obtained through computer simulations in order to determine the accuracy of the
analytical models. The processing gain for the system is selected as 63. This value of the
processing gain is selected because we found that convergence of the LMS algorithm 1is
difficult to achieve at the lower value of processing gain, like the processing gain of 15
that was used in Chapter 2 of this dissertation. We suspect that the processing gain of 63
was used in [Xue99] for the same reason. The step-size for the adaptive algorithm is
selected as 1E-2. Random spreading sequences are used for data spreading. The receiver

1s investigated in the Nakagami multipath fading channel.

Figure 3.1 compares the BER results that are obtained from the developed analytical
model and the results that are obtained through computer simulations for a single stage
adaptive PIC receiver. The number of active users is 10. The number of multipath is three
and the decay factor for the exponential MIP is 0.2. The unit energy constraint is
enforced. It could be observed that BER results that are obtained through the use of the

developed model are close to results that are obtained through computer simulations.

In Figure 3.2 BER results that are obtained from the developed analytical model and the
results that are obtained through computer simulations for a two stage adaptive PIC
receiver are compared. The number of active users is 30. The number of multipath is
three and the decay factor for the exponential MIP is 0.2. The unit energy constraint is
also enforced. It can be seen that BER results that are obtained through the use of the

developed model are close to results that are obtained through computer simulations.
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Figure 3.1: BER vs SNR results for the single stage adaptive PIC receiver.
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Figure 3.2: BER vs SNR results for the two stage adaptive PIC receiver.
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3.4 Conclusion.

This chapter started with a discussion on the need to use a low complexity algorithm to
adaptively estimate the optimal cancellation weights for the weighted PIC receiver with
changes in channel parameters. The LMS algorithm was then motivated as an appropriate
algorithm for the wireless communication scenario. The LMS-PIC receiver’s model was

then presented.

An analytical expression for the BER analysis of the LMS-based adaptive PIC receiver
was then presented. Effects of the selection of the appropriate step-size for the adaptive
receiver were also studied. The excess mean square noise was shown to be a function of
the step-size and some other receiver and system parameters. In system design of
adaptive PIC receivers, the selection of the appropriate step-size for conditions under
which the receiver will be operating could be achieved by using equation (3-11) for the

excess mean square noise that is presented in this chapter.
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Chapter 4

Convergence Analysis of Iterative Interference Cancellation

Receivers for Turbo-Coded DS-CDMA Systems

4.1 Introduction

Turbo codes are a class of error correcting codes that are generated from the parallel
concatenation of two or more Recursive Systematic Convolutional (RSC) codes [Ber93].
Turbo codes have performances that are very close to the Shannon limit. The good
performances of turbo codes at very low values of signal to noise ratio have made them
very popular and the subject of very active research in the communication industry. A
short but comprehensive overview of turbo codes and the concept of iterative decoding is

given in [Rya].

Error correction alone cannot militate against the effects of the multiple access
interference. There is the need to combine error correction and multiuser detection inl an
efficient manner. Multiuser detection and error correction could be combined in a
partitioned format (in which the multiuser detection function is performed first and then
followed by error correction) or in the integrated manner (in which the error correction
and the multiuser detection functionalities are performed in the same ‘“unit”).
Combinations of many multiuser detection techniques and error correction in the
partitioned manner have been presented in the literature. The Minimum Mean Square
Error (MMSE) multiuser detector was combined with the convolutional decoder in
[Foe00] and with the turbo decoder in [TanOl]. The parallel interference cancellation
receiver was combined in the partitioned manner with the serially concatenated

convolutional code in [Shi01]. However, the combination of multiuser detection and the
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error correction functionalities in the integrated manner has the potential for better

performance and provides the possibility of exchange of soft information.

The iterative decoding concept [Hag97] provides the possibility of designing integrated
error correcting and multiuser detection schemes in which information is exchanged and
improved upon from one iteration to the other. This type of receiver architecture is often
referred to as iterative multiuser detection. Figure 4.1 illustrates the concept of iterative
multiuser detection. In this figure, the information at the output of the turbo decoder for
each user’s system (Uj, Uy, ....... , Uy) are fed back into an multi-user detection unit.
Using this information and the knowledge of the spreading codes of each user, the multi-
user detection unit estimates and improved channel information for the turbo decoder in
the next decoding iteration. This process continues for as many numbers of iterations as it
is desired. Many types of multiuser detectors have been combined in an iterative manner
with error correction. Examples of the use of the MMSE, the decorrelating, the MAI
whitening and the parallel interference cancellation receivers in iterative multiuser

detection can be found in [Gam0O0][Hsu01][Wu0l][Mar01b].

Iterative interference cancellers were proposed in [Ale98] for the convolutionally coded
DS-CDMA system. Performances of the receiver in different systems has been
extensively studied through computer simulations for the AWGN channel in [Moh99]
[Ker99][Wu01]. In this Chapter, we shall be investigating the behaviour of the iterative
interference cancellation receivers in the turbo-coded DS-CDMA systems. Our focus
shall be on the convergence analysis of the receivers. We shall be proposing a
methodology for the convergence analysis of the iterative interference cancellation
receivers. Our method is based on the Gaussian approximation technique of [Gam01]. In
the proposed method, analytical expressions for the SNR transfer function of the
interference cancellation stage of the receiver is presented. This is in contrast to the semi-
analytical approach that was used in [Shi01] to determine the “variance transfer function”
of the interference cancellation stage. In the approach of [ShiOl], the relationship
between the variance of the signal at the input of the interference cancellation unit and at

the output of the interference cancellation unit are evaluated by using Gaussian variates
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as input to the interference cancellation unit. The variance transfer function is then
evaluated by taking the ratio of the variance of the Gaussian variates at the output of the

interference cancellation unit and at the input of the interference cancellation unit.

The rest of the Chapter is organized as follows. Section 4.2 gives an overview of the
Gaussian approximation approach for the analysis of turbo decoders. Performance of the
iterative interference cancellation receiver for turbo-coded DS-CDMA systems is
investigated through computer simulations in Section 4.3. The convergence analysis of
the iterative interference cancellation receiver is presented in Section 4.4. Section 4.5

concludes the Chapter.
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Figure 4.1: Iterative Multiuser Detector for Turbo Coded Systems.

4.2 Gaussian Approximation method for the analysis of Turbo

Decoders.

There has been some work on the determination of the convergence behaviour of iterative
decoders in recent times. The authors of [RicOl] used the density evolution approach to
determine the convergence behaviour of Low Density Parity Check (LDPC) codes. In
[DivOla], [Div01b] and [GamOl] the Gaussian approximation approach (based on the
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measure of the signal-to-noise ratio) was used. The author of [Bri01] used an approach

that is based on the measure of the mutual information.

The density evolution approach involves the computation of density functions as they
evolve from one iteration to the next [GamO01]. The Gaussian approximation approach is
based on the discovery by Wiberg that the Probability Density Function (PDF) of the
extrinsic information of the turbo decoder i1s Gaussian [Wib96]. It was also shown in
[Div01b] that the PDF of the extrinsic information approximates more to the Gaussian
distribution function as the number of iterations increases. In the mutual information
approach the mutual information between the extrinsic information and the transmitted

bit is computed from one iteration to the next.

In this work, we shall use the Gaussian approximation approach based on the SNR
measure. We select this approach because of its simplicity. Despite the level of
simplicity, results that are amazingly accurate can be obtained by using the Gaussian

approximation method

There are two choices for modeling the Gaussian variate. One approach is to determine
the mean and the variance of the extrinsic information and then use the determined
parameters in modeling the Gaussian variate. The second approach is to use the mean
only, assuming that the variate is both Gaussian and consistent, the variance can be
determined as two times the mean [Div01a], [Div01b], [Bri01]. The second approach has
been found to be more accurate than the first approach [Bri01]. In the AWGN channel the
intrinsic information and the extrinsic information to the turbo decoder at the input are
independently Gaussian [Gam01] and the BER at the output of the decoder can therefore
be computed as Q[2SNRy], Wwhere SNR,o is the sum SNR of the intrinsic and the

extrinsic information.
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4.2.1. Dynamic Model of Turbo Decoding

The turbo decoder can be viewed as a density propagating unit in which the parameters of
the density function of the extrinsic information changes from one iteration to the next
[Mce98]. Since the extrinsic information is Gaussian, a parameter that could be
monitored is the signal-to-noise ratio (SNR) of the extrinsic information. The ratio relates

the mean of the extrinsic information to the variance of the extrinsic information.

For each of the component decoders of the turbo decoder, there is a non-linear function
that relates the SNR of the extrinsic information at the input to the extrinsic information
at the output of the decoder [Div0la][Div01b][GamO01]. This is illustrated in Figure 4.2
for each of the component decoders. Following the convention of [Div0la] we represent
the SNR transfer functions as G, and G;. Apart from depending on the SNR of the
extrinsic information at the input of the decoder, G; and G, also depend on the SNR of
the channel information. For the sake of clarity, we shall make the following parameter
definitions: Let SNR;,, and SNR;,, represent the signal-to-noise ratio of the extrinsic
information at the input of the first and second decoders respectively. Let SNRyy,1 and
SNRw 2 represent the SNR of the extrinsic information at the output of the first and the
second decoders respectively. Let SNR.,, represent the signal-to-noise ratio of the

channel information. Let (SNRcy,)ap represent the value of SNRp, in dB.

The functions G| and G; can be evaluated through computer simulation by using the
Monte Carlo method. The Gaussian assumption about the extrinsic information becomes
more valid with longer framelength. For symmetric turbo codes, the functions G; and G,

are 1dentical.



SNR gm

SNR. G l SNR

G2

SHR. SNR

Figure 4.2: The nonlinear dynamic model of the turbo decoder.

Since the extrinsic information at the output of the first decoder becomes the a prior
information for the second MAP decoder, the SNR of the extrinsic information are traced
from the transfer function curve of the first decoder to the transfer function curve of the
second decoder. The evolution of the SNR of the extrinsic information is traced as .the

iteration increases.

The density evolution approach has been used to explain some behaviour of the turbo
decoder in the literature. The role of the systematic bits, the role of the RSC codes, the
role of the primitive polynomial and the role of the state complexity were explained in
[DivOla] and [DivOlb]. The transmitted signal to noise ratio at which there will be
convergence was determined in [GamO1] [Div0Ola] and in many other works by using the
SNR transfer function curves of the decoders. The Gaussian approximation technique is,

therefore, very useful in code selection and in convergence analysis.
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The “noise figure” of the decoder is used in the convergence analysis of the turbo
decoder. The noise figure can be defined as the ratio of the SNR of the extrinsic
information at the input of the decoder to the SNR of the extrinsic information at the
output of the decoder [DivOla]. This is computed from one iteration to the other. Since
the SNR of the extrinsic information at the input side of the decoder will initially be zero,
the noise figure will start from zero and increase at subsequent iterations. The decoder
will not converge for any transmitted SNR at which the noise figure of the decoder gets
to one. Any SNR for which the noise figure is just below one will be the value at which

the decoder will converge.

4.2.2. Convergence Analysis of Turbo coded DS-CDMA Systems.

The procedure that was presented in Section 4.2.1 is used to explain the convergence
analysis of the turbo-coded DS-CDMA system in this sub-section. We shall begin with
the definition of the system model of the DS-CDMA system.

Let us consider a turbo coded asynchronous BPSK modulated DS-CDMA system in an

AWGN channel. The received signal at the receiver in a multiuser system will be
K
H(t)= Y. N2Pay ()b () cos(wut + ¢ ) + n(t) (4.1)
k=1

where K represents the total number of active users, P represents the transmitted power

of each active user, a; () represents the spreading code’s waveform of user k, b (1)

represents the message waveform of user & . Notation @, represents the phase shift of the

signal of user 4 and n(¢) represents the AWGN that has a power spectral density (PSD)

of&.
2

If user j is taken as the user of interest, the signal at the output of a matched filter that is

matched to the spreading code of user ; can be expressed as
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J & 2o R b R )+7} (t)\/za-(t)cos(w 1)t
sz PTbj’0+k§ 7:( k.o jk(Tjk)+ k,—1 jk(Tjk))COS((Djk On 79 '

k+#j
(42)
T ~ T .
where Ry, (7) = [a,(t-7)ay(t)dt and R,,(v)= [a,(t-T)ay(f)dt. Notationse; and
0 T

7 represent the phase shift and delay respectively between the signals of user j and

user k. Notation 7 represents the message bit duration of the user of interest. Notation

by, denotes the transmitted coded bit of user k£ at the current instance and by _;

denotes the transmitted coded bit of user £ at the immediately previous instance.

It 1s well understood that U jcan be modeled as a Gaussian random variate with a mean

. - N
value of VPT and a variance of %WLTO [Jul02]. The mean and the variance are

computed, conditioned on the transmitted message bit. The SNR of U | that is seen by the

turbo decoder will therefore be

PT

SNR .hy =

chn [PT(K—])_}_& (43)

IN 2
and 1n decibel as
PT
SNR =10lo
( chn)db 810 [PT(K—I)+& (4.4)
3N - 2
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In the convergence analysis of the. turbo coded DS-CDMA system the iteration

trajectories will be traced on the SNR transfer function curve that correspond to the SNR

: . . PT . :
as calculated with equation (4.4).The signal to noise ratio is not — as is the case with
o

the narrowband system.

4.3 Error Rate Performances of Iterative Interference Cancellation
Receivers.

The iterative interference cancellation for a turbo coded system is illustrated in Figure
4.3. The output of the matched filter is received by the decoders. The muitiple access
interference cancellation is carried out through the subtraction of the estimate of the MAI
from the received signal as shown in the Figure 4.3. The improved received signal then
goes to the matched filter and subsequently the turbo decoder. The estimation of the MAI
1s made by adding the re-spread version of the detected message bits of all the other users

in the channel (apart from user ;) together.

The iterative interference cancellation receiver was proposed in [Ale98] for the
convolutionally coded DS-CDMA system. In this receiver, the estimated MAI is
subtracted directly from the received signal of the user of interest as is illustrated in
Figure 4.3. This receiver is essentially the iterative combination of the parallel
interference cancellation receiver that was discussed in Chapter 2 of this dissertation and
the turbo decoder. Performance of the receiver have been investigated in [Ker99]
[Moh99] [Ale98] for the convolutionally coded system. In this sub-Section we shall
present simulation results on the performance of the iterative interference cancellation

receiver for turbo coded DS-CDMA systems.
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Figure 4.3: Functional block diagram of the iterative interference cancellation receiver.

For the simulation, at the transmitter we have the message bits encoded by a turbo
encoder that is a constituted by two (1,5/7) RSC codes that are separated by a random
iterative. The notation that is used in this thesis to represent the constituent encoders is (1,
G,/Gy), where Gy is the feedback polynomial and Gy 1s the feedforward polynomial. The
processing gain of the DS-CDMA system is 15 and we have 10 active users.

Figure 4.4 illustrates performances of the iterative interference cancellation receiver with
variations in the number of iterations. When compared with the turbo decoder without
interference cancellation, a high level of error rate performance improvement is obtained.
It should be noted though that the performance of the iterative interference cancellation
receiver will not converge to the single user performance. This is because the residual

interference cannot be totally removed from the received signal [Hon99].



4.4 Convergence Analysis.

It could be observed that the value of the SNRy, as presented in equation (4.3) depends
on the number of active users that are on the common channel. Therefore, the SNRp, that

will be seen by the turbo decoder will change as the number of users changes.

1.E+00
1.E-01
1.E-02
&
=
Q 1.E-03
1.E-04 -
—&— Iterative IC (1 Iteration) .
- - o - - Iterative IC (5 Iterations) A
—#— Turbo Code (1 lteration)
- - 3= - - Turbo Code (5 Iterations)
— Single User
1.E-05
0 0.5 2.5 3 3.5

1.5 2
SNR(dB)

Figure 4.4: Error rate performances of the iterative interference cancellation receiver.
Framelength=200.
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With the interference cancellation operation included, the output of the matched filter at

the /™ iteration becomes:

K (f- F(-Dyp :

U, = NPTb,j+ ¥ /?{(b_l,k—bf{kl))Rkj(rk—rj)+(b0,k—b(()’fk ))Rkj(rk-rj)} cos(wy —v ;)
k=1
k#j

T
+ | n() %a (=1 ;)cos(w,t)dl
0

(4.5)

Where bf{ ;1) and ZSka—l) are the estimate bit for user K after the (f-1)" iteration at

the present and the immediately past instances respectively. The variance of U » will

4PTQ(SNR£'hln)(K—1) |
then be v +—2£. The signal to noise ratio of the channel

information at the /™ iteration will therefore be

SNRfy, = :T (4.6)
4PTQ(SNRC'hn )(K - N
+ R
3N 2

The expression for the SNRey, in equation (4.6) depends on the number of users and the

iterations.

The iterative schedule for the iterative interference cancellation receiver will be as
illustrated in Figure 4.5 for three iterations for a turbo coded DS-CDMA that has a
processing gain of 15 and 10 users. The turbo code is constructed from RSC code (1,5/7).
This Figure illustrates the variation in SNRgy, from iteration to iteration. Different curves
that are equivalent to different SNR¢, values are used in each of the three iteration. This

is unlike in the case of a system with no interference cancellation where SNRy, remains
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constant throughout the decoding operation. The SNR of the a posteriori information at

the output of the turbo decoder can, therefore, be expressed as

out

SNRaposteriori= SNR p, + SNR(]) + SNRg)zu)t (4.7)

This procedure is repeated for the number of iterations required. The accuracy of this

measure is checked by computing the BER of the a posteriori information is computed as

Q(SNRapostcriori)' Where the function Q(.) 1s the Q — Function. The results obtained

are then compared through computer simulations, some of such results are presented in
Figures 4.6, 4.7, and 4.8 for a turbo coded DS-CDMA systems with the components RSC
codes (1,5/7). The PG is 15 and the number of users is 10.

For the convergence analysis we have a DS—-CDMA system that has a PG of 15. The

number of users is 10 and the component codes for the turbo encoder are the RSC code

(1,5/7). The noise figure of the turbo decoder is determined for [E] of 0dB to
dB

o
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Figure 4.5: Iteration Schedule for the iterative interference cancellation receiver.

4dB and it is observed that convergence will occur between 2.5dB and 3dB. This is

shown in Figure 4.9(a). The noise figure of the decoder is also done in the interval 2.5dB

to 3dB using finer selection of intervals. The [E

} at which convergence will occur
0 /dB

is found to be 2.64dB. The noise figure computation is computed noting that the SNR .10

for the iterative interference cancellation receiver varies from iteration to iteration.
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Figure 4.6: Error rate performance of the iterative interference cancellation receiver after
one iteration.
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Figure 4.7: Error rate performance of the iterative interference cancellation receiver after
two iterations.
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Figure 4.8: Error rate performance of the iterative interference cancellation receiver after
three iterations. Dashed line for simulation results. Solid line for Analytical results.
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Figure 4.9(a): The noise figure of the turbo decoder over [%—] of 0dB to 4dB.
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Figure 4.9(b): The noise figure of the turbo decoder over {N_] of 2.5dB to 3dB.
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Figure 4.10: Convergence Analysis of the Iterative Interference Cancellation Receiver.
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The accuracy of the convergence analysis is verified through computer simulation of the
iterative interference cancellation receiver for a framelength of 20000. Results of the
simulations and their comparison with the convergence point predicted through analysis
are presented in Figure 4.10. The degree of accuracy of the analytical result shows Fhat

the methodology that is presented in this Chapter is very accurate despite its simplicity.

4.5 Conclusions.

A methodology for the convergence analysis of the iterative interference cancellation
receiver for the turbo coded DS-CDMA system is presented in this Chapter. Analytical
expressions are used for the determination of the SNR evolution of the interference
cancellation module. This is in contrast to the semi analytical approach that has been used
in the literature. Simulation results confirm that the convergence analysis technique is
accurate 1n predicting the point of convergence of the iterative interference cancellation

receiver for turbo-coded DS-CDMA systems.
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Chapter 5

An Iterative Multiuser Detector for Turbo Coded
DS-CDMA Systems

5.1 Introduction

In this Chapter, an iterative multiuser detector for Turbo coded Direct Sequence Code
Division Multiple Access (DS-CDMA) systems is proposed. The receiver is derived from
the Maximum a-Posteriori (MAP) estimation of the single user’s transmitted data,
conditioned on information about the estimate of the Multiple Access Interference (MAI)
and the received signal from the channel. A direct subtraction of the estimated MAI from
the received signal is avoided in the proposed iterative receiver. The motivation for this is
the fact that the multiple access interference estimation error could lead to erroneous

detection if subtracted directly from the received signal.

The proposed detection paradigm is compared with an earlier proposed detection type
that is based on the direct cancellation of the estimated MAI from the received signal
prior to channel decoding [Ale98][Ker99]. This type of receiver is discussed in Chapter
4. The multiuser detector proposed in this Chapter has a better perforrnance when the
received powers of all active users are equal. The detector is also found to be resilient

against the near-far effect.

The complexity of the proposed receiver increases linearly with the number of users.
Performances that are close to the single user bound are also obtained after a few number

of detection iterations.
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The rest of this Chapter is organized as follows. In Section 5.2 the CDMA system model
1s presented. The proposed iterative multiuser detector is developed in Section 5.3. Issues
on implementing the proposed detector are discussed in Section 5.4. The performance of
the proposed detector is investigated by simulation for the AWGN channel in Section
5.5.1. The near-far performance of the detector is investigated by simulation in Section
5.5.2. The performance of the multiuser receiver in an asynchronous DS-CDMA system

1s presented in Section 5.5.3.  Section 5.6 concludes the Chapter.

5.2 System Model

5.2.1. Received Signal Model

A Turbo coded synchronous BPSK modulated DS/CDMA system is considered in this
Chapter (Figure 5.1). The system transmits over an AWGN channel. In a multiple access

system, the signal transmitted by a user & can be represented as:

Sk (1) =J2B ap (t)cy (1) cos(w,t) 6.

where c¢; (¢) stands for the signal of the code bit of user & . Notation a; (t) represents the

signature waveform of user k of period equal to the code bit interval, T, and it is given

by [Qui01]

N-1
ap (1) = ﬁ 2. ag[mlrect(t-mT,) (5.2)

m=0

where rect(t) denotes the rectangular chip waveform, N is the processing gain, 7, is

. . T :
the chip duration [TC = ﬁ] - Notation B, represents the power of the transmitted coded



bit of user k. P, = % where R is the coding rate and Ejis the energy of the un-

coded information bit. Notation @, represents the carrier frequency.

b

» Encoder 1
MUX Spreader Modulator
Interleaver Encoder 2
b,
» Encoder 1
MUX Spresder | Modulator
y
Interleaver Encoder 2
b
» Encoder 1
MUX Spraader |4 Modulator
¥
Encoder 2

Interteaver H

Figure 5.1: A Turbo Coded CDMA transmission System.

S

S

n(t)

r(t)

Sk(t)

The overall transmitted signal on a common channel in a multiple access situation with

K number of active users can be expressed as

K
S(ty="Y 2P, ap (t)c; () cos(w,t)

k=1

(5.3)

When transmitted over an AWGN channel, the received signal at the receiver can be

expressed as
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K .
LOED) J2P. ay (H)cg () cos(w 1) + n(t) (5.4)
k=1

: N
where n(t) represents the AWGN with a double sided spectral density of 70

Without loss of generality, user 4 is taken as the user of interest. The received signal at

the output of the matched filter that is matched to the signature waveform of user # is

given by

r 2
Up= [r(t),|=ayt)cos(w,t) dt
0 T

< [ r5 (5.5)
= "Pthh 0o+t Z —Ck 0 Rh it In(t) —ah(t)cos(a)ct) dt
Tk YT T T

Kh

The first term of equation (5.5) represents the desired user’s component, the second term
represents the multiple access interference component and the third term represents the
AWGN component. The transmitted coded bit of user & at the current instance is

denoted by cj . The cross correlation between user 4 and user k isRy . The matched

filter output is a sufficient statistics in detecting the transmitted signal of user # [QuiO1].

The Turbo codes considered in this paper are composed of two recursive systematic

convolutional codes (RSC) separated by a random interleaver.

5.2.2 Channel Model

In order to investigate the performance of the iterative MUD that is developed in this
Chapter with increasing values of cross correlation between users, we will define the K-

symmetric channel [Moh98a]. The K-symmetric channel has also been used in
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[Ker99],[Hsu01] and [Wan99]. In the K-symmetric channel, the cross-correlation value
between different users’ signal on the channel 1s the same. To illustrate the K-symmetric

channel, let us represent equation (5.5) in the matrix form as:

U=ARC+N (5.6)

where A is the diagonal amplitude matrix, C is the coded bit vector, R is the correlation

matrix and N is the Gaussian noise vector.

The correlation matrix, R, can be represented as:

R p
p 1L p - P
1
R=’?f) N (5.7)
PP P 1]

All the entries in the correlation, except the diagonal elements are equal to p, where p

1s the correlation between users. Note that for the correlation matrix of (5.7,

Rpx =Tp forallh=k

5.3 The Iterative Multiuser Detector

Figure 5.2 illustrates the concept of the detector being developed in this Section. The
estimate of the MAI is not subtracted directly from the received signal. The philosophy

behind this approach is that the estimation noise in the estimated MAI can bias the
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resultant decision statistics after the cancellation adversely. Therefore, a Maximum a-
Posteriori (MAP) estimation of the transmitted bit of the user of interest, given the
received baseband signal and the estimate of the MAI is done in this Section. In doing
this, the following parameter definitions are made. Let s’ represent the immediately
previous state on the trellis and let s represent the present state. Let the input bit into the
encoder of user # be represented by b,. Furthermore let the received sequence' be
represented by Y, let the received sequence associated with the immediately previous
transition be represented by Y., let the received sequence associated with the present
transition be represented byY; and let the received sequence associated with the

transition immediately after the present transition be represented by Y ..

The MAP algorithm performs the estimation by selecting the value of the code bit that
maximizes the probability P(Y,/|by,). The log-likelihood ratio L(by|Y,1), stated in
equation (5.8), is a reliable tool for this selection. Notation / represents the sequence of
the estimated MAI Let the following definition also be made about the sequence of the
estimated MAL Let the sequence of the estimated MAI associated with the immediately
previous transition be represented by /;,, let the sequence of the estimated MAI
associated with the present transition be represented by /; and let sequence of the

estimated MAI associated with the transition immediately after the present transition be

represented by /4.

Therefore,
Loy Y. 1) =1n 2n =111, 1)
P(by =-111,1)
Z P(S,S/,)_’,l)
bh='*'l y
=1In (s.5) 55
Y Pls,s', 1,0
bh=-]
(s,s/)




Bank of Turbo Decoders.

U

Uk

MAI Estimation

I;

Figure 5.2: The Proposed Iterative Multiuser Detector.

P(s, s/ ,Y,I) can be simplified using the Baye’s rule and the Markov property (that say

that if s is known, events after time j do not depend on s' or ¥ ;) as:
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P(s,s’,z,g=P(z,--l,zj,xj+1,1j-l,1j,1-+1,s s")

= P(}_,j+la.1. j+l| )_/j-l7 l_} ],

= Pl ja |)P0LY,

=P(¥;41,1 o1 |9)P(s.Y;1

i

J

5SOPEL YT 1 s,sT)
I, 1,1 .8, )

/
YL s )P s

=P( g+ L _/+]|S)P(S’ LN EFS j'S)P(Y |» Ij]S)

= ,Bj(s)}’j(s»s )aj-l(s )

where aﬁ-_l(s/), ﬂj/-(s) and }/j-(s,s/) are defined as:

/
@iy () =P ;1.1 .5")

Bi&)=PX ;1L jils)

75,8 )= P(s,Y ;1 ;1)

aj(s)=P(¥;,1;,s)

a(s)

X Ps.Yj,1 s

all s'

Z P(SY -1 4 ]])P(Sa /’
all s’

| s/

9/]; ]l)

Z P(S Y 1’ Jj- l)P(Sa L4 j,|S )

all s

Z a] ](S )7](53)

all s’
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Bis)=PX j1sd jals)

= ¥ PGLY

all s'

P,

jeto L jarls)

Y j+1’£ j+1’s)

all s'

P(s’,

P(s)

Yol Y jianl jess)

all s’

P(s)

/
Pyl ju2 15X jad ja,5)P( 8)

all s’

P(s)

P(Y jigod a2 ISP Y 1L a1 |9)PG)

all s'

P(s)

= T P jaad 2 sHPELY jad jals)

all s'

= 3 AP il )

all s’

Bi(s)= z/ﬂj-+,(s/)7j- +1(5,8)

all s

and

yits,s) = P(s,Y L ;1)

/ /
=P(Y ;.1 15,5 )PGs|s))

Vi(s.sY=PQ ;L ;1x)P(by)

(5.14)

(5.15)

where by, stands for the input bit that is necessary to cause the transition from state s’ to

state s. Notation x

represents the transmitted codeword associated with this

transition. aj-_l(s/ ) is the forward recursion coefficient, ,Hj/-(s) is the backward recursion

coefficient and yJ{ (s,s/ ) is the transition coefficient (Figure 5.3). Implementing the MAP

recursive algorithm as stated in equations (5.13) and (5.14) leads to a numerically

5-9



unstable algorithm [Rya][Hag96][QuiOl]. To ensure stability, these quantities must be

/¢t ¢
] N aj(s) TN ﬂj(s)
normalized as aj(s ) === andﬂj(s)————/ -
> aj(s ) h) aj(s )
all s/ all s

0’{-1(31/) ﬂj/+1(51”)

/ 1
7je1(S.81")

/ U
7i+1(8.52")

al4(s?)) Ble(s2")
Figure 5.3: Forward and reverse state probability recursions.
The log-likelihood ratio can, thus, be calculated from
~ Al / /
S @l (B (s
bh =+]
(s.5)
L(by|Y,1)=In . -
Y @ 6HB s
bh =—1
(s.5")

(5.16)

The estimated MAI sequence and the received signal sequence are not independent

variables. They are mutually correlated. As the number of user increases, the two

sequences can be taken to have a probability density function (PDF) that is jointly

Gaussian. The joint PDF of the received sequence and the sequence of the estimated

MALI given the transmitted coded sequence is therefore given as [Pap84]
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1

2 23] [20-r%)
(Yy-X ) 2k(Yy =X)Ly 1y
p(y.1.|xk)=ﬁ I S exp| -| A R L
=/=] / 2 2 P 0_2
/=1 ZHO']O'Z I-r O'] 192 2

1

" WX, 2(Ya-X )y )20
= AB]] {exp[ 112 U ¥ it jIH
=1

g 0102
(5.17)
1
2 2 2 2
n Yao-Xao 1 2(1-r%)
where A= 1 and B=]]<|exp i 5 i 112 . The
2]_[0'10'2\/1—r2 I=1 lop o7

variable r stands for the value of the correlation between the received signal (Y) and the
estimate of the MAI (/), olz stands for the variance of the received signal and 022 stands

for the variance of the estimate of the MAL From [Hag96], it is shown that

P(by) = {M

J.exp[the(bh)/Z]
1+ exp[-L° (by)]

(5.18)
D; explb, L (b) /2]

e a 4 (!h l) — E}:F[—L (lh)/z]
I L = - - = T
whnere (bh) log[ ( _1) J and Dk (1 [- ( )]] . hen,

1 1

e 27, X, Y202 oy N
¥j(s,s')= ABD; eXp[thz(bh‘)J.nt {eXp[_ﬂ_z £ H2(1 ' )[exp(_zr(yﬂ X Hz(l )

o1 0102

(5.19)



Since }qi (s,s/) appears both in the numerator and the denominator of equation(5.16),

factor 4, B and D; will be cancelled out as they are independent of by, . y§(s,s/) can be

represented by

1 I

e n 2Y X o | |20-r2 2r(Y - X ) 5 ) |20-+2
7§(S,s/)~exp[bh—L2(@J~H [exp(#ﬂ v )[exp{—(L’—’)i]] (520

1=l o 0107

For the case of a turbo coding with coding rate 1/3 that is considered in this paper,

;fj- (s,s/ ) can be represented as

1
Vibn 2r¥pljy 2yl )]2(1-#)

oy 0102 010,

2
¥i(s,s') ~ exp(the(bh)/2).(exp(

1
2Y., X, 2hY. T 2rX . I; \2(1-72
_(exp( D Nl bl 32 (1-r%)
o'l 0'10'2 0'10'2

(5.21)

l

2Yaby  2kY ol 2rb I 1201-02
= exp(by L (by)/ 2).| exp(—LE2 4 T T 0 ets.s)
o 0102 0107 /

1
2, X 2wVl wX oI Yana? ~
/ 2(1
where  7%(s,s ):(exp( it e T fp)} ) The log likelihood
o 0102 0103

ratio of equation (5.8) can then be simplified as
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This log-likelihood ratio (taken for each user) is the reliable information that is used in

the estimation of the multiple access interference sequence.

5.4 Implementing the Iterative Detector

A detailed functional diagram of the iterative receiver is illustrated in Figure 5.4. The

estimated MAI is multiplexed into decoders | and 2 such that /; and [;, are sent to
decoder 1 while /;) and I;3 are sent into decoder 2. These information are used as

added knowledge in the MAP estimation of the transmitted bits in each decoder. The
MAP decoder is adapted to estimate the coded bit instead of the information bit. This is
done in order to avoid re-encoding the decoded information sequence before the
interference estimation. Another advantage of this approach is that different types of

tentative decision technique could be used apart from the hard decision.

After the hard tentative decision has been taken, each bit is re-spread and multiplied by
the transmitted power. This power should have been estimated by an algorithm that is,
however, not a subject of this paper. The estimated interference on the user of interest is

the summation of all the re-spread and signal from all the other users.

- K
Unai = kZ VETy & R i (5.23)
=1

k=) :

C, 1s the decoded bit of user % .
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Figure 5.4: Functional diagram of the proposed iterative multiuser detector.

The estimated interference is input into the two component decoders through a
multiplexer. The multiplexer ensures that the estimated interference bit due to interfering
information bit is sent to both decoders (with the sequence sent to the second decoder
interleaved). The estimated interference due to the interfering parity bits is sent to the

appropriate component decoder.

5.5 Performance Discussion

The performance results of the proposed system are discussed in this Section. Both
simulation and analytical results are given. The developed system is compared with the
conventional iterative receiver system through simulations. By the conventional iterative
receiver system we mean the approach in which the estimated interference is subtracted

from the received signal prior to channel decoding. This type of receiver is discussed in
[Ale98][Ker99].

5.5.1 Simulation Results in K-Symmetric AWGN Channel

The component encoder used in the simulations is the recursive systematic convolutional
encoder (1,5/7). Each encoder is separated by a random interleaver. The coding rate is

1/3. The simulations were performed for frame length of 200. The signal-to-noise ratio is

defined as i )

Ny
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The cross correlation between adjacent users in a DS-CDMA system 1s typically low. If
the orthogonal Hadamard code is used a cross correlation value of zero could be obtained

[Moh98a]. Using the Gold code generated from polynomials of order z for instance, a

(z+1)

2 . . .
maximum cross correlation values of 2 - 1 is obtained when the value of z 1s odd
2 -1
(z+2)
2 . .
and 2-—*1 is obtained when the value of z is even [Ser80]. This translates to a
p L

maximum cross correlation value of 0.29 for a system with a processing gain of 31; 0.27
for a system with a processing gain of 63 and 0.13 for a system with a processing gain of
127. Therefore, for practical DS-CDMA applications, the value of the cross correlation
between adjacent signals is not expected to be very high. In our simulations therefore,

cross correlation values of 0.25, 0.3 and 0.35 are used.

Figure 5.5 and 5.6 show the comparison of the bit-error-rate performances of the iterative
receiver developed in this paper and the conventional iterative interference canceller. The
number of users is 10 and all users have an equal received power. For a low cross
correlation value of 0.25, the performance of our system is better than the performance of
the conventional interference canceller. Also, our receiver converged after the 6"
iteration and the conventional iterative receiver converged after the 8" iteration. It can be
seen, though, that the proposed receiver converged to a better value than the conventional
receiver. The margin of improvement in the performance of our system becomes more
obvious at a higher value of cross correlation (0.3). In fact at a cross correlation value of
0.3, the performance of the conventional iterative interference canceller breaks down.
This same phenomenon is observed in [Ker99] for the conventional interference canceller

with weighted MAI estimate.

At a cross correlation value of 0.25 and after three iterations, our receiver has a dB gain

of about 2.5dB at a BER of 1x10” over the conventional interference canceller. When
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the cross correlation value was increased to 0.3 the conventional iterative interference
canceller stops converging. Our iterative multiuser detector still converges at low SNR
values when the cross correlation value was increased to 0.35. This is illustrated in Figure

5.7.

Figure 5.8 shows the performance of the iterative multiuser detector with 1, 10 and 15
users at a cross correlation value of 0.3. The number of iteration is 3. The low sensitivity
of the multiuser detector to channel loading is evident from the small degradation in

system performance when the number of users was increased from 1 to 15.
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Figure 5.5: Comparison of the performance of the “Turbo IC” and the Conventional

Iterative Interference Canceller. Cross-Correlation = 0.25, K=10, Framelength=200.
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Figure 5.6: Comparison of the performance of the “Turbo IC” and the Conventional
Iterative Interference Canceller. Cross-Correlation = 0.3, K=10, Framelength=200.
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Figure 5.7: Performance of the “Turbo IC” with various cross-correlation values K=10,
Framelength=200.
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Figure 5.8: Performance of the “Turbo IC” with various numbers of users. Cross-
correlation=0.3, Framelength=200. 3 iterations.

5.5.2 Near-Far Performance

The performance of the “Turbo IC” in the near-far scenario is studied in this Section. To
perform this study we use 10 users out of which five users transmit at powers that are
3.01dB and 4.8dB stronger than the other five. Our user of interest is taken to be among
the five “weaker” users in both cases. The cross-correlation between users is taken to be
0.3 and the framelength is 200. Figure 5.9 shows that the performance of the user of
interest improves after one iteration in the near-far scenario when compared with the
equal power scenario. This same phenomenon was observed in [Wan99] and [Ale98].
This phenomenon disappears as the number of iteration increases. After three iterations, it

can be noticed that there is only a slight degradation in the performance of the “Turbo
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IC” as the difference in SNR between the signals of the strong and the weak interferers
increases from 0dB to 3.01dB and finally to 4.8dB.
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Figure 5.9: Performance of the “Turbo IC” in near-far scenarios. Cross-correlation=0.3,
Framelength=200.

5.5.3 Performance in the asynchronous DS-CDMA system.

We investigate the performance of the developed multiuser detector in the asynchronous
DS-CDMA system in this Section. The output of the transmitter of a given user k 1is still
as stated in equation(5.1). The received signal at the receiver in an Additive White

Gaussian Noise (AWGN) channel can be expressed as

K
r(y= Y J2B ap (H)cp (1) cos(w 2+ @) + n(t) (5.24)
k=l

where @y is the phase shift of the signal of user & with respect to a reference. In this

case user 1’s signal could be selected as that reference and 0< ¢y <2n.
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If we again take user 4 as our user of interest and if r(¢) is detected by a matched filter

that is matched to the signature sequence of user / then the output of the matched filter

can be expressed as:

T 2
Up= [r@t),|=au(t)cos(ayt) dt
0 T

K [P _
=JBTepg + 2 %(Ck,-th,k(Th,k)+Ck,0Rh,k(Th,k)) cos @ p k (5.25)
k=1
kzh

T 2
+ [n(t),|=ap(t) cos(w,1) dt
0 T

T - T
where  @pp =@p—@r . Ryp(r)= jaa (t-T)ap(t)dt and Ry(r)= jaa (t-t)ay(t)dt .
0 T

Notation T represents the message bit duration of the user of interest.

Figure 5.10 shows the bit error rate performance of the developed system in a turbo
coded system having a component encoder RSC (1,5/7). The framelength is 200, the

processing gains are 15 and 31 respectively. The number of users is 10 and the number of

iterations is three.
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Figure 5.10: Performance of the “Turbo IC” in the asynchronous DS-CDMA system.

It will be observed that the multiuser detector that is developed in this Chapter has error
rate performances that are better than those of the conventional iterative interference
canceller. The margin of the performance superiority reduces, however, as the processing

gain increases.

5.6 Conclusion

In this Chapter, a low complexity iterative interference canceller for Turbo coded CDMA
systerms has been presented. The developed receiver was compared with the receiver of
[Ale98] under various cross-correlation conditions in the AWGN channel. The

performance of the proposed detector is found to be superior to those of the receiver of
[Ale98].
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As the cross-correlation between users-in a synchronous CDMA systems increases from
the medium value of 0.25 to a higher value of 0.35 we observed the breakdown in
performance of the detector of [Ale98]. Our proposed receiver, however, continues to
perform in this range of cross-correlation values, albeit with some performance changes.
The proposed system was found to be very close to the single user bound within a few
numbers of iterations. The proposed receiver is also found to be resilient against the near-

far effect.

The complexity of the proposed receiver is linear with the number of users. This level of
complexity of the proposed receiver and its performance advantage over the conventional
iterative interference canceller of [Ale98] makes the proposed receiver suitable for use in

CDMA systems.
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Chapter 6

Performance of the Iterative Multiuser Detection in Multirate

DS-CDMA Systems.

6.1 Introduction

In the integrated wireless personal communication scenario, there 1s the need to provide
different classes of services to different types of traffic on the channel. For example, the
voice traffic requires more stringent transmission rate than the data traffic in order to
provide acceptable voice quality at the receiver side of the transmission. Therefore there
is the need for the ability to provide wireless communication systems that can handle
different types of traffic seamlessly. That means the integration of emerging networks
should be able to provide different data transmission rates for different types of traffic.
For the DS-CDMA system that is the subject of this dissertation (and that is a major
candidate technology in the emerging wireless communication systems), one of the ways
of achieving the objective of providing a variable transmission rate is by employing

multirate DS-CDMA transmission.

For CDMA systems, the selection of the FEC coding rate, the modulation type and the
processing gain determines the transmission rate of the system [Hot96]. All the methods
of transmission rate selection stated above have been used extensively in CDMA systems
and have been reported in the literature [0ja96] [Joh96][Cho02]. The variable

transmission rate based on the selection of variable processing gain is used in this
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Chapter because the implementation of a system changing from one processing gain
value to the other while transmission is in progress is easier than the implementation of
the system involving changes in modulation type. Also, the search for the optimum
puncturing pattern is not required as is the case with variable FEC coding rate. CDMA

systems having variable processing gains are referred to as the multirate CDMA.

The implementation of the multirate CDMA could be static or dynamic. By static
multirate CDMA is meant a situation where the processing gain is negotiated before the
commencement of transmission. The negotiated processing gain is then left unchanged
for the duration of the transmission. This type of multirate system has been used with
interference cancellation multiuser receivers in[Oja96] [Joh96] [Mah99] [Mee99]. In the
dynamic multirate CDMA, the processing gain for a particular type of traffic could
change while the transmission is in progress. The dynamic multirate CDMA system is

used in [Cho02] for the adaptive MMSE multiuser receiver.

Performance of the iterative multiuser receiver that was developed in Chapter 5 in the
multirate CDMA scenario is investigated in this Chapter. The performance penalty
suffered by traffic that is transmitted with lower processing gain is investigated and
results will show that the iterative multiuser detector is suitable for variable traffic

transmission using the multirate CDMA approach.

In Section 6.2 the models of the multirate CDMA system are presented. Simulation
parameters for the multirate CDMA are presented in Section 6.3. Discussion of results is

presented in Section 6.4. Section 6.5 concludes the Chapter.



6.2 Multirate CDMA System Model.

In investigating the performance of the iterative receiver in the multirate CDMA system,
we shall begin by defining the system model. In the multirate CDMA system, different
classes of signals are spread, at the transmitter, with different lengths of spreading codes.
The transmitted information by a given user & is as given in equation (5.1) and the signal

received at the receiver can be expressed as in equation (5.4).

We consider a multirate CDMA system with two different processing gains. Random
spreading codes are used in the simulation. We want to investigate the performance of the
iterative multiuser detector when the user of interest has a processing gain that is the
higher of the two processing gains and when the user of interest has a processing gain
that is the lower of the two processing gains. It should be mentioned, however, that the
multirate CDMA systems that are discussed in this Chapter could be extended to cases
having more than two processing gains easily. At the receiver, to detect the transmitted
signal when the user of interest has the longer spreading sequence, the output of the

matched filter will be

T 2
Up=[r(0)|=ay(t)cos(w,t) dt
0 T

K
m P. -
=JBTcpo + X ?A(Ck,-]Rh.k(Th,k)'*'Ck,ORh,k(Th,k)) CosPp k
k=1
kth (6.1)
Kn ]3/\ - .
+ Z ?(Cg,-ZRh,g(Th,g)+cg,-]Rh,g(Th,g)+cg,0Rh,g(Th,g)) COS¢h’g

g=l

T 2
+ [n(1),|=ay(t) cos(w,1) dt
0 T

Symbol Tpg 15 the time delay between the information bits of users A (the user of

interest that has the larger processing gain) and user g (a user that has the lower



. . PG ) . . . .
processing gain). 7 o <T [ﬁ] and PG, is the lower processing gain while PG,
g

is the higher processing gain. 7 ;<7 . Notation K,, stands for the number of users

having the same processing gain as the user of interest. Notation K, stands for the

number of users having different processing gain from that of the user of interest. Figure
6.1(a) illustrates the interaction between interfering bits for the case where the user of

interest has the higher processing gain.

To detect the transmitted signal when the user of interest has the shorter spreading
sequence, the outp‘ut of the matched fiiter will be
T

Up= [r(n) 2ah(t)cos(a)ct) dt
0 T

K
m P, ~
=yBTepo + 2 %(Ck,-th,k(Th,k)‘*'Ck,ORh,k(Th,k)) cos @ p &
k=1
k+h

(62)
& [ )
+ 2 \/*7“:(Cg,-1Rh,g(Th,g)+Cg,0Rh’g(rhyg)) cosg, o
g=l

T { 2
+ [n(t) [=ay, (1) cos(w,t) dt
0 Ty

: PG, PG,
For this case, Th,gST(ﬁ] and Th‘kST(—PG:”:
ig

J too. PGy, 1s the lower processing
gain while PG, is the higher processing gain. Figure 6.1(b) illustrates the interaction

between interfering bits for the case where the user of interest has the lower processing

gain.

T N T
Rop(7) = [a,(t-T)ay(t)dt and R, (z) = [a,(t-7)ay(f)dt . Notation T represents the
0 T

message bit duration of the user of interest.
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Figure 6.1(b): Illustration of the bit interaction of interfering bits in a dual multirate
CDMA system when the user of interest has the lower processing gain.



6.3 Simulation Model of Multirate CDMA

We consider a turbo coded BPSK modulated asynchronous CDMA system with random
spreading codes. The lower processing gain is 16 and the higher processing gain is 32.
The data rate of the system that has the higher processing gain is 64Kbps and the data
rate for the system that has the lower processing gain is 128Kbps. Simulations were
performed for multirate CDMA systems with various values of framelength and for
various number of detection iterations for the (1,5/7) component RSC code corresponding
to four coding states. The objective of doing these is to be able to observe perforrnances

of the multiuser detector over a wide range of situations.

6.4 Discussion of Results.

In the results that are presented in this Section some expressions are used in describing
the system that is under investigation. “Multirate CDMA (High)” refers to the multirate
CDMA system having the higher processing gain while “Multirate CDMA (Low)” refers
to the multirate CDMA system having the lower processing gain. As could be observed
mn Figures 6.2, 6.3 and 6.4 the error rate performance of systems having the lower
processing gain are poorer than those of systems having the higher processing gain for all

situations that were studied.

In Figure 6.2 in particular the same trend is observed where the performance of the
“Multirate CDMA (Low)” is poorer than that of “Multirate CDMA (High)”. Curiously, it
could be observed that the performance of “Multirate CDMA (High)” after one detection
iteration is even better than the performance of “Multirate CDMA (low)” after three
detection iterations. We attribute this to the increased “virtual near-far phenomenon” that

is experienced by “Multirate CDMA (Low)”.

In Figure 6.3, the performances of the multiuser detector in multirate CDMA system with

variations in the coding framelength is investigated. The better performance of



“Multirate CDMA (High)” when compared with “Multirate CDMA (Low)” s still
noticed even when the framelength was changed from 500 to 1024.

Figure 6.4 shows that the performances of the multiuser detector in either the “Multirate
CDMA (High)” or the “Multirate CDMA (Low)” system is still better than the situation
where there is no multiuser detection. In Figure 6.4 there are 10 active users and the
processing gain for “Multirate CDMA (High)” is 32 while the processing gain for
“Multirate CDMA (Low)” is 16. The frame length is 200 and the octal representation of
the constituent RSC code is (7,5)ocar. The number of iterations is three. Capacity gain can
be made when the multiuser detector is used is a multirate CDMA system to provide
differentiated performances. The penalty paid for higher data rate, however, 1s a

reduction 1n error rate performance.
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Figure 6.2: BER performance of the multiuser detector in the multirate CDMA system
with variations in the number of detection iterations.
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Figure 6.3: BER performance of the multiuser detector in the multirate CDMA system
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6.5 Conclusion.

In the Chapter we investigated the performance of the iterative multiuser detector that
was developed in Chapter 5 in the multirate CDMA system. The proposed multiuser
detector was demonstrated to be able to support multiple users with different data rates. It
has been shown that the performance of the receiver still remained superior to that of the
ordinary Turbo decoder in the multirate CDMA system. It was also noted that increasing
the number of detection iteration is a way of reducing the performance degradation in

systems that operate on the lower processing gain.
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Chapter 7

Conclusion.

This dissertation discusses interference cancellation in both the channel coded (with
emphasis on the turbo code) and the uncoded DS-CDMA systems. We presented models
for the error rate analysis of PIC receivers, presented a methodology for the analysis of
iterative interference cancellation receivers for turbo coded DS-CDMA systems and
developed an iterative multiuser detector that has performances that are close to the

single user’s bound after a few iterations.

In Chapter 2, we presented analytical expressions for the error rate performance
evaluation of the total and the weighted PIC receivers in the Nakagami multipath fading
channel. We derived new expressions for the variance of the residual MAI of the PIC
receivers. We showed that the derived expressions are more accurate than the expressions
that have already been reported in the literature. An integral part of the results provided is
the expression for evaluating the error rate performance of the MRC-based RAKE
receivers for DS-CDMA system in the Nakagami multipath fading channel. Expressions

were also obtained for the optimal cancellation weights for the weighted PIC receivers.

There is a need to adaptively estimate the optimal cancellation weights for the weighted
PIC receiver as the channel condition changes. We gave a motivation for the use of the
LMS algorithm for the weights estimation in chapter 3. We then analysed the error rate
performance of the LMS-based adaptive PIC receiver. Results show that the adaptive PIC
receiver has better performances than the non-adaptive PIC receiver. Also, results of the
error rate analysis of the receivers and results that are obtained from computer

simulations of the receivers show a high level of agreement.



The rest of the dissertation discussed the iterative multiuser detector for turbo-coded DS-
CDMA systems. We used the density evolution method to perform the convergence
analysis of the iterative interference cancellation receiver in Chapter 4. Results show a
high degree of agreement between predicted convergence points and convergence points
that were observed during computer simulation of the system. The proposed methodology
is useful in predicting the point of convergence of iterative interference cancellation
receivers thereby removing the need for lengthy computer simulations in the

determination of the point of convergence.

Finally, a novel iterative multiuser detector was developed for the turbo-coded DS-
CDMA system in Chapter 5. The developed receiver avoided a direct subtraction of the
estimated multiple access interference from the received signal of the user of interest.
Rather, the estimated multiple access interference was used as added information in the
detection process. Results show that the proposed detection paradigm performs better
than the receiver that is based on direct subtraction of the estimated multiple access
interference. The proposed detector was found to have performances that are close to
those of the single user performance. The detector is also resilient against the near-far

phenomenon.

An application of the detector in the multirate CDMA system in Chapter 6 shows that the
detector can handle multiple users with different processing gains. Communication
systems in emerging technologies are expected to deliver multiple services of
heterogeneous nature in an integrated manner. Multirate CDMA is an enabling technique

in achieving this objective.

This dissertation examined multiuser detection in the uplink channel of a CDMA system.
However, it was not our objective to examine the effects of user mobility and cell design
on multiuser detector in cellular CDMA systems. It will be interesting, for future work; to
investigate the effects of the adoption of the iterative multiuser receiver that was
developed in Chapter 5 of this dissertation on capacity, coverage and system sensitivity

mn a cellular CDMA system with consideration for outer-cell interference and user
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mobility. The feasibility of deploying the developed receiver in practical CDMA systems
requires system-level evaluation. The feasibility of combining the receiver with channel

estimation algorithms, power control schemes etc will have to be investigated.

Capacity of wireless systems can be improved with the use of multiple transmit and
receive antenna (Multiple Input Multiple Output (MIMO) systems). For future work,
novel techniques of combining space-time detection and iterative multiuser detection can

be explored.

Issues about the hardware implementation of the iterative multiuser detector have to be
addressed. Performances of fixed-point implementation, sequence variance estimation
and correlation computation are needed to be addressed and should be studied in a future

work.
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Appendix A. Derivation of equation (2.24).

The BER can be expressed as p'/) = IP" 'P(S)dS|, where P" is the conditional BER

: (s
\ si“:‘"]dé’. P(S) is the PDF of S and is given as:
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Appendix B: Variances of the Residual Multiple Access
Interference for the Total and the Weighted Parallel

Interference Cancellation Receivers.

We derive the expression for the variances of the residual interference for the PIC
receivers in this appendix. The variance of the MAI component of the detected signal is

given in equation (2.18) as

2
var[V ; ] ('ng )

k=1

k#j

For the total PIC receiver, we denote the residual interference at the f " cancellation

stage as Vj(gfzola,
pU L ()
jg total ~ ng - ng (B.2)

where V /(gf ) is the estimated MAI at the /™ cancellation stage. I}}gf ) can be expressed

as

B
o~

; B
Vg('jf) = l\/;[Zﬁgj/B/k{ {k Ry j (e = ng)+bo/( Rk (T = gj)} cos(yy, ~y, ;)

k#j
(B.3)

where Eéyf/(_l) and 135{ ;1) represent the tentative bit of user 4 that correspond to the

present and the immediately past instances respectively. The variance of the residual

J¢,total

var[ VL |2 2 ~25[ 470 |Jvar[ v ] (B.4)

MAI, var[V ) ] , can therefore be expressed as:



where F [ ] represents the expectation function.

In order to proceed we have to evaluate £ [l;é-a—l)} : bA(()fk_l) 1s obtained by taking a hard

decision on a Gaussian variate. That is, l;éa_l) =sgn(X§-f_l)) where X}j'_]) is a

Gaussian variate (as defined in Chapter 2). Hence

2
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where mX(f-])2 1s the mean of Xﬁ-j D and UX([_])Z 1s the variance of X}f—l).
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M
> B

m. (/-1
X5 S . :
But 4 =y which is a random variable. By using the expected value of
T (/-1 Q
J
My (f-1) My (f=1)

J

we have —L— = /yq(5, M) . Therefore E[ls((),fk—l)} =1 —ZQ[\/}’CI(&M)].

- g —

The variance of the residual MAI can then be given as

var[V}gf}om[] - (2—2(1——2Q[w/7q(§, M)}))var[ng]

B3)
~40[ 7@ 30) |var V. |

For the weighted PIC receiver, the residual MAI at the " stage can be expressed as

(N _ >(S)
ng,weighted - ng - ’Iijg (B.9)

Az 1s the cancellation weight at the " cancellation stage.

The vaniance of the residual interference will, therefore, be

o Lgnea | 1220 2 (600
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E[l;éj,;_l)} has previously been taken as 1—2p(j)[f—1] in the literature

[Y0093][Hui98]. p(j )[ f —1] is the average BER of the receiver at the end of the (f-nH"

stage and is extensively discussed in Chapter 2. This leads to variance of the residual

MALI being given as

var[ V)t | = 4L = 1var [ (B.11)
_ 2 )

var[ VD ighea | == 202 + 42,01 f =1 var [V | (B.12).

Figures B.1 and B.2 compares the error rate results that are obtained by using models of
equations (B.11) and (B.12) with the models that are developed in this dissertation. It will
be observed that our models have closer agreement with results that are obtained from

simulations.
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Figure B.1: BER vs SNR the first stage of Total PIC receiver. L=3, M=3, m=1, §=0.2,
k=10, N=15.

A-7



1.00E+00

1.00E-01

5 1.00E-02
==}

1.00E-03 ~

1.00E-04 : — : — : —
01 23456 7 8 91011121314151617 181920

SNR(dB)

RAKE (Sim

+We1 hted PIC - 1 (Sim) KE (
- - X - - Weighted PIC - 1 (Ana)

——l— Welghted PI)C - 1 (Old Ana)

Figure B.2: BER vs SNR the first stage of weighted PIC receiver. L=3, M=3,m=1,
6=0.2, k=10, N=15.Cancellation weight =

A-8



	Bejide_Emmanuel_Oluremi_2004 .front.p001
	Bejide_Emmanuel_Oluremi_2004 .front.p002
	Bejide_Emmanuel_Oluremi_2004 .front.p003
	Bejide_Emmanuel_Oluremi_2004 .front.p004
	Bejide_Emmanuel_Oluremi_2004 .front.p005
	Bejide_Emmanuel_Oluremi_2004 .front.p006
	Bejide_Emmanuel_Oluremi_2004 .front.p007
	Bejide_Emmanuel_Oluremi_2004 .front.p008
	Bejide_Emmanuel_Oluremi_2004 .front.p009
	Bejide_Emmanuel_Oluremi_2004 .front.p010
	Bejide_Emmanuel_Oluremi_2004 .front.p011
	Bejide_Emmanuel_Oluremi_2004 .front.p012
	Bejide_Emmanuel_Oluremi_2004 .p001
	Bejide_Emmanuel_Oluremi_2004 .p002
	Bejide_Emmanuel_Oluremi_2004 .p003
	Bejide_Emmanuel_Oluremi_2004 .p004
	Bejide_Emmanuel_Oluremi_2004 .p005
	Bejide_Emmanuel_Oluremi_2004 .p006
	Bejide_Emmanuel_Oluremi_2004 .p007
	Bejide_Emmanuel_Oluremi_2004 .p008
	Bejide_Emmanuel_Oluremi_2004 .p009
	Bejide_Emmanuel_Oluremi_2004 .p010
	Bejide_Emmanuel_Oluremi_2004 .p011
	Bejide_Emmanuel_Oluremi_2004 .p012
	Bejide_Emmanuel_Oluremi_2004 .p013
	Bejide_Emmanuel_Oluremi_2004 .p014
	Bejide_Emmanuel_Oluremi_2004 .p015
	Bejide_Emmanuel_Oluremi_2004 .p016
	Bejide_Emmanuel_Oluremi_2004 .p017
	Bejide_Emmanuel_Oluremi_2004 .p018
	Bejide_Emmanuel_Oluremi_2004 .p019
	Bejide_Emmanuel_Oluremi_2004 .p020
	Bejide_Emmanuel_Oluremi_2004 .p021
	Bejide_Emmanuel_Oluremi_2004 .p022
	Bejide_Emmanuel_Oluremi_2004 .p023
	Bejide_Emmanuel_Oluremi_2004 .p024
	Bejide_Emmanuel_Oluremi_2004 .p025
	Bejide_Emmanuel_Oluremi_2004 .p026
	Bejide_Emmanuel_Oluremi_2004 .p027
	Bejide_Emmanuel_Oluremi_2004 .p028
	Bejide_Emmanuel_Oluremi_2004 .p029
	Bejide_Emmanuel_Oluremi_2004 .p030
	Bejide_Emmanuel_Oluremi_2004 .p031
	Bejide_Emmanuel_Oluremi_2004 .p032
	Bejide_Emmanuel_Oluremi_2004 .p033
	Bejide_Emmanuel_Oluremi_2004 .p034
	Bejide_Emmanuel_Oluremi_2004 .p035
	Bejide_Emmanuel_Oluremi_2004 .p036
	Bejide_Emmanuel_Oluremi_2004 .p037
	Bejide_Emmanuel_Oluremi_2004 .p038
	Bejide_Emmanuel_Oluremi_2004 .p039
	Bejide_Emmanuel_Oluremi_2004 .p040
	Bejide_Emmanuel_Oluremi_2004 .p041
	Bejide_Emmanuel_Oluremi_2004 .p042
	Bejide_Emmanuel_Oluremi_2004 .p043
	Bejide_Emmanuel_Oluremi_2004 .p044
	Bejide_Emmanuel_Oluremi_2004 .p045
	Bejide_Emmanuel_Oluremi_2004 .p046
	Bejide_Emmanuel_Oluremi_2004 .p047
	Bejide_Emmanuel_Oluremi_2004 .p048
	Bejide_Emmanuel_Oluremi_2004 .p049
	Bejide_Emmanuel_Oluremi_2004 .p050
	Bejide_Emmanuel_Oluremi_2004 .p051
	Bejide_Emmanuel_Oluremi_2004 .p052
	Bejide_Emmanuel_Oluremi_2004 .p053
	Bejide_Emmanuel_Oluremi_2004 .p054
	Bejide_Emmanuel_Oluremi_2004 .p055
	Bejide_Emmanuel_Oluremi_2004 .p056
	Bejide_Emmanuel_Oluremi_2004 .p057
	Bejide_Emmanuel_Oluremi_2004 .p058
	Bejide_Emmanuel_Oluremi_2004 .p059
	Bejide_Emmanuel_Oluremi_2004 .p060
	Bejide_Emmanuel_Oluremi_2004 .p061
	Bejide_Emmanuel_Oluremi_2004 .p062
	Bejide_Emmanuel_Oluremi_2004 .p063
	Bejide_Emmanuel_Oluremi_2004 .p064
	Bejide_Emmanuel_Oluremi_2004 .p065
	Bejide_Emmanuel_Oluremi_2004 .p066
	Bejide_Emmanuel_Oluremi_2004 .p067
	Bejide_Emmanuel_Oluremi_2004 .p068
	Bejide_Emmanuel_Oluremi_2004 .p069
	Bejide_Emmanuel_Oluremi_2004 .p070
	Bejide_Emmanuel_Oluremi_2004 .p071
	Bejide_Emmanuel_Oluremi_2004 .p072
	Bejide_Emmanuel_Oluremi_2004 .p073
	Bejide_Emmanuel_Oluremi_2004 .p074
	Bejide_Emmanuel_Oluremi_2004 .p075
	Bejide_Emmanuel_Oluremi_2004 .p076
	Bejide_Emmanuel_Oluremi_2004 .p077
	Bejide_Emmanuel_Oluremi_2004 .p078
	Bejide_Emmanuel_Oluremi_2004 .p079
	Bejide_Emmanuel_Oluremi_2004 .p080
	Bejide_Emmanuel_Oluremi_2004 .p081
	Bejide_Emmanuel_Oluremi_2004 .p082
	Bejide_Emmanuel_Oluremi_2004 .p083
	Bejide_Emmanuel_Oluremi_2004 .p084
	Bejide_Emmanuel_Oluremi_2004 .p085
	Bejide_Emmanuel_Oluremi_2004 .p086
	Bejide_Emmanuel_Oluremi_2004 .p087
	Bejide_Emmanuel_Oluremi_2004 .p088
	Bejide_Emmanuel_Oluremi_2004 .p089
	Bejide_Emmanuel_Oluremi_2004 .p090
	Bejide_Emmanuel_Oluremi_2004 .p091
	Bejide_Emmanuel_Oluremi_2004 .p092
	Bejide_Emmanuel_Oluremi_2004 .p093
	Bejide_Emmanuel_Oluremi_2004 .p094
	Bejide_Emmanuel_Oluremi_2004 .p095
	Bejide_Emmanuel_Oluremi_2004 .p096
	Bejide_Emmanuel_Oluremi_2004 .p097
	Bejide_Emmanuel_Oluremi_2004 .p098
	Bejide_Emmanuel_Oluremi_2004 .p099
	Bejide_Emmanuel_Oluremi_2004 .p100
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p101
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p102
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p103
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p104
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p105
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p106
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p107
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p108
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p109
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p110
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p111
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p112
	Bejide_Emmanuel_Oluremi_2004 .p101_References.p113
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p114
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p115
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p116
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p117
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p118
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p119
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p120
	Bejide_Emmanuel_Oluremi_2004 .p114_Appendices.p121

