Effect of System Imperfections on the
Performance of CDMA Receivers with CCI

Cancellation

A Thesis
Submitted to the College of Graduate Studies and Research
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in the Department of Electrical Engineering
University of Saskatchewan

Saskatoon, Saskatchewan

By
P.C. John Panicker
Fall, 1996

©Copyright John Panicker, 1996. All rights reserved



il

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et )
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
Our fie Notre réfdrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliotheéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canada

0-612-24034-7



UNIVERSITY OF SASKATCHEWAN
College of Graduate Studies and Research
SUMMARY OF DISSERTATION
Submitted in Partial Fulfillment
of the Requirements for the
DEGREE OF DOCTOR OF PHILOSOPHY
by
P.C. John Panicker
Department of Electrical Engineering

University of Saskatchewan
Fall 1996

Examining Committee:

Dr. S. < Dean’s Designate, Chair.
Yannacopoulos College of Graduate Studies and Research

Dr. 5.0. Kasap Chair of Advisory Committee, Department of
Electrical Engineering

Dr. S. Kumar  Supervisor, Department of Electrical Engineering
Dr. H.C. Wood Department of Electrical Engineering
Dr. B. Daku Department of Electrical Engineering
Dr. D. Eager Department of Computational Science
External Examiner:
Dr. Paul H. Wittke
Department of Electrical Engineering

Queen’s University, Kingston
Ontario K7L 3N6



Effect of System Imperfections on the Performance of CDMA
Receivers with CCI Cancellation

Code Division Multiple Access (CDMA) is an emerging technology for future cel-
lular and personal communication systems. Indoor radio communication is an
integral part of personal communication systems. In an indoor CDMA system,
the Co-Channel Interference (CCI) from other users of CDMA limits the system
capacity and Bit Error Rate (BER) performance. Regeneration and cancellation
of CCI from the received signal is an approach that improves capacity and BER

performance.
CCI cancellation can be performed in single path correlator receiver and mul-

tipath combining RAKE receiver. In practice, there are system imperfections and
their effect on the receiver performance has to be accurately evaluated. The power
control error is modeled as log normal random variable. The estimate errors in
channel parameters and spreading code phase are modeled as zero mean Gaussian
random variables.

In this thesis, analysis is done initially on the effect of system imperfections
on the BER performance of a CDMA system having correlator receiver and mul-
tipath combining RAKE receiver. The numerical results indicate that the BER
performance degrades when the variance of normalized received power is above 0
dB, or the mean square of normalized estimate errors is above 0.01.

The effect of system imperfections on the performance of CCI canceling cor-
relator and RAKE receiver is then analyzed. Numerical results indicate that sig-
nificant improvement in system capacity is possible with two or three stages of
CCI cancelers if the variance of the normalized received power is below 2 dB, or
the mean square of normalized estimate errors is below 0.01. However, for CCI
cancellation to be effective when all imperfections are present, the power control
error and the estimate error has to be minimized. Computer simulations of indoor
CDMA system are also performed to verify theoretical results. It is concluded that
the simulated results are in agreement with the theoretical resuits for all practical
values of signal to noise ratio. Simulation techniques based on importance sam-
pling can be used to reduce considerably the computational burden involved in
simulation of CDMA systems.



Copyright

In presenting this thesis in partial fulfillment of the requirements for a Doctor of
Philosophy degree from the University of Saskatchewan, the author agrees that the
libraries of this University may make it freely available for inspection. The author
further agrees that permission for copying of this thesis in any manner, in whole
or in part for scholarly purposes may be granted by the professor who supervised
this thesis work or, in his absence, by the Head of the Department or the Dean of
the College in which this thesis work was done. It is understood that any copying
or publication or use of this thesis or parts thereof for financial gain shall not be
allowed without the author’s written permission. It is also understood that due
recognition shall be given to the author and to the University of Saskatchewan in

any scholarly use which may be made of any material in this thesis.

Requests for permission to copy or to make other use of material in this thesis

in whole or part should be addressed to:

Head of the Department of Electrical Engineering,
University of Saskatchewan,
Saskatoon, Saskatchewan,

Canada, STN 0WQ0.



Acknowledgements

[ express my sincere gratitude to Professor Surinder Kumar, my research su-
pervisor, who patiently guided this research and encouraged me during periods of
frustration. Thanks are also due to other members of my research advisory com-
mittee, Professors Hugh Wood, Brian Daku, and Derek Eager for their keen interest
and help during the preparation of this manuscript. [ am grateful to all faculty
members that I have come in contact with during my course work at University of
Saskatchewan for the knowledge I have acquired from them.

[ am indebted to my wife Annie for the many sacrifices she made and to my sons
Aneesh and Praveen for bearing with me during the period of this research work. I
thank my wife for making these years enjoyable. Also I express my gratitude and
appreciation to my parents and brothers for their encouragement and moral support.

I gratefully acknowledge the financial support provided by the Canadian Com-
monwealth Scholarship and Fellowship Committee and I thank the committee for
making my stay in Canada enjoyable and memorable. Finally, I wish to thank the
management and staff of Telecommunication Research Labs, Saskatoon, Canada,
for allowing me to use their facilities to carry out this research and for providing

some financial support.

il



11
UNIVERSITY OF SASKATCHEWAN
Electrical Engineering Abstract 95A430

Effect of System Imperfections on the Performance of

CDMA receivers with CCI Cancellation

Student: P.C. John Panicker
Supervisor: Dr. Surinder Kumar
Ph.D. Thesis Submitted to the
College of Graduate Studies and Research
January, 1996

Abstract

Code Division Multiple Access (CDMA) is an emerging technology for future cellular
and personal communication systems. Indoor radio communication is an integral part of
personal communication systems. In an indoor CDMA system, the Co-Channel Interfer-
ence (CCI) from other users of CDMA limits the system capacity and Bit Error Rate
(BER) performance. Regeneration and cancellation of CCI from the received signal is an
approach that improves capacity and BER performance.

CCI cancellation can be performed in single path correlator receiver and multipath
combining RAKE receiver. In practice, there are system imperfections and their effect
on the receiver performance has to be accurately evaluated. The power control error is
modeled as a log-normal random variable. The estimate errors in channel parameters and
spreading code phase are modeled by zero mean Gaussian random variables.

In this thesis, analysis is done initially on the effect of system imperfections on the



iv
BER performance of a CDMA system having correlator receiver and multipath combining
RAKE receiver. Numerical results indicate that the BER performance degrades when the
variance of normalized received power is above 0 dB. or the mean square of normalized
estimate errors is above 0.01.

The effect of system imperfections on the performance of CCI canceling correlator and
RAKE receiver is then analyzed. Numerical results indicate that significant improvement
in system capacity is possible with two or three stages of CCI cancelers if the variance of
normalized received power is below 2 dB, or the mean square of normalized estimate errors
is below 0.01. However, for CCI cancellation to be effective when all imperfections are
present, the power control error and the estimate error have to be minimized. Computer
simulations of indoor CDMA system are also performed to verify theoretical results. It is
concluded that the simulated results are in agreement with the theoretical results for all
practical values of signal to noise ratio. Simulation techniques based on importance sam-
pling can be used to reduce considerably the computational burden involved in simulation

of CDMA systems.
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1. Introduction

1.1 Background

The invention of the telegraph and telephone in the nineteenth century were
the first steps towards shattering the barriers of space and time in communication
between individuals. The next step was the successful deployment of radio com-
munications. However most people are still restricted to telephone sets or “fixed
wireline” equipment for communication and therefore the location barrier has not
been yet surmounted fully. The astonishing success of cellular radio in the last
decade in providing telecommunication services with mobile and hand held portable
units has paved the way towards breaking location barriers in telecommunications.
At the beginning of 1990, there were approximately 4.5 million cellular telephones,
6.5 million pagers and 25 million cordless telephones in the United States [1]. By the
end of 1992, the number of cellular telephones in the US had risen to 11 million, an
increase of 150% in three years. Total worldwide shipment of cordless units could
exceed 200 million annually by the turn of the century and 300 million by 2010
[2]. The ultimate goal of Person~a.l Communication Services (PCS) is to provide in-
stant communication any time between individuals located anywhere in the world.
Realization of pocket sized telephone units and subsequent wrist-watch phones are

major communication frontiers. Industry and research organizations worldwide are
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collectively facing great challenges in providing PCS.

An important consideration in successful implementation of a PCS is indoor
radio communication which involves the transmission of voice and data to and from
people moving inside buildings. Indoor radio communication covers a wide variety
of situations ranging from communication with individuals walking in residential or
office buildings, supermarkets or shopping malls, to fixed stations sending messages

to robots in motion in assembly lines and factory environments of the future (3]

Network architectures for in-building communications are evolving rapidly. Sys-
tems such as Digital European Cordless Telecommunication (DECT), and the Cord-
less Telecommunications second and third generations (CT2 and CT3), are primar-
ily in-building communication systems. Universal Portable Digital Communication
(UPDC) in the US calls for unification of indoor and outdoor communication into
an overall integrated system. Practical portable radio communication requires low
power and light weight units. Digital communication technology can meet this re-

quirement in addition to offering many other advantages.

In an indoor wireless communication system, a fixed antenna (base station an-
tenna) installed in an elevated position communicates with a number of portable
radios inside the building. As a result of reflection, refraction and scattering of ra-
dio waves by structures inside a building, the transmitted signal often reaches the
receiver by more than one path, resulting in a phenomenon known as multipath
fading. In narrow-band transmission, the multipath effect causes fluctuations in the

received signal envelope and phase. In wide-band transmission, the effect is to pro-
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duce a series of delayed and attenuated pulses for each transmitted pulse. Multipath
fading seriously degrades the performance of communication systems operating in-
side buildings. If the multipath environment is well characterized, the transmitter
and receiver can be designed to match the channel and thus the effect of multipath

disturbances can be reduced.

As wireless services are developed for indoor environments, the potential demand
increases dramatically. Thousands of active users per square kilometer are possible
in core urban areas where multilevel office buildings are in abundance. Under such
conditions, the bandwidth issues become acute and new technologies are needed to

utilize efficiently the available bandwidth.

1.2 Multiple Access Techniques

The term “multiple access” refers to the situation where many users share a com-
mon facility or channel. Wireless multiple access communication systems generally

fall into one of the following three categories:

e FDMA (Frequency Division Multiple Access): The available bandwidth is di-
vided into channels by frequency. Each channel continuously occupies a frac-
tion of the total bandwidth. Advanced Mobile Phone Service (AMPS), the first
generation of mobile radio services, is an example of a system that employs

FDMA.

e TDMA (Time Division Multiple Access): The available bandwidth is divided

into slots by time. Each channel occupies the entire available bandwidth for a.
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fixed fraction of the time within each time period. The second generation of

mobile radio services based on Interim Standard (IS)-54-B employs TDMA.

e CDMA (Code Division Multiple Access): This system is more commonly
known as spread spectrum multiple access and in such a system all chan-
nels occupy the entire available bandwidth simultaneously. Unique codes are
used by transmitters to spread the information signal over a large frequency
range. Receivers use a synchronized version of these codes to de-spread the in-
formation signal. By de-spreading, the interfering signals from other channels
appear as wide-band noise to the de-spread narrow-band desired information
signal. The choice of CDMA is attractive because of potential capacity in-
crease, low power requirement, privacy, and the capability to avoid multipath
fading [4]-[8]. Recently, the Telecommunication Industry Association (TIA)
has developed a standard, IS-95, for mobile cellular spread spectrum commu-
nication systems [9]. Field trials suggest that the capacity can be increased

by a factor of 10 over a conventional AMPS system [10].

1.3 Indoor CDMA System

Basically, an indoor CDMA system consists of portable transmitters, indoor chan-
nels, and receivers. Each portable transmitter in a cell is given a unique spreading
code. Using this code, each portable transmitter spreads the information (voice
or data) signal so that it will occupy the entire system bandwidth. This is com-

monly done using the Direct Sequence Spread Spectrum (DS SS) technique. At
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the receiver, signals other than the desired user signal act as interference signals
and such signals are collectively referred to as the Co-Channel Interference (CCI).
The co-channel interference results from the cross-correlation between the spreading
codes of the desired and interfering users. Cross-correlation among the codes is an
important criterion in the selection of the code set for CDMA. Gold seciuences [11]
and Kasami codes [12] have low cross-correlation values, so these particular codes
are extensively used in CDMA applications. Spreading codes, their generation, and

their cross-correlation properties are described further in Chapter 2.

Portable units communicate with one another through a base station. The com-
munication link from the base station to a portable is referred to as the “forward
link”, or the “down link”, and the link from a portable to the base station is referred
to as the “reverse link”, or the “up link”. One significant problem in the reverse link
is that of the “near-far” effect. This relates to the problem of very strong signals
at the base station receiver from nearby portables predominating over the weaker
signals from far away portables. To avoid the “near-far” problem, elaborate power
control techniques are employed to control the transmitter power level of the porta-
bles so that a portable’s signal arrives at the base station with the required amount
of Signal to Noise Ratio (SNR). In IS-95, both open loop and close loop power

control techniques are employed. Power control is discussed further in Chapter 2.



1.3.1 Indoor Channel

The DS SS signal transmitted from a portable transmitter propagates through the
indoor channel before it is received by the base station receiver. Due to the presence
of reflectors and scatterers of electromagnetic waves (such as walls, doors. ceilings,
and people) in the indoor environment, signals reach the base station through mul-
tiple propagation paths. Three most important multipath issues for the digital

cellular system designer are the following:

1. Random phase shift, which creates rapid fluctuations in signal strength known

as Rayleigh fading.

2. Random frequency modulation due to different Doppler shifts for different

paths.

3. Delay spread of the received signal.

In indoor channels, the Doppler shift in frequency of the received signal is gener-
ally less than that in land mobile channels because of the much lower speed of the
mobiles. The indoor channel is, therefore, referred to as a slowly varying channel.
The coherence bandwidth of a channel is approximately defined as the reciprocal
of the delay spread. The channel is frequency selective if the signal bandwidth is
greater than the coherence bandwidth of the channel. A DS SS modulated signal in
an indoor channel can be considered frequency selective. A slowly varying frequency

selective indoor channel model is used in this thesis for analysis and simulation.
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An advantage of using direct sequence spread spectrum is that two paths with

a propagation delay difference greater than the reciprocal of the spread spectrum
bandwidth can be resolved at the receiver in the time domain. These resolved paths
have independent fading and can be suitably processed by the receiver to improve
SNR. This method is commonly referred to as spread spectrum diversit); reception.
As described in the next subsection, CDMA receiver structures differ in the method

of processing these signals.

1.3.2 CDMA Receiver Structures

There are two principal types of CDMA receivers: correlator receivers that sup-
press the effects of multipath signals and multipath combining RAKE receivers that
take full advantage of the diversity offered by spread spectrum modulation. A cor-
relator receiver is aligned to one of the multipath signals, and signals from any other
path with a time delay of one spreading code chip duration or more are suppressed.
Correlator receiver structures are simple, but they are inferior in performance. In
a RAKE receiver, all path signals are combined so as to accentuate credible signals
and suppress signals which are less credible. RAKE receivers are complex because

they require channel parameter estimation. RAKE receivers are generally superior

in performance.

It is desirable to have an indoor CDMA system with capacity as high as possible.

Methods for improving the capacity are discussed in the next subsection.
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1.3.3 Methods of Improving CDMA Capacity

There are several methods available for increasing the capacity of a CDMA sys-

tem. Some of these methods are as follows:

o Cell Size Reduction: The capacity of a CDMA cellular system and 'a.ny system
based on cell architecture can be increased by reducing the cell size. In order
to accommodate high user densities in indoor environments, ‘micro’ cells or
‘pico’ cells are required. A fortuitous and desirable characteristic of small cell
size is the reduced power required by the portables. This extends battery
life and allays concerns about the health risks associated with high power
electromagnetic radiations. The main drawbacks of small cell size are the
increased number of base stations required, and the increased number of hand-

offs required as a portable moves from cell to cell.

e Cell Sectorization: A method of organizing cells suited for CDMA applications
in particular, is to divide the cell into a number of sectors and to use highly
directive antennas to receive the signal from portables in each sector. This
scheme reduces the interference signal received in each sector antenna and

this results in more cell capacity.

* Voice Activity Monitoring: A major share of interference in a CDMA system
is created by the users of the same cell utilizing the same bandwidth. If
transmitters cease transmitting during periods of silence (voice inactivity),

the co-user interference can be reduced and more users can be accommodated



into the given bandwidth.

¢ Co-Channel Interference (CCI) Regeneration and Cancellation: Another ap-
proach for increasing system capacity, still in the research stage, is the regen-
eration of CCI signals and their subsequent cancellation at the recgiver input.
This technique is especially suited to the reverse link where the near-far effect
considerably reduces link capacity. CCI regeneration and cancellation allevi-
ates the need for stringent power control techniques and has the potential of
increasing the capacity significantly. This method of improving capacity is

examined in detail in Chapters 4-6.

1.3.4 System Imperfections

In order to realize maximum capacity and the best possible Bit Error Rate (BER)
performance, CDMA systems would require ideal conditions of operation. These

ideal conditions of operation include:
e perfect transmitter power control so that all user signals arrive at the base
station with equal power,
e perfect estimation of the spreading code phase of each user, and
o perfect channel parameter estimates (path amplitudes and phases) for multi-

path combining at the receiver.

One or more of these factors can be imperfect in a realistic indoor mobile envi-

ronment. It is of practical importance to include the effect of system imperfections
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in the analysis of the performance of CDMA receivers. Such an analysis will give

more accurate and realistic results on the BER performance and capacity.

1.4 Literature Review

There is considerable literature on the BER performance and capacity of CDMA
systems with two commonly used receivers known as the single path correlator,
and the multipath combining RAKE receiver. An analysis of phase-coded CDMA
communication in a single path channel has been presented by Pursley [13]. In
this analysis, emphasis is placed on average performance and the result reveals the
spreading code parameters that have the greatest impact on communication system
performance. These code parameters are analyzed and previously known bounds
and computational techniques for such parameters are surveyed by Sarwate [14].
The effect of multipath fading on the performance of DS CDMA systems has been
analyzed by Turin [15]. It is shown that for single path non-fading links using DS
CDMA, Differential Phase Shift Keying (DPSK) modulation, and power control,
the maximum number of simultaneous users is 10-20% of the spreading gain at a
BER of 1072 — 10-5. It is also shown that in a multipath fading channel, without
power control, the number of simultaneous users falls to 1-5% of the spreading gain
even with ideal multipath combining receivers. A binary DS CDMA communication
system with coherent correlation receiver is analyzed by Lehnert [16]. An approach
for obtaining arbitrarily tight upper and lower bounds on the average probability of

error is described in this reference.
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Lehnert [17] has developed a method of analysis for multipath combining re-
ceiver for DS CDMA communications through a specular multipath channel. The
performance of a multipath combining receiver is determined for the case of a sin-
gle transmitter and also for the case of multiple transmitters. The performance
is determined in terms of parameters of the signature sequences. Chase (18] has
analyzed the performance of a DS SS scheme employing random orthogonal codes
over a fading multipath indoor channel. It is illustrated that the RAKE receiver
structure can exploit the implicit spread spectrum diversity, but knowledge of the
channel is necessary to prevent excessive complexity. The effects of RAKE receiver
structure, multiple users, power control, and code length on the average probability

of error are also analyzed in this reference.

Similarly, a large body of information is available about CCI canceling receivers.
Theoretical analysis of a CCI canceling CDMA receiver based on Digital Matched
Filtering (DMF) in a single path channel is presented by Mowbray [19]. It is shown
that at a BER of 1074, single and two stage cancellation receivers have 40% and 50%

capacity respectively, compared to 10% capacity with conventional DMF recejvers.

Yoon [20] has analyzed a CDMA correlator receiver with post-correlation cancel-
lation of CCI in a multipath fading channel. Perfect power control and spreading
code phase acquisition has been assumed, but the effect of path amplitude and phase
estimation error has been considered. Kaul [21] has presented a closed form BER
formula for a multi-stage interference cancellation scheme in a single path channel

using a standard Gaussian approximation for multiple access interference. Analysis
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of a simple successive interference cancellation scheme in a DS CDMA system with
coherent BPSK modulation is presented by Patel [22]. It is shown that a simple
successive interference cancellation scheme can effectively estimate and cancel a DS
CDMA signal and thus substantially reduce the near-far effect and increase the ca-
pacity. The author stresses the need for further work to analyze the procéssing delay
involved in the scheme and also to assess the sensitivity of the scheme to system
errors. An enhanced version of DS CDMA referred to as CDMA-IC has been pro-
posed by Everbring [23]. The method is to detect signals in a decreasing order of
signal strength and during that process subtract the already detected signals from
the received signal. By using this technique an estimated capacity of 40 times that
of AMPS is claimed. Cascaded CCI canceling and diversity combining for CDMA
over a multipath fading channel has been analyzed by Kohno [24] assuming per-
fect conditions of system operation. The results show that, with perfect channel
estimates and power levels within +1 dB of a required standard level, the BER
performance of the RAKE receiver approaches that of the single user case, with two

stages of CCI cancelers.

The topic of BER performance prediction using computer simulation is also
widely reported [25]-[31]. In [25] and [26], tutorial expositions of the different tech-
niques for estimating BER in simulations of a digital communication system are
given. A modified Monte-Carlo simulation technique based on importance sam-
pling for an AWGN channel is given by Shanmugam [27]. An improved form of

importance sampling is proposed by Lu [28] for use in AWGN channels. Problems
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involved in the use of importance sampling for complex systems involving a number
of inputs and error sources are considered by Hahn [29]. Some of the simulation
issues for future wireless modems for mobile communication are addressed by Wo-
erner [30]. Some reduced computational complexity techniques for CDMA systems
are also mentioned in this reference. Results from Monte-Carlo simulation of DS SS
for indoor radio communication in a Rician fading channel are given by Misser [31].
This paper points out that the difference in BER obtained using analysis using a
standard Gaussian approximation and that obtained using simulation is small and
concludes with the observation that standard Gaussian approximation can be used
to obtain the performance analytically because this method is much faster compared

to full simulation of CDMA systems.

From the above literature review, it is clear that the analysis of the effect of com-
bined imperfections in power control, channel estimation and spreading code phase
acquisition on the performance of correlator and multipath combining receivers in
frequency selective indoor channels has not been reported. These types of imper-
fections are present in a practical system and an analysis that accurately estimates
the effect of such imperfections on the performance of the two most commonly used
receiver structures, the correlator and multipath combining receivers, will provide

results that are representative of the expected performance in practice.

Similarly, analysis of the effect of system imperfections on the performance of an-
other type of interference cancellation receiver namely, the parallel pre-correlation

CCI canceling DS CDMA receiver, has not been reported in the literature. The ef-
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fect of these system imperfections on the performance of a CCI canceling DS CDMA
receiver with multipath diversity combining has also not been analyzed. Such an
analysis will address the question of the magnitude of power control imperfections
such a CCI cancellation scheme can tolerate and still provide the desired capacity
improvement. It will also provide limits on the mean square error in cha.n-nel estima-
tion and spreading code phase estimation for the CCI regeneration and cancellation

to be effective.

From the literature review, it is clear that the results of simulation have not
been reported on the effect of system imperfections on BER performance of CDMA
systems operating in a frequency selective Rayleigh faded indoor channel. Similarly,
no comprehensive strategy for the use of the importance sampling technique to BER

performance evaluation of an indoor CDMA system has been developed.

1.5 Research Objectives

The objectives of the research work reported in this thesis are the following:

1. Analyze the effect of imperfections in transmitter power control, carrier phase
estimation, and spreading code phase estimation on the BER performance of a
CDMA correlator receiver in a frequency selective slow Rayleigh fading indoor

channel.

2. Analyze the effect of imperfections in transmitter power control, channel pa-

rameter estimation, and spreading code phase estimation on the BER per-
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formance of a multipath combining CDMA RAKE receiver in a frequency

selective slow Rayleigh fading indoor channel.

3. Develop an analysis for the BER performance of a pre-correlation CCI can-
celing CDMA correlator receiver with imperfections in power control, channel
parameter estimation, and spreading code phase estimation in a frequency

selective slow Rayleigh fading indoor channel.

4. Analyze the effect of imperfections in transmitter power control, channel pa-
rameter estimation, and spreading code phase estimation on the BER perfor-
mance of a CCI canceling multipath combining CDMA RAKE receiver in a

frequency selective slow Rayleigh fading indoor channel.

5. Develop simulation programs using Monte-Carlo and importance sampling
methods to evaluate BER performance of indoor CDMA receiver structures

and to verify the analytical results.

1.6 Thesis Outline

In addition to this introductory chapter, this thesis contains six more chapters.
In Chapter 2, the transmitter, the channel, and the receiver for an indoor CDMA
system are described in detail. The system imperfections and the models adopted
to take into account these imperfections in the analysis are also explained in this
chapter. In Chapter 3, the effects of system imperfections on the BER performance
of a simple CDMA correlator and multipath combining CDMA RAKE receiver are

analyzed. The BER is computed to evaluate the effect of each system imperfection
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individually as well as in combination. The concept of co-channel interference re-
generation and cancellation in a CDMA system is introduced in Chapter 4. The
performance analysis for a CDMA correlator receiver with pre-correlation cancella-
tion of CCI is also developed in this chapter. The effects of system imperfections
on the performance of such a receiver are included in the analysis. 'fhe BER is
computed to evaluate the performance of such a receiver with and without system
imperfections. In Chapter 5, the effect of system imperfections on the performance
of a CCI canceling CDMA RAKE receiver is analyzed. Numerical computations
of BER are included to evaluate the performance of such receivers with and with-
out system imperfections. Chapter 6 contains a simulation study of indoor CDMA
system BER performance. This chapter also includes the methodology of using
importance sampling for BER evaluation. The BER results of receivers with and
without CCI cancellation, and in the presence and absence of system imperfections,

are included in this chapter. Finally, conclusions and directions for future work are

given in Chapter 7.



2. Indoor CDMA Systems

The need for indoor CDMA wireless communication was identified in Chapter
1. In this chapter, digital modulation and spread spectrum concepts are briefly
discussed. This is followed by an examination of spreading codes used for CDMA and
their cross-correlation properties. A brief description of the indoor radio channel and
various factors that degrade the transmitted signals in such channels are included.
Different receiver structures used in CDMA applications are also considered. Finally,

the system imperfections and their effect on the receiver performance are discussed.

2.1 Digital Modulation

Digital modulation is the process by which digital symbols are transformed into
signal waveforms that are compatible with the characteristics of the channel. In the
case of baseband modulation, these waveforms are pulses. In the case of bandpass
modulation, the information signal modulates a sinusoidal signal waveform called a
carrier. Use of a high frequency carrier can reduce the dimensions of the antenna
used for radiating the radio frequency signal into space. Bandpass modulation

results in other important advantages such as:

1. Different information signals may be separated by using different frequency

signals. Such a method is termed Frequency Division Multiplexing (FDM).

17
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(8]

- Bandpass modulation can be used to place an information signal in a frequency
band where design requirements, such as filtering and amplification, can be

easily met.

3. Modulation techniques such as spread spectrum modulation can also be used

to minimize the effects of interference.

Two types of digital modulation techniques that are relevant to the CDMA sys-
tem study in this thesis are Spread Spectrum (SS) modulation and Binary Phase
Shift Keying (BPSK) modulation. BPSK is explained in the next subsection. SS

modulation is considered in Section 2.2.

2.1.1 Binary Phase Shift Keying

In bandpass modulation, an RF carrier signal’s amplitude, frequency, phase or
a combination of them is varied in accordance with the digital information to be

transmitted. A carrier signal can be written as
5(t) = A(t) cos (wot + & (t)), (2.1)

where A(t) is the time varying amplitude, W, is the radian frequency, and ¢(t) is the
phase. In phase modulation, the phase #(t) is varied in accordance to the digital
symbol. Binary phase shift keying is the simplest form of phase shift keying; in
binary phase shift keying, binary symbols ‘1’ and ‘0’ are used to select the phase

é(t) of the carrier in Equation (2.1) to be 0 degrees and 180 degrees respectively.
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Thus for a binary symbol of duration T, the BPSK modulated carrier signal may

be written as

~—
o
o
g

s(t) = £A(t) cos(w,t + ¢),

for 0 <t < T. The waveform in Figure 2.1(a) shows a typical BPSK waveform with
its abrupt phase changes at symbol transitions. This figure illustrates the situation
when the modulating data stream is 1011 with symbol duration T. Initial phase
of the carrier, ¢ is assumed to be zero at ¢ = 0 in this figure. The schematic in
Figure 2.1(b) shows the signal vectors s, and s, corresponding to digital symbols
‘1’ and ‘0. The truth table for phase transition is shown in Figure 2.1(c). At the
receiver the signal arrives with an arbitrary initial phase. When the phase of the
RF carrier is recovered and then used for the detection process, it is referred to as
coherent detection. When the receiver does not utilize such phase information, the
process is called noncoherent detection. Coherent detection generally leads to better

performance.

2.2 Spread Spectrum Communication Systems

In a large number of radio communication systems, the receiver thermal noise
is a major source of performance degradation. Such systems are usually designed
to be power and bandwidth efficient which means that minimum signal power and
bandwidth necessary to achieve the desired performance is employed. In Spread
Spectrum (SS) communication systems [32] - [35], the information signal is spread

over a bandwidth much wider than that required to achieve communication when
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only thermal noise is present. This is also done to overcome other impairments such
as intentional jamming, multipath propagation etc. A formal definition that reflects

the basic characteristics of SS is given as [35]:

Spread spectrum is a means of transmission in which signal occupies a
bandwidth much in excess of the minimum necessary to send the in-
formation; the spreading is accomplished by means of a code which is
independent of data. Synchronized reception with the code at the re-

ceiver is used for de-spreading and subsequent data recovery.

Experiments on transmission of signals using noise-like waveforms were performed
by Mortimer and Rogoff [36] in the late 1940s and early 50s; the early spread spec-
trum communication systems were developed in the mid 1950s for military applica-
tions. Because of defense applications. there was a considerable amount of secrecy
involved and spread spectrum technology was not widely available. Recently, some
of the potential of SS in commercial applications such as indoor and mobile commu-
nication has been realized [4, 5, 7]. Interest in these applications has been spurred
by the ruling of the U.S. Federal Communications Commission (FCC) that permits
the use of SS in the 900 MHz. 2 GHz. 4.4 GHz and 5.725 GHz bands without a
formal license [3]. A SS signal spread over a wide bandwidth has low power density.
If different users employ different codes to spread the information signal. spread
signals from all these users can co-exist in the same bandwidth. This technique is

referred to as Code Division Multiple Access (CDMA).
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2.2.1 Direct Sequence Spread Spectrum

In a typical DS SS, the bipolar information signal b(t) is spread in bandwidth by
using a bipolar Pseudo-Noise (PN) spreading code, a(t). This is followed by BPSK

carrier modulation resulting in the transmitted signal given by

s(t) = V2Pb(t)a(t) cosw,t, (2.3)

where P is the power of the carrier signal and w, is its radian frequency. This process
is illustrated in Figure 2.2(a). The phase values of the carrier for various combina-
tions of information signal 4(¢) and PN code a(t) are shown in Figure 2.2(b). The
bandwidth of the transmitted signal s(t) is much larger than the minimum band-
width required to transmit the information signal b(t), assuming that the bandwidth
of the spreading signal a(t) is much larger than the bandwidth of 4(¢). The received
signal contains the desired signal as well as the interference caused by other users
in the system and the white Gaussian noise. With a transmission delay of Ty, the

received signal may be written as

r(t) = A\/ﬁb(t — Ta)a(t — Ty) cos[w,(t — Ty) + ¢] + interference + n(t),

= AV2Pb(t — Ty)a(t — Ts) cosfw,t + 9] + n'(2), (2.4)

where A represents the attenuation in the channel, ¥ = w,Ty + ¢ and n’ (t) =
n(t) + interference. The received signal is multiplied by a carrier cos(w,t + %)

where 1 is an estimate of Y. It is then filtered and de-spread by correlating with
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Figure 2.2 (a) Simplified block diagram of DS SS transmit-
ter. (b) Phase of the carrier signal for the combi-
nation of information and spreading code signal.
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Figure 2.3 A simplified block diagram of DS SS receiver.

a synchronized replica of the spreading code a(t — Ty) where T, is an estimate of
Ty. This process is illustrated in Figure 2.3. De-spreading also results in separation
of the desired signal from other user signals. This is then followed by BPSK data
demodulation. When % = 3 and Ty = Ty, the ouput signal is equal to A’ \/gb(t—Td),

the transmitted information signal with a scaling factor.

Signal spectra in Figure 2.4 provide further insight into the spreading and de-
spreading processes. The spectrum of the spread information signal and the spec-
trum of deliberate interference, called a jammer signal, are shown in F igure 2.4(a).
The spectrum of the information signal is de-spread into a small bandwidth as shown
in Figure 2.4(b) while the jammer signal remains spread over a wide frequency band.
Only a small amount of spread jammer signal is present in the information signal

bandwidth. It is thus easier to recover the signal from interference.

Spreading of the signal results in many useful properties. Some of these are the

following:
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Figure 2.4 Power spectra of the desired signal and the Jam-
ming signal in a spread spectrum system. (a)
Received signal spectrum. (b) Spectrum after
de-spreading.
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¢ Anti-jamming and anti-interference: Intentionally produced interference is re-
ferred to as jamming. Unintentional interference which is referred to simply
as interference includes self interference caused by multipath propagation and
cross interference caused by other users of the same bandwidth. Anti-jamming
and anti-interference properties of SS result from spreading at the t.ra.nsmitter
and subsequent de-spreading in the receiver. A jamming signal is generally a
high power narrow bandwidth radio frequency signal. When a received sig-
nal containing a jammer signal is multiplied by the de-spreading code in the
receiver, the spectrum of the desired signal is collapsed to the narrow infor-
mation bandwidth whereas the spectrum of the jamming signal is spread over
a wide bandwidth. As a result, the de-spread jamming signal has little energy
remaining in the information bandwidth. In contrast to jamming, interference
is a wide-band signal having the same bandwidth as the required signal. The
interference signal will not be de-spread to a narrow bandwidth unless a syn-
chronized spreading code corresponding to that of the wide-band interference
signal is used in the receiver. This results in a major portion of the energy in
the information bandwidth being due to the desired signal, and only a small

portion being due to interference.

e Multipath diversity: A spread spectrum signal is a wide-band signal. Usually,
the bandwidth is larger than the reciprocal of the difference between path time
delays in an indoor environment. This means that by using SS modulation

the individual paths in a multipath channel can be resolved in time. These
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resolved paths will have independent fading and can be combined in a diversity
combining receiver, known as a RAKE receiver, to improve the signal to noise

ratio. The RAKE receiver is explained in a subsequent section.

e Privacy and secrecy: If the spreading code used is not known to anyone other
than the desired user, de-spreading and subsequent information recovery by
others is not possible. This aspect of SS provides some security for the commu-
nication, however, it is not as secure as using encryption because the spreading

code can be recovered from the signal using some sophisticated signal process-
ing.

® Multiple access: As stated before, spread spectrum modulation can be used
to implement CDMA. In contrast to FDMA and TDMA, in CDMA all the
users of the system occupy the whole bandwidth all the time. This thesis deals

with CDMA application of spread spectrum, and the principle of CDMA is

described in greater detail in the next section.

2.2.2 Code Division Multiple Access

The need for multiple access arises when a number of independent users are
required to convey their messages through a common facility. An example is an
indoor mobile wireless communication system where the portable transceivers must
communicate with a central base station. FDMA and TDMA are two classical
methods of providing multiple access; CDMA is accomplished by means of SS. In

this system, each user is assigned a particular code for spreading the information



28

signal. Different codes for each user enables separation of messages at the receiving

point.

A DS CDMA is shown in Figure 2.5. An attractive feature of CDMA is that,
unlike in TDMA, it does not require network synchronization. Adding users to the
system is relatively easy. In contrast to FDMA and TDMA, CDMA does not have
a sharply defined system capacity. As the number of users increases, the signal to
interference ratio decreases and there is a gradual degradation in performance until
the SNR falls below some threshold value. Thus the system can tolerate significant
amounts of overload if users are willing to tolerate poorer performance. Another
factor that favors CDMA is the need, in addition to multiple access, for some type
of external interference rejection capability. This interference may arise because of
the multipath nature of the channel, because of other users or because of jamming
signals. In indoor multipath channels, the choice of CDMA as a, multiple accessing
technique is appropriate because the same signal design allows both simultaneous

users and improved performance of each user in a multipath channel environment.

An important consideration in CDMA is the number of users that can be accom-
modated simultaneously. This is dependent on the cross-correlation properties of
the PN codes used by different users for spreading their information signal band-
width. More information about PN codes is presented in the next section to bring

out this important aspect of CDMA systems.
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2.3 Codes for Spectrum Spreading

The spreading code used to spread and de-spread a data signal is usually a binary
sequence generated with shift registers. For efficient operation, this binary sequence
is selected to possess certain desirable properties. In a CDMA communication sys-
tem, a set or a group of binary sequences or spreading codes is needed. In this case,

the binary sequence is required to have the following properties:

[S—y

. Easy to generate.

(L)

. The sequence is periodic. The period depends on system requirements.

3. Each sequence in the set is easy to distinguish from a time shifted version of

itself.

4. Each sequence in the set is easy to distinguish from every other spreading code

in the set.

Let z(t) be a periodic sequence signal of period T = NT. where N is the number
of chips (rectangular pulses) per period and T. is one chip duration. Property (3)
requires distinguishability of z(t) and z(t+ 1) for all 7 € (0,T). Consequently, it is

the magnitude of the autocorrelation function

0,..(7) = /O " a(t)a(t + 1)dt,

—_
o
()]

~—

that is of interest. Let z(¢) and y(%) be two different sequence signals of period NT..

Property (4) requires distinguishability of z(¢) and y(t+r7)forall 7 € (0,T). In
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this case it is the magnitude of the cross-correlation function

o
N
g

8:.4(7) =/0T:L-(t)y(t+r)dt, (2.

that is of importance. For periodic sequences, autocorrelation and cross-correlation

functions are also periodic.

One important class of sequences is known as the Maximal Length Shift Regis-
ter Sequences (MLSRS), also called m-sequences. They are called maximal length
because these sequences have the maximum period for a given length of the shift reg-
ister. These basic sequences are discussed in the next section. The Gold code which
can be constructed using the m-sequences is discussed in Section 2.3.2. The math-
ematical background for this subject is widely available [32, 34, 37)] and therefore

not discussed here.

2.3.1 M-Sequences

As mentioned above, m-sequences are generated by using Binary Linear Feedback
Shift Registers (BLFSR). The shift register is conveniently described by its polyno-
mial. The m-sequences of period N are generated by BLFSR which correspond to
primitive polynomials of degree n, where N = 2" — 1, and n is equal to the length of
the shift register. Primitive polynomials of degree n exist for every n. In Table 2.1,
one primitive polynomial A(z) for each value of n is given for n < 20. This table

may be used to generate sequences of length 22° — 1. The binary representation for



Table 2.1  Some primitive polynomials of degree up to 20.
From [37].

degree h(z) degree h(z)
1 z+1 11 4+ 2241
2 ?+z+1 12 R AR A |
3 B+r+1 13 Bzt B 42241
4 *+z+1 14 |zM 4242114 24
5 P +z241 15 4zl 41
6 ®+z 41 16 T+ 52342241
7 ' +z+1 17 7+ 2341
8 B+ 428z +1 18 B+ 741
9 +zrt+1 19 O+ S+ bz +1
10 %+ 2341 20 20+ 23 +1
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the n-stage linear shift register which corresponds to the polynomial

h(z) = hoz™ + hyz™ ' 4 ..... + hp1z + by, (2.7)

is the binary vector [ho, Ay, ....... , hn] of length n + 1. In this vector he = h, =1,
and for 1 <7 < n, h; = 1 if there is a feedback tap connection to the output of the
ith stage and h; = 0 otherwise. The register shown in Figure 2.6(a) corresponds to
the primitive polynomial

h(z)=z*+z+1, (2.8)

which may be written in binary form as (1001 1]or as 23 in octal. The rectangles
represent shift registers and a circle with plus sign represents the exclusive-OR.
operation. The initial register loading is specified by the binary vector of length n
which is given by [aq a; a; a3] as shown in F igure 2.6(a). Any one of the initial
register loadings except the all zero state results in the same state cycle sequence
as that shown in Figure 2.6(b). Because all possible states, except the all zero
state, appear once in the state cycle, the period of the output sequence a is the
maximum possible. The output sequence consisting of {0, 1} can be transformed
to the sequence that consists of {-1, +1} by mapping 0 — —1 and 1 — +1. The
periodicity of the output sequence may be expressed by a; = ayy; for any i. The
spreading waveform a(t) derived from this sequence is periodic with period T = NT,

and is specified by
+00

a(t) = ) a;p(t —iT.), (2.9)

f=—00
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Figure 2.6 (a) Shift register configuration corresponding to
polynomial A(z) = z% +z + 1. (b) Shift register
sequence.
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where a; = +1 and p(t) is the shaping signal over time 0 to T..

The autocorrelation function of a sequence of period NV may be written as

N-1
balk) = 3 @ik, (2.10)

=0

for k =0,+1,+2,.. For an m-sequence, the autocorrelation function may be written
as
N k=N
Oa(k) = (2.11)
-1 k#:iN,

where 7 is any integer and N is the sequence period. The m-sequences are almost

ideal in terms of autocorrelation properties.

In CDMA, cross-correlation properties of code sequences are as important as
autocorrelation properties. The cross-correlation between two m-sequences a and b

of period N can be defined as

N-1
ap(k) = D aibiys, (2.12)

=0

for £ = 0, £1, £2, .. Ideally, the sequences used by different users in a CDMA system
should be mutually orthogonal to keep the level of interference experienced by any
one user due to other user signals to a minimum. The cross-correlation function
between any pair of m-sequences of the same period can have relatively large peak
values as shown in Table 2.2. In Table 2.2, n is the length of shift registers used

for the sequence generation, N is the sequence period and M is the number of
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Table 2.2 Peak cross-correlations of m-sequences and Gold

sequences. From [50].

nN=2"=1| M | e | G | t(n) | n

3(0)
3 T 2 3 |071] 5 [0.71
4 15 2 9 (060 9 |0.60
) 31 6 11 035 9 |0.29
6 63 6 23 1036 17 |0.27
7 127 18 | 41 1032 17 |0.13
8 255 16 | 95 [0.37| 33 |0.13
9 o911 48 | 113 [0.22 | 33 | 0.06

10 1023 60 [ 383 [0.37 | 65 | 0.06

11 2047 176 | 287 | 0.14 | 65 | 0.03

12 4095 144 | 1407 | 0.34 | 129 | 0.03

possible sequences. Quantities 8,,,, and #(0) are the peak magnitudes of the cross-
correlation function and autocorrelation function respectively; ¢(n) is defined in
the next section on Gold codes. It may be seen that for most sequences the peak
magnitude ., of the cross-correlation function is a large percentage of the peak
value of the autocorrelation function, ¢(0). Although it is possible to select a small
subset of m-sequences that have relatively smaller cross-correlation peak values, the

number of sequences in the set is usually too small for CDMA applications.

PN sequences with better periodic cross-correlation properties than the m-sequences

were proposed by Gold [11] and are referred to as Gold codes. These codes are ex-
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plained in the next section.

2.3.2 Gold Codes

Gold codes [11] are derived from certain pairs of m-sequences of length N = 27 —1,
that exhibit a three valued cross-correlation function with values {-1, —ttn), t(n)-2}

where

2(n+1/2 £ 1 odd values of 7,
t(n) = (2.13)

2(n+2)/2 L | even values of n.

Such m-sequences are referred to as the preferred sequences. From a pair of preferred
sequences a and b, a set of N sequences of length N can be constructed by taking
the modulo-2 sum of a with the N cyclically shifted versions of b or vice versa.
Including a and b also in this set, the N + 2 sequences constructed in this manner

are called Gold sequences or Gold codes.

The set of Gold sequences are not maximum length shift register sequences of
length N, except for a and b, so their autocorrelation values are not two-valued.
It can be shown [11] that the cross-correlation function for any pair of sequences
from the set of N +2 Gold sequences is three-valued with possible values {-1, -¢(n),

t(n)-2} where t(n) is given by Equation (2.13).

It is useful to compare the peak cross-correlation function of Gold codes with the
lower bound on peak cross-correlation between any pair of binary sequences. A lower

bound on 6., the peak cross-correlation between any pair of binary sequences of
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period N in a set of M sequences, is given by (38]

Omas > Ny L1

—_— 2
2 N v =T (2.14)

This is termed as Welch’s bound. It can be approximated as v/N for large values of
M and N. For N =2"—1,and M = N +2, the lower bound is ~ 2™/2. Comparing
this value with the upper bound on peak cross-correlation t(n) for Gold codes given
in Equation (2.13), it is seen that Welch’s bound is lower by V2 for n odd, and by

2 for n even.

Gold codes are used as the user codes for analyzing the performance of the pro-
posed CDMA receivers in this thesis. Two sets of codes with period, N = 31 and
127 are employed. They are generated from primitive polynomials of degree n =
5 and 7 respectively. For n = 5, polynomials represented by vectors [1 00 1 0 1],
(45 in octal) and {1 1 11 0 1], (75 in octal) are a preferred pair of primitive poly-
nomials. The method of Gold code generation using these polynomials is shown in
Figure 2.7(a). This will provide a set of 33 code sequences of period 31. In Figure
2.7(b), the method of generation of Gold sequences of period 127 using primitive
polynomials {1 0 00 10 0 1], (211 in octal) and 1000 1 1 1 1], (217 in octal)
is shown. These two code sets are used as the spreading codes for the performance

evaluation of CDMA receivers.
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Figure 2.8 CDMA system in an indoor multipath channel.

2.4 Indoor Channel

A typical indoor system may consist of one or more fixed base stations and a

number of portable units. Depending on the size of the building and the transmit

power levels involved, the coverage area may be divided into a number of cells.

Figure 2.8 illustrates one such cell and the nature of the multipath channel. There

may be many different propagation paths between the portable and the base station
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Figure 2.9 Impulse response of an indoor channel.

and these paths may or may not include a line of sight path. The multiple paths
arise from reflections, diffractions, and scattering due to the structure, contents,
and physical surroundings of the building. For brevity these phenomena will be
collectively referred to as reflections and their sources as reflectors. In reality there

may be a continuum of multipath components.

2.4.1 Impulse Response

If an impulse is transmitted over a multipath channel with L paths, the received
signal appears as a series of L impulses. Because the paths have different lengths
and attenuation, the received pulses arrive at different times and with different

amplitudes as shown in Figure 2.9. The portables are free to move, and some signal
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reflectors (e.g., doors, people etc.) are often not stationary. In general the channel is
time-variant. The amplitude and delay associated with path [ at time ¢ are denoted
by a/(t) and 7(t) respectively. F igure 2.9 illustrates the time-variant nature of the
multipath channel with example responses for impulses transmitted at times ¢ = ¢,

and t = t5 + a.

A common method used to model! this random time-varying indoor propagation
channel is to use the concept of impulse response. For each point in the three-
dimensional space, the channel is a linear time varying filter with impulse response
given by

L(r)-1
h(t,7) = D aw(t)s[r — me(t)]eO0), (2.15)
k=0
where ¢ and 7 are the observation time and application time of the impulse, respec-
tively. L(r) is the number of multipath components, {a(t)}, {rx(¢)} and {6:(2)}
are the random time varying amplitude, arrival time and phase respectively and é
denotes the delta function. The channel is completely characterized by these path
variables. This mathematical model is illustrated in Figure 2.10. Because of its
generality, this model has the advantage that it can be used to obtain the response
of the channel to the transmission of any transmitted signal z(t) by convolving z(t)
with A(t,7) and adding noise. For a stationary (time-invariant) channel, Equation
(2.15) reduces to
L-1

h(t) = D" axb(t — ti)e®. (2.16)
k=0
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Figure 2.10 Mathematical model of the indoor channel.

2.4.2 Signal Fading

With the mathematical model of an indoor channel given by Equation (2.16),
if signal z(t) = Re{s(t)exp(jw,t)} is transmitted through this channel (where s(t)
is any low-pass signal and w, is the radian carrier frequency), the signal y(t) =

Re{p(t) exp(jw,t)} is received where

L-1

p(t) = 3" aps(t — t)ei. (2.17)
k=0

When an unmodulated carrier is transmitted, s(t)=1 and

L-1
p(t) = Z ared®*. (2.18)
. k=0

The low-pass equivalent signal p(t) is the sum of L vectors with phase 6, and ampli-
tude ax. The phase of each multipath component depends upon the path delay and

the carrier frequency. At carrier frequencies of interest, §; can change by 27 radians
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with small changes in path length. Thus p(t) can be modeled as a random process.
The vector phase 6, being random, at certain time instants the vectors will add in
phase resulting in a strong signal, while at other times, they will tend to add out
of phase resulting in a weak signal. These fluctuations are called signal fading, and

are a direct result of the multipath characteristics of the channel.

With a large number of paths, the central limit theorem can be applied and the
summation p(t) can be modeled as a zero mean complex valued Gaussian random
process. Such a process is comprised of two real-valued, jointly stationary indepen-

dent Gaussian processes and it may be given by
p(t) = p:(t) + jpi(t). (2.19)
The envelope of such a complex-valued process may be written as

y(8) = |p(t)] = \/p2(t) + p(2). (2.20)

It is well known [50] that the envelope of a zero mean complex-valued Gaussian

random process has a Rayleigh probability density given by
fly) = ZemU), (2.21)

where a® = ¢? = 0? (the variances of the two real-valued processes) and U(t)

is the unit step function. A multipath channel that can be modeled by a zero
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mean, complex-valued Gaussian random process is therefore said to exhibit Rayleigh

fading.
2.4.3 Delay Spread

Because the received signals follow different paths and some of thé paths are
longer than the others, multipath signals arrive with slight differences in time delay.
The multipath time delay structure in an indoor radio transmission can be measured
by transmitting wide-band pulse-like signals between base station and portable lo-
cations [40] - [49]. Figure 2.11 illustrates two multipath delay profiles obtained from
such a measurement at 1.5 GHz made in two rooms in a large building [49]. It is
also called the power-delay profile. Comparison of these two figures illustrates the
gross differences between profiles measured for different transmitter-receiver loca-
tions. The range of values of time delay over which the measured power is essentially
non-zero is called the multipath delay spread, A, of the channel. A measure of the
widths of such profiles is needed to determine limits on digital transmission rates
possible over such radio channels. One simple parameter that is useful in describing
the overall characteristic of the multipath profile is the root mean square (r.m.s)

delay spread. The r.m.s delay spread o, can be written as [49]

or =\/12 - 72, (2.22)
where
n_2
Fn o= M\. (2.23)

ngi .
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In Equation (2.23), the pair (7\,g)) is the delay and gain of the Ath path. respec-

tively.

In a digital system, particularly one operating at a high bit rate, the delay spread
causes each symbol to overlap with the preceding and following symbols, producing
Intersymbol Interference (ISI). Therefore, the width of the signaling pulses trans-
mitted over the channel should be much greater than the r.m.s delay spread to avoid
ISL. In effect, delay spread sets a limit on the symbol transmission rate in an indoor
digital system. Root mean square delay spreads in the 25-200 nsec range are widely

reported for indoor channels [40]-[49].

2.4.4 Doppler Shift

Radio transmissions are frequency shifted due to the relatjve motion of portable
units and reflectors in the indoor environment. This variation in the frequency of
the received signal is known as Doppler shift. Moreover, the Doppler shift affects
all multiple propagation paths, some of which may exhibit a positive shift and
some a negative shift at the same instant. This shift introduces random frequency
modulation in the received signal. Doppler shift can be quite high in a land mobile
channel. At a vehicle speed of 40 km/hour and at a carrier frequency of 1.5 GHz,
Doppler shift can be as high as 100 Hz. In indoor portable communications at 1.5

GHz, the Doppler shift is significantly lower (approximately 10-15 Hz).
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2.4.5 Coherence Bandwidth

The coherence bandwidth of the channel is approximately defined as the recip-
rocal of the multipath delay spread [50]. Two sinusoids with frequency separation
greater than the coherence bandwidth are affected differently by the char}nel. When
an information bearing signal is transmitted through the channel, and the coherence
bandwidth is small in comparison with the bandwidth of the transmitted signal, the
channel is said to be frequency selective. If the coherence bandwidth is large in com-
parison with the bandwidth of the information bearing signal, the channel is said
to be frequency non-selective. For practical CDMA systems, the indoor channel is
frequency selective. The large bandwidth of CDMA signals allows multipath to be
resolved in time with a time resolution equal to the reciprocal of the CDMA signal
bandwidth. Because each resolved path is independently affected by the channel,
these paths can be combined to improve signal to noise ratio. This form of diversity

technique is referred to as spread spectrum diversity or multipath diversity.

2.4.6 Coherence Time

The coherence time of a channel is approximately defined as the reciprocal of the
Doppler shift. A slowly varying channel has a large coherence time or, equivalently,
a small Doppler shift. The indoor channel can be considered to be slowly varying

at the bit rate of 1 Mbps.
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2.5 CDMA Receivers

As stated in Chapter 1, CDMA receivers can be broadly classified as those that
do not take advantage of the implicit spread spectrum diversity, such as the correla-
tor receiver, and those that do take advantage of the multipath diversity offered by
spread spectrum, such as the RAKE receiver. The principle of operation of these

two types of receivers is described in the next two subsections.

2.5.1 Correlator Receiver

A correlator type base station receiver is shown in F igure 2.12. As shown in this
figure, the received signal r(t) is initially down converted and then de-spread by
multiplying it with the transmitter code which is in phase with the received signal
code. The correlator is aligned with one of the multipaths in the received signal.
This can be the first path signal received or the strongest path signal. Aligning to the
strongest path will result in better performance. This requires complex multipath
tracking circuit. Multipath tracking is relatively easy when the first path signal is
selected. The phase of the carrier signal used for down conversion is the phase of the
path signal to which the correlator is aligned. Similarly the phase of the spreading
code used at the receiver for de-spreading the signal should correspond to the code
phase of the selected path signal. The de-spread signal is integrated over a symbol

duration to obtain the decision variable to detect the information signal.
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2.5.2 RAKE Receiver

To improve performance, diversity combining techniques (time, frequency or
space) are often used in a fading multipath environment. For CDMA systems, with
DS SS operating in a multipath environment, signals of paths with a propagation
delay difference of more than the spreading code chip duration can be separated
in the receiver. As these paths have independent fading patterns, their signals can
be combined to mitigate the effects of fading. In some cases, the path with the
highest signal power is selected and paths with weaker signals are discarded. When
multipaths are combined, one of the following two combining techniques can be

applied.

e Equal gain combining: Signals of all received paths are added equally.

e Maximum ratio combining: Received signals from individual paths are com-

bined in a way to accentuate credible signals and suppress less credible ones.

The maximum ratio combining method is more effective than the other two. A
RAKE receiver with maximum ratio combining is shown in Figure 2.13. The received
signal is down converted initially by a carrier signal and then passed through a
Matched Filter (MF). An example of the output of MF looks like that shown in
Figure 2.14(a). RAKE combining is realized by using a Transversal Filter (TF). TF
is a delay line with a maximum delay equal to A, the multipath delay spread of the
channel. The delay line is divided into L, segments, where L; denotes the number

of significant paths for the kth user. The number of significant paths is decided by
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the multipath tracking circuit. Each segment has a delay T, the spreading code
chip duration. The signal values in each segment is multiplied by a weighting factor
ak\ proportional to (gi e/®**)" 1 < XA < Ly, where gk, and ¢\ correspond to the
amplitude and phase of the Ath path of user k and * denotes complex conjugation.
The impulse response of the RAKE combiner is the time reversal of the channel
impulse response and is shown in Figure 2.14(b). The combiner output shown in
Figure 2.14(c) is the convolution of the matched filter output and the combiner
impulse response. The desired peak of the output occurs at ¢ = (Ly —1)T, and it is

proportional to F%* gia

Diversity combining RAKE receivers achieve a significant improvement over non-
combining single path correlator receivers. However, to realize this performance
improvement, the channel parameters (path amplitudes g » and path phases ¢y, ),

have to be estimated with high precision.

2.5.3 Co-channel Interference in CDMA Receivers

As stated before, the same bandwidth is occupied by all users of a CDMA system.
To each user, the signal from every other user of the system is an interference
and this is referred to as the CCI. The CCI arises due to the cross-correlation
among the spreading codes of different users. In an indoor CDMA system with a
correlator receiver, other than the desired path signals of the same user, and all the
path signals of all other users, contribute to CCL In a diversity combining RAKE

receiver, all path signals of all other users contribute to CCI. The CCI is the major
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source of interference in a CDMA receiver and this interference limits the number

of simultaneous users that can be accommodated in a CDMA system.

One method of improving the capacity of the CDMA system is to employ cancel-
lation of CCI at the receiver. The concept of CCI cancellation in a CDMA receiver

is explained in the next subsection.

2.5.4 CDMA Receivers with Co-channel Interference Can-

cellation

The CCI is a serious problem in the reverse link (portables to base station) of a
cellular system. The signal received from a portable close to the base station will be
much stronger than that received from a portable at the cell boundary. This becomes
a serious problem for an indoor channel as the path loss exponent with distance is
3.7 to 4 [49] instead of 2 as it is for free space. Therefore, a more distant user will
be dominated by the close-in portables. This is referred to as the near-far effect.
As stated in Chapter 1, power control techniques are commonly used to alleviate
this problem. However, due to imperfections in power control, the capacity of an
indoor cellular system with traditional correlator or RAKE receivers is considerably

reduced due to the near-far effect.

The CCI signals have the property that they are deterministic and can be re-
generated at the receiver provided the symbol timing, incoming signal level, data
content, spreading code, and channel parameters can be correctly estimated for all

co-user signals. As shown in Figure 2.15, the receiver can achieve an improved per-
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formance on a desired channel if additional recejver stages are incorporated for all
interfering channels. Such stages are used to estimate parameters mentioned above.
In a cellular system, this kind of receiver can be advantageously used at the base
station to detect all multiple access signals. Once this is done, the interfering signals
can be accurately regenerated at the receiver. These signals can then .be used to
cancel the interfering signals in the desired channel as shown in F igure 2.15. Cancel-
lation of interfering signals from the received signal at the front end of the receiver
will permit improved detection of autocorrelation peaks for the weaker signals in
a subsequent receiver stage. The total cancellation of all known interfering signals
from the received signals at the input of the receiver will also help the acquisition of
spreading code phase and estimation of channel parameters. CDMA receivers with

CCI regeneration and cancellation are analyzed in Chapters 4 and 5.

2.6 System Imperfections

It is clear that a traditional or a CCI canceling receiver will yield the best perfor-
mance when all the parameters are perfectly estimated, however, it is often difficult
to provide ideal conditions in indoor mobile communications for such an optimum
performance. The primary focus of this research is to investigate the effect of three
system imperfections on the performance of traditional and CCI canceling CDMA
receivers. This is done by modeling these imperfections and using these models for
analysis and simulation of the BER performance. The particular system imperfec-

tions considered are:
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e Power control imperfections.
o Channel estimate imperfections.

e Spreading code phase estimate imperfections.

A brief review of the three types of imperfections is presented in the next three

subsections.

2.6.1 Imperfections in Power Control

It is desirable to maximize the number of allowed simultaneous users in a given
system bandwidth. This system capacity is maximized if the transmitted power of
each portable is controlled so that its signal arrives at the base station with the
minimum required signal to interference ratio. Any power below this results in
an unacceptable BER. If the received power is too high, the performance of this
portable is good, but interference to all other portables that are sharing the channel
s increased. This may result in unacceptable performance for other portables. These

problems can be overcome by power control measures.

The North American dual-mode CDMA cellular system standard, commonly re-
ferred to as interim standard 95 or IS-95, specifies open loop and close loop power
control in the reverse link. In the open loop scheme, each portable unit attempts
to estimate the path loss from the base station to the portable by measuring the
power level of a pilot signal from the base station. In the case of a sudden change in

channel conditions, as would happen when a portable moves in and out of shadow
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zones, open loop power control provides for a very rapid response over a period of
a few microseconds. For a full-duplex facility, separate frequency bands are allo-
cated for forward and reverse links. When frequency separation is more than the
coherence bandwidth of the channel, fading on the forward and the reverse paths
is independent. The above simple method of power control is insufﬁcie;lt, and the
portable transmitter power must also be controlled by a separate signal from the
base station. Each base station demodulator measures the received signal to noise
ratio for each portable, and the measured SNR is compared with the desired SNR for
that portable so that a power adjustment command can be issued to that portable
unit. This closed loop power adjustment command is combined with the portable’s

open loop estimate to set the mobile’s transmit power.

Imperfections in such a Transmitter Power Control (TPC) can be due to faulty
TPC, finite dynamic range of TPC, and propagation effects. Field trials for an
outdoor cellular system show that even with power control, the normalized received
power from the mobile unit is a log-normal variable with a variance of 1-2 dB [10].
The TPC imperfections of the same order can be assumed for an indoor CDMA
system. In the subsequent analysis, the normalized received power from the portable
is taken as a log-normal random variable. The normalization is obtained by dividing
the received power from the portable by the set or the desired power. The set or
the desired power is the power obtained from the portable if perfect power control
is available. The variance of this log-normal random variable is a measure of the

magnitude of TPC imperfections.
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2.6.2 Imperfections in Channel Parameter Estimation

Channel parameter estimates (multipath amplitudes and phases) are required in
CCI canceling receivers to regenerate the co-user signals which are then canceled
from the desired signal. Many channel estimation algorithms use the Principle of
minimizing the mean squared error in the estimates [66]. This results in a finite
error in the estimates. In some other channel estimations, an averaging process is
used. Using long averaging periods, such a system suppresses the influence of noise
efficiently. On the other hand, long averaging intervals lead to systematic errors in
the estimated channel parameters since the channel js time-variant. No experimental
studies on the distribution of channel estimate errors have been reported so far
in the literature. However, the path amplitude and the path phase errors have
been modeled as zero mean Gaussian in [20]. Because the estimate error is due
to a combination of several independent factors like CCI, time variation of channel
and AWGN, it is reasonable to assume the error as a zero mean Gaussian random
variable. Therefore, in the performance analysis of CDMA receivers (traditional
and CCI canceling) reported in this thesis, the channel estimate errors are modeled
by zero mean Gaussian random variables. The path amplitude estimate error is
normalized by one volt and the pg.th phase estimate error is normalized by 7 radians.
The normalization of these estimate errors permits the use of a single mean square
value to represent the second moment of these estimate errors. The mean square of

the normalized estimate errors is used as a measure of the estimate imperfections.
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2.6.3 Imperfections in Spreading Code Phase Estimates

An estimate of the received spreading code phase is required to implement de-
spreading in a spread spectrum receiver. In CCI canceling receivers, synchronized
spreading codes are also required to regenerate the co-user signals whicfh are then
subtracted from the received signal. Phase acquisition strategy used in the receiver
provides the code phase with an accuracy of + 3 chip. This is followed by a code
tracking circuit which provides a more accurate phase estimate of the spreading code.
Co-user signals with different spreading codes which have a finite cross-correlation
with the desired user spreading code cause error in the code phase estimation. Simi-
lar to the case of channel estimate error, no experimental studies on the distribution
of spreading code phase estimate error have been reported in literature. With the
reasoning used in the case of channel estimate errors, the code phase estimate error
is also modeled by a zero mean Gaussian random variable. The standard deviation
of the normalized code phase estimate error is used as a measure of code phase esti-
mate imperfection. Normalization is obtained by dividing the error by the spreading

code chip duration.

A detailed analysis of the effect of these three system imperfections on both CCI

canceling and non-CCI canceling receivers is developed in the next three chapters.

2.7 Summary

Some basic concepts of an indoor CDMA system and the terminology used in the

analysis were introduced in this chapter. BPSK modulation and spread spectrum
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were briefly described. This was followed by a description of maximal length shift
register and Gold spreading codes and their cross-correlation properties. A brief
description of the impairments in an indoor radio channel was included. Traditional
and CCI canceling CDMA receiver structures were introduced. Finally, the imper-
fections in power control, channel estimates, and spreading code phasé estimates

were discussed along with the models for representing them in analysis.



3. Effect of System Imperfections
on the Performance of Correlator

and RAKE Receivers

In this chapter, the effect of system imperfections on the BER performance of
an indoor CDMA radio system using correlator and RAKE receivers is analyzed
theoretically. Special emphasis is placed on the analysis of the combined effect of
imperfections in power control, path amplitude and phase estimation, and spreading
code phase estimation on the system BER. The indoor channel is modeled as a
frequency selective slow Rayleigh fading channel with three paths on average. The
effect of Additive White Gaussian Noise (AWGN) is also included in the analysis.
Expressions for the probability of error are derived using a Gaussian approximation
model for the Multiple Access Interference (MAI). By using a more complex and
computationally intensive improved Gaussian approximation, it is shown that the
simpler Gaussian approximation is reasonably accurate for the range of SNR values

encountered in a practical system.

The CCI canceling CDMA receiver configurations presented in Chapters 4 and 5
are logical extensions of the correlator and RAKE recejver configurations considered
in this chapter. The analysis presented in this chapter sets the stage for analysis of

CCI canceling receivers in Chapters 4 and 5.

63
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3.1 System Description

The transmitter and channel models are presented in this section. These models
are also applied for the analysis and simulation in Chapters 4-6. The communication
system considered is the reverse link (portables to the base station) in a microcellular
system operating in an indoor environment. There are /X portables transmitting
asynchronously over their individual multipath fading channels to the base station

receiver. Such a scheme is illustrated in F igure 3.1.

3.1.1 Transmitter

Each station transmits using BPSK modulation for a DS SS system. The kth
transmitter generates data bits at a rate of TIE bits per second, where T} is the bit

duration. Its data signal bx(%) and spreading signal a(t) with chip duration T, are

defined as

be(t) = Z bn(k)pr(t —nTy) (3.1)
and

ap(t) = Z an(")pTc(t —nT,), (3.2)

where unit rectangular pulse pr(#) is defined as

1 0<t<T
pr(t) = (3.3)

0 otherwise.
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The data symbols b¥) are considered to be independent and identically distributed
(i.i.d) sequences with Pr(b{¥) = +1] = Pr[p(¥) = —1] = 0.5. The spreading sequence
a{) has a period of N and T} = NT.. The equivalent low-pass bandwidth of the
channel, W, is assumed to be equal to 1/T.. The data signal is first multiplied by

the spreading signal to produce the baseband signal u.(t), where

ug(t) = be(t)ae(t). (3.4)

With carrier modulation, the transmitted signal becomes

sk(t) = \/2Peur(t — Tx)coswe(t — Ti) + Uel, (3.5)

where w, is the radian frequency, T} is the kth user’s transmitter delay, and vy is its
phase offset. T} and ¥ are uniformly distributed over [0, T3] and [0, 27] respectively
for all k. P, represents the received power of the kth user’s signal such that P, =
Ey /Ty, where Ej ) represents the energy per bit for user k. As mentioned before,
perfect power control is difficult in a fading multipath mobile environment. In this

thesis, imperfect power control is assumed.
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3.1.2 Channel

The random and time varying indoor propagation channel of the kth user can be

modeled as a linear time varying filter with an impulse response given by [41]

Li(7) ’
he(,7) = D gen(t)6[r — 1 5 (8)]e0a() (3.6)

A=1

where ¢ and 7 are the observation time and application time of the impulse respec-
tively. Li(7) is the number of multipath components in the kth user’s propagation
channel. Quantities, {gx A(¢)}. {ea(2)}, {8k.a(£)} are the random time varying am-
plitude, arrival time and phase sequence respectively and & represents the delta
function. With B defined as the time increment, the impulse responses hi(t,7) and
hi(t + B,7) are similar when 8 << Teon, Tcon being the coherence time of the chan-
nel. With velocity v of the portable unit and the wavelength Ao at center frequency,

Teon can be approximated by [51]

Ao
Tcoh ~ %. (3.7)

With a A= 0.2 meterand v = § km/hr, Teon for an indoor channel is ~~ 70 msec.
With a symbol duration T; = 1 microsecond, a channel can be considered to be
time invariant for several data symbol durations. Thus, a slow fading channel is
assumed in this analysis. This implies that the channel parameters remain invariant
over the duration of several bits [49]. The multipath amplitudes and phases can be

estimated fairly accurately in a slow fading indoor radio channel.
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For a quasi-static channel like the one described above, Equation (3.6) reduces

to

Ly _
hi(t) = 3~ geab(t — tir)ea. (3.8)
A=l

The number of paths, L, in link & has a Binomial distribution [52]. For this

distribution

Pr{\ = L] = ("Z:) P11 — p)Na~Lx (3.9)

where NV, is the number of bins that can be formed by dividing the delay spread, A
into intervals of one chip period such that N, = [% J; |z] being the integer part of
the real number z. The maximum possible value of L is Na and L; € {1,2,..., N}

P, is the probability that a path exists in any one of the bins.

Paths are counted as different paths only if

1
[tk — tea]| > W (3.10)

for all @ # A. Distinct paths in the physical medium that violate this resolvability
condition are not counted separately, since they cannot be distinguished in a sys-
tem with a bandwidth of W. These unresolvable “subpaths” present within a chip
duration add vectorially. Mathematically, if [tka, — tha,| < #, for i, = 1,....,n,

where n is the number of subpaths within a chip duration, then

Grat’?e =3 g, e, (3.11)

=1
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is the resolved multipath component [40].

Although the gains of adjacent multipath components {gy, A = 1,2, ..., L} are
likely to have some correlation, the existence or the degree of this type of correlation
has not yet been established. However, measurements indicate that two components
can be considered to have uncorrelated gains if their time delay difference is more
than 25 nanoseconds [41]. With a data rate of 1 megabits per second (Mbps) and a
chip rate of 31 megachips per seconds (Mcps), the resolvable path delay is equal to
33 nanoseconds in the CDMA system under consideration. Thus the assumption of

uncorrelated amplitudes of the resolvable paths is just valid in this case.

The following assumptions are made in the analysis that follows. (i) The path
amplitude g \ is Rayleigh distributed, the path phase 6y ) is uniformly distributed
over [0, 27] and the path time delay, tk,x is uniformly distributed over [0, Al. (ii) The
sets {ten}s {gra}, {Ok2} and {L;} are mutually independent and members within

each set are i.i.d random processes for all & and A,

3.2 Performance of Correlator Receiver

As explained in Chapter 2, an attractive feature of correlator receivers is their
simplicity. Because of this, they find applications in many practical systems. In
this section, the BER performance of a correlator receiver is analyzed for an indoor
CDMA system. In particular, the effect of imperfections in power control, carrier
phase estimation and spreading code phase estimation on the performance of such

receivers is investigated. The components of the received signal at the base station
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are examined and models to analyze the effect of system imperfections are developed
in Section 3.2.1. An expression for receiver output data estimate is developed in
Section 3.2.2. It is followed by BER analysis and numerical results in Section 3.2.3

and 3.2.4 respectively.

3.2.1 The Received Signal

The received signal, which is the sum of all the signals arriving from each user

and path in addition to the thermal noise, can be written as

K oo
r(t) = Z/ hi(7)sk(t — 7)dr + n(t), (3.12)
k=177

where n(t) is the white zero mean Gaussian thermal noise process with a two sided
noise power spectral density of %‘1 at the receiver input. It is to be noted that, due
to imperfections in power control, the received signal r(t) consists of user signals
with a log-normal distribution of power. The variance of the distribution can be up

to 2 dB. Using Equations (3.5) and (3.8), r(¢) may be written in the form

R Lg
rt) =33 V2Pigkaar(t — 7 )be(t — iz} cos(wet + brx) + n(t). (3.13)

k=1 A=1

The net time delay, 7\, and the net phase offset, ¢y », are obtained by summing their
respective transmitter and channel parts so that 7, = T} + ta and ¢p )\ = (Yr +
0x.» — weTk 2 ) modulo 27. Tk,x and @ are modeled to be uniformly distributed over

[0,T; + A] and [0, 27] respectively. The correlator receiver for the ith (1<i<K)
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user shown in Figure 3.2 is aligned with the signal arriving in the first path. The
first step in the receiver is down conversion to the baseband signal ry(¢). This is
done by multiplying r(¢) by cos(w.t + c;,-‘[). where é,-,l is the estimate of phase i1
of the signal arriving in the first path. Estimation of this phase angle cannot be

assumed to be perfect. The estimated phase 0i1 can be written as
0i1 = 01 + Ny, (3.14)

where Ao, is the error in the estimation of 0:1 and is assumed to be a zero mean
Gaussian random variable with a variance of 03e,,- The down converted and low-

pass filtered signal for the desired user :. can be written as

rq(t) = @gd(i. t.l)ai(t — 71)bi(t — 7 y)

. L'
+ 7‘ égd(i. A )ai(t — Ti..\)bi(t ~Tin)

Eo& /p
+ > > 5 gtk Mag(t — me\)bi(t — 7yc\)
k=1.k#i \=1 =

+ny(t). (3.15)

where g4(7. k. \) = g\ cos(op.\ — 5,;1) and nq(t) is the lowpass filtered component
of the down converted noise signal n(t)cos(w.t + é),-_l). In Equation (3.15). the first
term corresponds to the desired path signal for the ith user. The second component
is the Interference from the Desired Signal (IDS) due to the multipaths in the ith

user signal. The third component represents the Multiple Access Interference (MAID
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from other users of the CDMA system and the fourth term is due to the Additive

White Gaussian Noise (AWGN).

The receiver must acquire the phase of the spreading sequence corresponding
to the first path signal of the desired transmitter. Because of the multiple spread
spectrum signals transmitted in the same bandwidth by other users of the CDMA
system. this acquisition process is difficult. The presence of multiple access inter-
ference results in an error in the acquired code phase. The error in code phase

acquisition results in a path delay estimation error. ArT; 1. such that
Til = Tip + Ar . (3.16)

where 7, denotes the estimated delay of the first path signal of the ith user. The
error in code phase acquisition results in a spreading code a;(t — 7 ) being fed to
the correlator shown in Figure 3.2. The path delay estimation error is modeled as
a zero mean Gaussian random variable with a variance of 0%, ,- It is assumed that

A7n and A, are mutually independent random variables.

3.2.2 Analysis of Data Estimates

At time t = nT}, + 7. the correlator output Z{ for the nth symbol is given by

. nTb+7.'z.l . -
z9 = [ r(t)ai(t — 1) cos(wel + &, )dt
(n=1)Tp+7

= DY+ F 4 1) 4 ¢, (3.17)
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where 7, and oA,;l have been defined previously. In Equation (3.17). DY) denotes
the desired output of the correlator, F) corresponds to the interference output due
to other path signals of the desired user and I is the output due to signals of
other simultaneous users of the CDMA system. The quantity. {9 is the correlator
output due to AWGN. By substituting for r(¢) and performing the integ.ration. it is

straightforward to show that

DY) = ‘/?bg)gd(i. L) Rii(Ary)Th, (3.18)
) L, P. ) ) o
) = \g \/;gdu‘.i.A) {8 Ris (7 (i ) + 89 R (7 (i LA (3.19)
() L P. . (k) . (k) 7 :
L= % % 5 9a(t. k. ’\){bn—l—mRk.i(‘_(Lk-/\)) +bn—mRk.i(T(z~l"~’\))}
k=1.k#1 \=1 -
(3.20)
and
. '"-Tb‘*";x.l -
) = / n(t)ai(t — 7,) cos(wet + o;, )dt. (3.21)
(n_l)Tb'{"’;x.l

where g4(z,k.)) has been previously defined. Other notations used in Equations
(3.18) - (3.20) are explained below. Quantity R; (A7 ;) denotes the autocorrelation
function of the spreading code of the desired user. ;. The counter m is defined as

TN — Ti

m = | =, (3.22)

and it specifies the relative bit shift in user &’s bit sequence arriving over its Ath path

with respect to user i's bit sequence arriving over its first path. This is required to
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determine the overlapping paths. The functions Rii(7(i.k. X)) and Ry, (r(:. k. N))

represent the time continuous partial correlation between the spreading signal of

user &’s Ath path and that of user :. defined as [13]

T(e.k\) N
Riei (7 (3. k. 1)) =/0 ar(t = 7 (i k. A)) ai(t)dt (3.23)
and
- Ty
Bei (7 (6. k. \)) = /H_ (=T (k) at)de. (3.24)

for 0 < 7(i. k. A) < T;. The time delay 7(i. k. A) between two signals is introduced to
perform a modulo T}, operation. This ensures that the arguments of Ry ; (7 (:. k. \))

and Re; (7 (i, k.))) satisfy 0 < 7(i. k. A) < Ty. It is given by

T(2. k. A) = (Tky = 7iq) — mT,. (3.25)

A hard decision on the correlator output Z{) provides a data estimate of ith user's

nth symbol as

b) = sgn(Z"). (3.26)
This data estimate variable is used in the BER analysis presented in the next section.

3.2.3 BER Analysis

It is difficult to obtain the exact BER of the DS/CDMA system because analysis

is often intractable. In many practical cases the analytical expression for the proba-
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bility of error cannot be evaluated exactly. A great deal of work has gone into finding
efficient methods for computation of the BER of CDMA svstems [13. [4. 16. 17].
[53]-[55]. These include approximations and bounds. The BER analysis presented

here utilizes the standard Gaussian approximation [L3] and the improved Gaussian

approximation [34] to model the effect of multiple access interference.

Standard Gaussian Approximation

A computationally simple approximation is the standard Gaussian approxima-
tion. In this approximation the interference signals F{*) and I{" from all paths of all
users are assumed to have a joint Gaussian distribution which implies unconditional
independence among the components of the multiple access interference within a

desired data bit duration.

In Equation (3.17). an expression for the decision variable Z{) was developed.
Because the symbol b) is equally likely. the system BER p!?) for the ith user is then

given by

Pt = 0.5Pr(Z) < 0[6) = +1) 4 0.5Pr(Z() > 0] = —1). (3.27)

Because of symmetry, one can write

Pr(Z{) > 0]bY) = —1) = Pr(Z < 0J6) = +1). (3.28)



Therefore

p{ = Pr(Z > 0]p) = —1). (3.29)

Specifically. one can write

A = PH(F 040 3 DU = )
F(l) + ]( i) + Q(l
\/\‘ar F + Var(147) + Var( '('))

= Pr( SNRY. (3.30)

where
[Dmf

SNRY =
Var(F{) + Var(I} N+ Var(¢h)’

(3.31)

A straightforward application of the central limit theorem then indicates that

pt — Q(\/(S./\’Rsf)) where

—

Qu)=_——/we*§mh (3.32)

2%

The central limit theorem is applicable when no single or asymptotically small pro-
portion of users contribute to a major share of interference. This condition holds
true in the case of perfect power control and also in the case of imperfect power
control with a variance of 1-2 dB in the normalized received power. However. in
the case of no power control. a weak signal may experience high power interference
from a portable close to the base station. Under such a condition, the central limit

theorem cannot hold and the standard Gaussian approximation is not accurate.

Using computer simulations. histograms of the MAI are obtained corresponding
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to perfect power control and imperfect power control situations. These are shown
in Figures 3.3 and 3.4. For comparison. the Gaussian random variable generated

by the simulation software MATLAB is shown in Figure 3.5. As may be seen. with

imperfect power control. the MAI is not very different from Gaussian.

The BER at the output of the receiver is calculated using standard Gaussian
approximation. To do this. expressions for the expected desired signal strength and
the variances of interferences and thermal noise at the output of the receiver have
to be derived. From Equation (3.18). by taking the expected value of the mutually
independent random variables. the average desired signal strength of the nth symbol

of the ith user can be written as
E { (DY) 2} = iE{P,—}TfE {92} [t +exp(=202, )| E{R%(Ar, )b (3.33)

where E{[bft"]z} = 1 has been utilized. Note that in deriving Equation (3.33). the
fact that for a zero mean Gaussian random variable r with variance o2. E{cosbr} =
exp(—bz—;}-). where b is a constant, has been used. The components of the set of

received power {F;, 1 < k < K} are independent and log-normally distributed

random variables [10].

[n Equation (3.33). £ {R?'i(AT;J )} has to be evaluated. This is done as follows. In
a practical synchronization system. most likely values of the error A7y lie between

+TI: and —T.. During this interval the autocorrelation function of the spreading
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code may be written approximately as

s A L
Rii(Ar,) = (3.34)

0 otherwise.
E{R (A7, 1)} of this random variable is given by

L,
E{R(Ar)} = 1——\[% + 7504n,- (3.35)

Using Equation (3.35). Equation (3.33) is written as

e{[oeT} = JEITE (s} |1+ emiaeka, )]

2 [2 1,
(1 - i ;adft.l + ﬁo’:\ﬁ.l )- (336)

The variance of the F{*) term given by Equation (3.19) can be similarly obtained

Var(FlV) = ;i—E{Pi}(L_,» - 1)E {gg(i. i. ,\)} i

E{R?(r(i.i. \) + B2 (7(i.i. M} (3.37)

where L; is the average number of paths of the ith user. To evaluate Equation (3.37).
the probability density function of 7(i.i. A) has to be obtained. It can be shown that

in the case of perfect synchronization. the probability density function of 7(i.z. )
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within the interval T. to \. In the case of imperfect svnchronization. the

M 1
IS 37T
probability density function of 7(i.1.A) as given by Equation (3.25) is obtained as

the convolution of the uniformly distributed delay and the Gaussian distributed

error in path delay Ar, ;. This density function is given by

oy 1 r(i.i\) =T, r(i.i.A) = A o

f(T(ll./\)) = m [el’f('TAr”) —erf(T_\m—)J . (336)
where erf(z) is defined as

f 2 [Teta 3.39

er(r)—\/—;/oe . (3.39)

The density function in Equation (3.38) is plotted in Figure 3.6.

Similarly. the variance of the I{) term (interference from all paths of other users),

in Equation (3.20) may be obtained as

R
Var(I{)) = 3 [éE{Pk}L_kE{gf(i.k.,\)}.

k=1.ks#:1 ==

E{RG(r(ik ) + B2 (7l k. A))}] (3.40)

To evaluate Equation (3.40). the probability density function of 7(7. k. A) has to be
obtained. For perfect synchronization. the probability density function of r(i. k. A)is

A':Tb within the interval —T. to A+7,—T.. In the case of imperfect synchronization.

the probability density function of 7(i. k. A) is obtained as the convolution of the

uniformly distributed delay and the Gaussian distributed error A7, in path delay.
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This density function is then given by

. 1 (e k. A T.
flr(ik)) = AT [erf( (lﬁaH )
=\- Ar g
Tk A)+T.— A\ - T,,)

\/:o'Ar,‘l

—erf( - (3.41)

To obtain the variances of F{*) and I!). the values of R. R? and RZ,. R2, are
required. The time continuous partial cross-correlation functions R, and Ry, are
defined in terms of discrete aperiodic cross-correlation function of the spreading

codes as [13]
Rk,,’(‘i‘) = Ck','([ - .’V)TC + [Ck,(l +1—-VN)— Ck.,'([ - ;’\")](T — ITL) (3.42)
and
Rii(7) = Cii T, + [Crall + 1) = Croa(D)](7 — IT.). (3.43)

for 0 <IT. <7< (U+1)T.<Tp. In Equations (3.42) and (3.43). the discrete
aperiodic cross-correlation function Cy ;. for the code sequences (aﬁk)) and (aﬁi)) of

the kth and ith user is given by

( j:OV -i= laﬁ“aﬁll 0<I<N-1|
Crall) = § izl 89 1 N <i<o (3.44)
0: >N

where \V is the code period. The discrete aperiodic autocorrelation function may



be obtained by putting k& =i in Equation (3.44).
E{R3(r(i.i. \) + R2,(7(i... M)} and E{ R (7(i. k. \)) + B2 (r(i. k. \))} are now
easily evaluated using numerical integration.

The mean and variance of the noise in Equation (3.21) are given by
E{¢} =0 (3.45)

and

\"o Tb

Var(¢W) = - ; (3.46)

Then from Equations (3.36).(3.37).(3.40) and (3.46). the ith user's signal to noise

ratio may be written as.

E{[D{’}
Var(F,gi)) + Va.r([,(.i)) + Var(g',(f)) )

SNRY = (3.47)

The data bit error probability is then given by

Pt =0Q (\/SNRL” ). (3.48)

where the Q function has been defined previously.
Improved Gaussian Approximation

Standard Gaussian approximation is an accurate approximation for SNR values

up to 10 to 12 dB. This approximation becomes very optimistic as N, the spreading



87
code period. increases and for small values of the number of co-users [54]. In such a

situation. improved Gaussian approximation is used to obtain accurate results.

The difference between the standard Gaussian approximation and the improved
Gaussian approximation is on the distribution function of the MAL In the standard
Gaussian approximation the MAI is assumed to have unconditional Gaussian distri-
bution whereas in the improved Gaussian approximation MAI is assumed to have a
conditionally Gaussian approximation. To develop an expression for the BER using
the improved Gaussian approximation. a conditional variance for the MALI is first
derived to obtain a conditional SNR. The Q function of this conditional SNR is then
averaged over the density function of the variance to obtain an accurate value of
BER. An analysis to obtain an expression for the BER using improved Gaussian

approximation is developed as follows.

It is easy to understand that the terms F{) and I are not unconditionally Gaus-
sian as assumed in the standard Gaussian approximation. For example. consider two

terms in FY) for A =2 and 3

Fy = ,/{—j‘;g,-,z cos(0i2 — 6i1) { b1, Risi (7 (i.3.2)) + b9 Ri (7 (i, i.2)}. (3.49)

and
Pi t . B .. -
F3= V 5 9i3 cos(0i3 — i) {blelRi.i (r(e.i.3) + bsl)Ri,i (7 (2.1, 3))} g (3-50)

Quantities g; \. ;.\, b,. b,—; and 7.\ are all independent random variables. For
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a given value of o;; and 7, ;. the interference terms. F> and F; are independent.
Therefore. the actual interferences from all paths of all users are only conditionally
independent. the condition being that the phase and the delay of the first pa..th
signal be known. This. of course. assumes that deterministic spreading sequences

are used for all users and the transmitted code phases of all users are known.

A conditional variance ¥ for the multiple access interference from all paths of
all users can be derived by conditioning on the relative delays and phases of all
interfering signals. Then each outcome ¥ = ¢ is produced by a specific outcome of
7 and o. For notational simplicity. 7 and ¢ are defined as r = {r(i. k. A): 1< k<A,
<A< Litand o ={o(ikA); | <E<S K. 1< )< Li}. where o(i.k.\) =
Ok — 0;1. Without considering the effect of AWGN. BER is given by Q( 1—33_'-').
where F,, is the average desired signal power. This provides an accurate expression

for probability of error for a particular value of w [54] . Therefore. the probability

of error can be calculated by averaging over the density function of = as

()_/ O

Obtaining the value of f,(¢') is quite complex. especially when there are numerous

=) fe(v)du (3.51)

signals from various paths of all users of the CDMA. each of which has infinite

possible values of 7 and ¢ [54].

A method of evaluating Equation (3.51) with greatly reduced computational com-

plexity. given in [53]. is based on the fact that Equation (3.51) is the expectation of



the function of the random variable .. That is

- < Py,
A = [T Q6= fulw e
0 v

P,,
E{Q( : )}. (3.52)

w

With this method. no distribution functions are needed. provided some distribu-
tional analysis is done. It is then possible to calculate the value of Equation (3.51)
with first and second moments of u-. Including the effect of AWGN and using the

method described in [55]. p{) mayv be written as

: ) P
) =
P. 39 it or
1 P,.
+ —_
6Q(\/ll+\/§0+01)
1 Poy -
+ = . 3.53
g9l u—\/§a+a'r) (3.53)

where i and o2 are the mean and variance of v and o7 is the variance of AWGN.

For the sake of comparison, the probability of bit error is derived using the
improved Gaussian approximation for a simple case. Firstly. an expression for the
conditional variance of multiple access interference is obtained. Then i and o? are

calculated and are substituted in Equation (3.53) for the BER computation.

The interference terms in F{? and I are all zero mean and conditionally inde-
pendent. By using the fact that the variance of the sum of zero-mean. independent

random variables is the sum of their second moments. and assuming perfect power



control so that P, = P, = .... = P.

¥ = Var[ (‘)Io T) I”Io )J
= Var [F{6.7] + Var [0 7]
= E[(F®)6.] + £ [(19)’)e. d
(L [P ) :
- E ( \/—J,\coso{b ) Rii(T (z.i.,\))+bguz,,,.(r(z'.i.,\))}) |o.7}+
A=2 =
R

k
3 Z\/—gk\coso{bn L Rici (7 (i ke M) +
KFL A=

el

B2 Be (7 (i k. A))}) |o.r]

The conditional variance ¥r of F{) with respect to the variables o and 7 is given

bv

L,
U = ?ZE{gl\}E{cos Slo} E{R2, (7 (i.i. M) + B2, (v (i.i. \)) |7}
p L :
= G [(1+ cos 20) E{ R, (+ (i. TELA) + B (T (A} (3.55)
\=2

where E{g?,} = G for all i and \. By using a similar procedure, the conditional

variance ¥, of I,(f) with respect to the variables ¢ and T can be obtained as

Uy P Z Z[1+cos’oE{RQ, (i kX)) + R (r (6 R 0)Y] . (3.56)

k=1.k#i \=1

The mean y of the conditional variance ¥ can be obtained by taking the expectation
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of ¥ with respect to o which is uniformly distributed in [0.27]. Thus

Ho= pE+ o
P ' T 2 - . 2 ..
= IG(L—].)E{R:J-(T(l.l./\))-f-R,—_,—(T(l.l.,\))}-{-

N .
EG Y LE{R; (7(i.k.N)+ BE, (7 (i k. \))). (3.57)

4 k=1.ks:

where the average number of paths per user L, = L for all users.

The variance o2 of ¥ may be defined as
o =0f + o} (3.58)

where o} is the variance of Ufr and o? is that of ¥;. With ¥x; and Ur, as two

components of Ur. g% is given by

= (L= D[E(Ves) = E(Wr) + (L ~2)Cov (Vr Wr))] . (3.59)

e

g

By evaluating the expectations and covariances in Equation (3.539). ¢% is obtained

as

(L-2)
32

2

} [E{R,?,,.(r(z'.z'. \) + R?, (r(z‘.i.,\))}]‘. (3.60)

s g 1
ok = P? ;~(L—1){3;+



By using a similar procedure. o7 is evaluated as

2027 K :
PR T IS {[E{Rf__i(,—(i.k.,\))+1?f-..‘(“(i-/f-z\))}}-}—

I - 39

o= k=1.ks:

PZG'ZZ N s 2 )
o, {[B1R (r ik ) + B2, (7 (i AD)] by

PZGQZ K N .. -
39 > X [E{Ri.;(r(i-k.A))+R;._,-(,-(z./;.,\))}].
== k=1.k#i l=1.1£k

[E(RE (7 (6.0 + B2, (r (0. LA))}] (3.61)

The value of ¢ is
o= ,/a%—.{-a}, (3.62)

The values of i and o are then substituted in Equation (3.53) to obtain p{!).

The BER obtained using standard Gaussian and improved Gaussian for various

values of V. A" and E,/N, are computed in Section 3.2.1.

3.2.4 Numerical Results

Performance results are computed for a system that uses a carrier frequency of
1.5 GHz and a data rate of 1 Mbps. Gold sequences of length N = 31 are used as
the spreading codes. Each user’s link is modeled with the same parameter values.
Maximum path delay A is set to 200 nanoseconds thereby making the number of
resolvable bins Ny = 6. The probability that a path exists in a resolvable bin. P,.
is 0.5 so that L equals to 3. With E{6%} defined as the Mean Square of normalized

Error (MSE). the variance of the carrier phase estimate error is 0Ro,, = T E{8%}.
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and the variance of the code phase estimate error is 03r, = I.7E{é%}. where T, is
the chip duration. To take into account the effect of power control imperfections. as
stated in Section 2.6. the normalized received power from each portable transmitter
is modeled as a log-normal random variable with a variance of 1-2 dB. A variance

of 0 dB denotes perfect power control.

In Figures 3.7 - 3.10. BER versus Ey/N, obtained using the standard Gaussian
approximation and the improved Gaussian approximation are plotted for various
combinations of NV and A". It may be seen that the standard Gaussian approximation
provides very optimistic BER performance at high values of E;/N, with ¥ = 127
and A" = 3 as in Figure 3.7. With ¥ = 127 and A = 8. the difference between
the two BERs reduces considerably. as in Figure 3.8. The difference between the
two BERs obtained using the standard Gaussian approximation and the improved
Gaussian approximation are not so large for NV = 31, even for low values of A". as in
Figures 3.9 and 3.10. In all these cases. the BER performance obtained using these
two approximations are quite close for commonly encountered practical values of
Ey/N, (up to about 12 dB). The BER results reported hereafter are derived using

the standard Gaussian approximation to model CCI.

Numerical results on the effect of system imperfections on the BER performance
of a CDMA correlator receiver are presented for various combination of factors.
The individual effect of various system imperfections on BER performance is shown
in Figures 3.11 - 3.13. Their combined effect is presented in Figure 3.14. In these

figures the number of users, A" = 3 and the spreading code sequence period. N = 31.
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Figure 3.11 is a plot of BER versus %— for different levels of imperfections in power
control. It is assumed that there are no imperfections in svnchronization of spreading
code or carrier phase estimation. It may be seen in Figure 3.11 that. with perfect
power control. a BER of 103 can be achieved at an % of 10 dB whereas with

an imperfection in power control resulting in 2 dB variance in normalized received

signal power. the BER increases to 4X10-3.

As in Figure 3.12. the carrier phase estimation error also has a significant impact
on the BER performance. At an % value of 10 dB. BER values corresponding
to MSE of 0.01. 0.1 and 0.2 are 1.5X10-3. 10~2 and 1.5X10-2 respectively. BER
Versus % is shown in Figure 3.13 for different levels of imperfections in the svnchro-
nization of spreading code. It is assumed that there are no imperfections in power
control or carrier phase estimation. As seen in Figure 3.13. the performance is not
significantly degraded for a standard deviation of normalized code phase estimate
error below 0.01. but any value of 0.1 or more has a detrimental effect on the BER
performance. At an l—\’:‘: value of 10 dB. BER at standard deviation values of 0.01.
0.1 and 0.2 are 1072, 2.5X107% and 6X10~3 respectively. BER performance when

all three imperfections are present is shown in Figure 3.14.

To bring out the effect of imperfect power control. imperfect carrier phase esti-
mates and imperfect spreading code phase estimates individually. BER is plotted
as functions of the variance of the normalized received power. MSE in carrier phase
estimate and standard deviation of code phase estimate error in Figures 3.15. 3.16

and 3.17 respectively. Figures 3.15. 3.16 and 3.17 clearly illustrate the degree of
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degradation in performance incurred by the correlator receiver at various values of
these three imperfections. From Figure 3.15. it is seen that almost perfect power
control is a necessity for CDMA systems with correlation receiver. Performance
degrades rapidly as power control deteriorates. The MSE in carrier phase estimates
must be below 0.01 to ensure acceptable BER performance as seen in Figure 3.16.
If the standard deviation of the normalized code phase estimate error is more than

0.1. the system performance is significantly affected as seen in Figure 3.17.

As stated before. a correlation receiver is a simple CDMA receiver. A more com-
plex receiver with better performance is the multipath combining RAKE receiver.

The effect of system imperfections on such a receiver js analyzed in the next section.

3.3 Performance of Diversity Combining RAKE Receiver

The principle of the diversity combining RAKE receiver was discussed in Chap-
ter 2. In a fading multipath mobile environment. multipath diversity combining
receivers are known to achieve improvement over non-combining single path cor-
relator receivers {15. 17. 56]. Such receivers are complex as they require channel
parameter estimation and spreading code phase estimates of each path signal. The
best performance of such a receiver is achieved under ideal conditions of operation.
i.e. perfect power control, perfect channel parameter estimation and perfect spread-
ing code phase estimation. In mobile multiple access communication systems. one
or more of the above mentioned factors can be imperfect. In this section. the BER

performance of an indoor CDMA system with a RAKE receiver is analyzed. In
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particular. the effect of imperfections in power control. channel parameter estimates
and spreading code phase estimates on the performance of such receivers is inves-
tigated. In Section 3.3.1. components of the received signal at the base station are
examined and models to analvze the effect of system imperfections on the perfor-
mance are developed. An equation for the data estimate is developed in Section
3.3.2. This is followed by BER analysis and numerical results in Sections 3.3.3 and

3.3.4 respectively.
3.3.1 Diversity Combining RAKE Receiver

The block diagram of the RAKE receiver is shown in Figure 3.18. The received
signal at the input is the same as in Equation (3.13). The first step in the receiver
is down conversion to the baseband in-phase (I) signal r(¢) and quadrature phase
(Q) signal rg(t) by multiplying r(t) by cosw.t and sinw.t. respectively as shown
in Figure 3.18. The down converted and low-pass filtered in-phase signal for the

desired user /. may be written as

L,
- Y gi(i. Nag(t ~ 1\ )bi(t — 7iy)

A=1
Ly Pk
+ Do\ Srgrlk Na(t — m )byt = iy )
k=1.k#i \=1 =

+ ng(t).

¥

.,
Ty
=
=
i

> %

(3.63)

~—

[n Equation (3.63). the first term represents the multipath signals of the desired user.
These signals are combined in a RAKE receiver using channel parameter estimates.

The second term is the MAI signal due to other users of the CDMA system and
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Figure 3.18 RAKE receiver with multipath combining.

the third term is the low-pass filtered thermal noise. The quadrature signal ro(t) is
obtained by setting I to Q in Equation (3.63). Quantities g;(k.A) = gx.\ cos(ox.)
and gg(k.A) = gi.asin(—ox.,). The functional block diagram for the receiver shown
in Figure 3.18 consists of two sections: a spreading code synchronization unit and
a data demodulation unit. In the presence of multiple users. imperfections in code
phase estimation will result in error A7, . 1 < A < L; in path delay estimates such
that

Tid = Tin + ATy (3.64)

where 7; \ denotes the estimated delay of the Ath path signal of the ith user. The

code phase estimation error is modeled as a zero mean Gaussian random variable

with a variance o3, .

In the data demodulation arm of the receiver. the baseband in-phase signal r;(t)
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and the quadrature signal rq(f) for the desired user i are passed through separate
but identical matched filters loaded with its spreading code «;(¢) obtained from the
synchronization unit. The two matched filter outputs are input to the RAKE com-
biner. This RAKE combiner consists of two separate transversal filters (I and Q)
each with taps as shown in Figure 3.19. The time delays between taps and the
tap weights are set by the channel estimator. The impulse response of the RAKE

combiner is. in a way. the time reversal of the channel impulse response.

The path gain and phase estimates will not be perfect due to time variations
in the mobile radio channel. multiple access interference. and imperfections of the
estimation technique. If errors in amplitude estimates Ag; \ and phase estimates.

Ao;.\ are considered. then the estimates for amplitude and phase are given by

gin = gin + Agin (3.65)

and

0iy = Giy + Adia. (3.66)

respectively. for I <\ < L. All of the estimation errors are modeled as i.i.d zero
mean Gaussian random processes with variances af\gl , and oiol , respectively. It is
assumed that the sets {Ar\}. {Ag;\} and {Ao;,\} are mutually independent and

members within each set are i.i.d random processes for all .
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3.3.2 Analysis of Data Estimates

The error in the spreading code phase estimate results in a;(f — )L <AL
L;. being fed to the matched filter. In the absence of estimation errors. the tap
coefficients at the ath tap point are set to gr(i.a) and gg(i. a) respectively for [ and
Q transversal filters. Because of the estimation errors. the tap co-efficients at tap
point a are set to gr.a(z,a) and 9q.a(i. a) respectively for the I and Q transversal

filters as shown in Figure 3.19. Quantities gr.4(i.A) and 9¢.a(z. A) are given by
gra(i.A) = (gin + Agin) cos(o; \ + Ao, y) (3.67)

and

90.a(2. A) = (gin + Agin) sin(—6;\ — Aoy, ). (3.68)

For notational simplicity, the following functions are introduced. The first function

is given by

Tia — Tk,

7). (3.69)

m(i.k.ad)=m=|

where m indicates the number of bits b{") lags behind 6. Similarly the second

function

T(t.k.a.d) =17 = (Tiq — Tkn) — mT, (3.70)

indicates the amount () is delayed relative to (). It is to be noted that r defined

by Equation (3.70) ensures that it lies within 0 to T}.

The combiner output for the nth symbol of user i. sampled at the appearance of



the last path’s correlator peak at t = (n + )T}, + T.L,- is given by

Yia=Dia+ Fia+1lia+ Nia.

(3.71)

where D; is the combiner’s output of the ith user's desired signal. F; is the

output which corresponds to ith user’s paths not matched to combiner delays, [; A

is the output due to MAI and N, is the output noise signal. In Equation (3.71).

Dia. Fia, I;a and N,  are given by

L,
Dia = z y(i.i.a.a).
a=l1

L, L,

Fa=Y S i),
a=1 A=1.\#£a
R L, L,

Iia = Z Z Zy(i.k.a./\)

k=1,k#i{ a=1 \=1

and

i L, (n+1)T, . - R
Nia = Z [gi.a cos(@ia)ny(t + Ti0)+
T,
a=l nlb

Gi.a SID( =610 gt + Foo)]ai(t)dt }.

In Equations (3.72) - (3.74).

: P . . : 0
ylick.a.d) = |/ Srgerdie cos(0r — dia )6y Rui(r) + B Re (7).

(3.73)

(3.74)
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where 7 stands for 7(i.k.a.)). The time continuous partial correlation functions
Ri.(7) and Ry ,(7) have been defined previously. A hard decision on the combiner

output Y; 5 provides a data estimate of the ith user's nth symbol as

B = sgn(¥ia). (3.77)

This data estimate variable is used in the BER analysis reported in the next sub-

section.

3.3.3 BER Analysis

It has been shown in Section 3.2.4 that the standard Gaussian approximation
is quite accurate with N = 31. To calculate the BER using this approximation.
expressions for the expected desired signal strength and variances of interferences
and thermal noise at the output of the receiver are derived. The SNR is found and

it is used as the argument of the Q function to compute the BER.

From Equations (3.72) and (3.76). D; may be written as

Dia = D;+ Dy

S (i)
= > 5900 €05(20i4)b; R (AT )
a=1 -
L, / ] ‘
+ Z ? i.aAgi.a COS(AOi.o)bL‘)Ri.i(ATz.o)- (378)
a=1 =

In Equation (3.78). D; represents the desired signal and D, is zero mean Gaussian

noise due to estimation errors of channel parameters. By taking the expected value
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of the mutually independent random variables in Equation (3.78). the average value
of the desired signal strength and the variance of noise due to channel estimation

errors are written as

E{D}} = LE{R}E{R}(An}LTZG.
9 1. b

[G(1 + R0y 4 ([ - 1)Ge™"3¢] (3.79)

and

1 F 2 2 —20°2
Var(Da) = IE{P,-}E{R?_,-(AT)}LT,;Gcr;y(1 + €7 %30, (3.80)

where the fact that E{[bﬁf’]z} = 1 has been used. To derive Equations (3.79) and
(3.80) it is assumed that 03,  =o0%,.03, =03, and 03g. =03 forl <i<K.
I < a< L. Also. E{g,} = G. and E{g!,} = 2G? for the ath path of the ith
user for 1 < ¢ < KA. The average number of paths L; is assumed to be L for all

t. The average path power gain G is equal to 1/L Zf;‘:l G'o. where G, is the mean

square value of the ath path.

[n Equations (3.79) and (3.80), £ {R?J‘(AT,'J)} has to be evaluated. This is done
as follows. In a practical synchronization system, most likely values of the error
AT, o lie between +7, and —T.. During this interval the autocorrelation function of

the spreading code may be written as

1-Bpal jan <7,

R i(An.) = (3.81)
0 otherwise.



E{R A } is derived as

2 (2 I, '
E{R(An)} = ‘F\/;“’*ﬁ‘fz‘f‘ (3:52)

The variance of F; 5 may be obtained from Equation (3.73) a

quA=-EUwL - VGG +03,)E {[R2, (r) + R%(7)]}. (3.83)

To evaluate Equation (3.83). the probability density function of r(i.:.a. A) has
to be obtained. For the case of perfect synchronization. the probability density

function of 7(i.i.a.)) is given by

7] A-T. '
o §+,_ 2 TCSITISA—TC
(A—2T,) (A-2T.) (3.84)

0 otherwise.

f-(1) =

where 7 stands for 7(i.i.a.\). In the case of imperfect synchronization. the prob-
ability density function of r(i.:.a.)\) is obtained as the convolution of the density
function given by Equation (3.84) and the Gaussian distributed error in path delay

A7. This density function is given by

o Meglrlt Te= ) Ir=T ][ LI A‘EJ
A7) = 2% (=) ~e ey oy
Tar -(EgTe=ayt (ke 3.85
+ e QTC)2\/§; ’:e V2. e V2 J . (3.60)

where erf(x) has been defined previously.
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Similarly. Var(/; ) is obtained from Equation (3.74) as

) R
Var(lia) = 3° TE{RYL*G(G + o3 ) E{[R2.(7) + Ri(r )| }- (3.86)

k=1.k#{

To evaluate Equation (3.86). the probability density function of 7(i.k.a. ) has to be
obtained. As before. for the case of perfect synchronization. the probability density

function of 7(i. k.. ) is given by

ol - sl 0<Ir<A+T,

f+(7) =
0 otherwise.
where 7 stands for 7(i.k.a.)). In the case of imperfect synchronization. the prob-
ability density function of 7(i.k.a.)) is obtained as the convolution of the density
function given by Equation (3.87) and the Gaussian distributed error in path delay

Ar7. This density function is given by

[erf( |7l - erf(II Ty AH | J
: \/_UAr \/§UAr (A+Tb) (-A'i'T‘b)2

Tar B e T C = J .
+ e 20A —_ 2"A . (3.68)
V21(A + T;)? [

=~

—

~

~—

Il
] —

The time continuous partial cross-correlation functions Ri; and Ry, are defined in
terms of the discrete aperiodic cross-correlation function of the spreading codes as

given in Section 3.2.2.

The terms E{R ) + RZ (7 )} and E{R ) + R2 (7')} can be evaluated by



L7
numerical integration. The variance of the thermal noise at the output of the com-

biner may be derived from Equation (3.75) as

. - ;\‘-0 4 . a2
\"ar(./\'i.,_\) = 1 T;,L(CI +0’_3g). (3.89)

By using the Gaussian approximation to model the effect of interferences. the
SN R; a of data estimates is obtained from Equations (3.79). (3.80). (3.83). (3.86)

and (3.89) as

oy E{D?} :
SNR;a» = — - — (3.90)
Var(Da) + Var(Fia) + Var(l; a) + Var(\V, 5 )
The bit error probability is then given by
PiA = Q(\/SNR: 5). (3.91)

where the @) function has been defined in Section 3.2.3.

3.3.4 Numerical Results

The BER performance is computed using the system parameters given in Section
3.2.4. The effects of each system imperfection on BER performance are shown in
Figures 3.20 - 3.22. The performance for a combination of all system imperfections is
presented in Figure 3.23. In these figures, the spreading code sequence period. N =
31 and the number of users. A" = 9. It is to be noted that with the correlator receiver.

K" was equal to 3. A value of A" = 9 is possible with the RAKE receiver because of
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the improved performance obtained by combining multipath signals. BER is plotted
as a function of % where E, is the received energy from all paths of the desired
user. E._ is written as F, = LGE,. where Ey is the energy from one path signal.
Figure 3.20 is a plot of BER versus % for different levels of imperfections in power
control. It is assumed that there are no imperfections in the estimation of spreading
code phase and channel parameters. With imperfections in power control resulting
in 2 dB variance in the normalized received signal power. the BER is five times
the BER with perfect power control at an E—: of 10 dB (Figure 3.20). The channel
parameter estimation error also has a significant impact on the BER performance
(Figure 3.21). It is assumed that there is perfect power control and spreading code
phase estimation. It is seen in Figure 3.21 that at an % of 10 dB. BER values
corresponding to MSE in channel estimates of 0.001. 0.01. 0.1 and 0.2 are 7X10~*.
1073, 3X10~2 and 7X10-2 respectively. The effect of spreading code phase error on
BER has been computed assuming no imperfections in power control and channel
parameter estimation (Figure 3.22). The performance is not much affected for a
standard deviation of normalized code phase estimate error below 0.01. but any
value of 0.1 or more has a detrimental effect on the BER performance. At an %ﬁ
value of 10 dB. BERSs at standard deviation values of 0.01. 0.1 and 0.2 are 8X10~*.

2X1073 and 5X10-3 respectivel;\'. The BER performance with a combination of all

three imperfections is presented in Figure 3.23.

To bring out the effect of imperfections in power control. channel parameter es-

timation and spreading code phase estimations more clearly. the BER is plotted as
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10 ¢ perfect power controi 1
1 0-5 1 L
0 5 10 15

Er/No in decibels

Figure 3.20 BER versus ﬁ—; for a RAKE receiver with dif-
ferent levels of imperfections in power control
scheme. Perfect phase estimates; K =9; L = 3;
N =31.
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Figure 3.21 BER versus 5—; for a RAKE receiver with dif-
ferent levels of imperfections in channel param-
eter estimation. Perfect power control and code
phase estimation; K =9; L = 3; N = 31.
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Figure 3.22 BER versus E’ for a RAKE receiver with dif-
ferent levels of imperfections in spreading code
phase estimates. Perfect power control and
channel parameter estimation; K = 9; [ = 3;

N =31.
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Figure 3.23 BER versus £, for a RAKE receiver with imper-
fections in power control and phase estimates.
MSE in channel parameter estimate = 0.01 and
standard deviation of normalized error in code
phase estimate = 0.1; K =9; L = 3; N = 31.
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functions of variance of normalized received power in dB. MSE in channel parameter
estimation and standard deviation of normalized code phase error. respectively in
Figures 3.24 - 3.26. These figures clearly illustrate the degree of performance degra-
dation incurred by the receiver at various values of imperfections. From Figure 3.24
it is seen that the variance of received power should be less than 1-2 dB for ac-
ceptable BER performance. The fact that channel parameter estimation techniques
should have a MSE less than 0.01 is illustrated in Figure 3.25. If the standard de-
viation of normalized code phase error is more than 0.1. the system performance is

significantly degraded as seen in F igure 3.26.

3.4 Summary

Spread spectrum multi-access receivers with imperfections in power control. chan-
nel parameter estimation and spreading code phase estimation were analyzed. Two
types of receivers - correlator and multipath diversity combining RAKE - were con-
sidered. I[mperfection in power control was taken into account by modeling the
received signal power as a log-normally distributed random variable whereas the
estimate errors were modeled as zero mean Gaussian random variables. These im-
perfections are of particular concern in CDMA systems. The performance of such
receivers degrades significantly when the variance of normalized received power is
above 0 dB. or the MSE in channel parameter estimation is above 0.01 or the stan-
dard deviation of the normalized code phase error is above 0.1. It was also shown

that the capacity of an indoor CDMA system that uses a correlator receiver is con-
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Figure 3.24 BER versus Variance of normalized received
power. Perfect channel parameter estimation
and code phase estimation; ﬁf = 15dB; L = 3;
N =31.
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Figure 3.25 BER versus MSE in channel parameter estima-
tion. Perfect power control and spreading code
phase estimation; K =9; L =3; N = 31.
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siderably less than that of a system that uses a multipath diversity combining RAKE

receiver. [t is attractive to develop alternate rec



4. Effect of System Imperfections on
the Performance of CDMA Cor-
relator Receiver with CCI Can-

cellation

4.1 Introduction

As shown in Chapter 3 asynchronous CDMA systems using correlators or RAKE
receivers have poor multiple access capacity. This is due to the lower bound on mean
square cross-correlation levels among codes allocated to system subscribers. If this
interference is accurately estimated it is possible to regenerate and subsequently
cancel its effect from the received signal. Thus the effective signal to noise ratio for
the desired channel can be increased. This process is referred to as CCI regeneration
and cancellation. This. however. results in a complex receiver structure. This type
of receiver is therefore more suited to the base station than to portable units. With
increasing demand for personal communications and commercial use of available
spectrum. the hardware complexity is becoming secondary to the spectral efficiency

which results in higher capacity.

[n this chapter. analysis is done on a DS CDMA correlator receiver that employs a

cascade of C'CI cancelers for communication over indoor multipath fading channels.
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Such a receiver first coherently demodulates and de-spreads the received signal using
a set of correlators. one for each active portable transmitter. These correlators use
estimated values of carrier phases and spreading code phases to obtain initial data
estimates. The CCI is regenerated by the cancellation scheme using the initial data
estimates and the estimated channel parameters and spreading code phases. The
regenerated CCl is subsequently subtracted from the down converted received signal.
Assuming the channel estimates to be correct. as long as the majority of initial data
estimates are correct. most of the CCI can be removed. The received signal from
which CCI has been canceled is demodulated and de-spread using a second set of
correlators. This yields improved data estimates. The process can be repeated one

or more number of times to yield a cascade of CCI cancelers.

There are basically two ways of realizing CCI cancellation. In the first method.
known as pre-correlation cancellation. CCI at the input of the correlator receiver
is regenerated. This regenerated CCI is subtracted from the input of a second
correlator stage resulting in better data estimates at the correlator output. This
type of CCI cancellation is analyzed in this chapter. In the second method. a replica
of the CCI at the output of the correlator is regenerated and subtracted from the
output of the correlator [20]. This is referred to as post correlation cancellation of
C'CIL. From a practical point of view, cancellation of interference from the received

signal at the front end of the correlator has certain advantages:

e This permits improved detection of autocorrelation peaks of the weak signals

at the second or the subsequent correlator receiver stages.
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e The total cancellation of all known transmitted signals in the received signal

helps the spreading code phase acquisition.

o This method of CCI cancellation alleviates. to some extent. the near-far prob-
lem. The near channels will be received at a higher signal strength with the
result that they can be more accurately regenerated and canceled from the

lower power far channel received signal.

Another major issue in CCI cancellation is whether the interference is canceled
successively or in parallel. While successive interference cancellation can lead to a
somewhat simpler receiver [22], it suffers from a large processing delay that varies

with the number of active users. This could become a problem in many applications.

As opposed to this, parallel pre-correlation cancellation with not so stringent
system power control is a better suited alternative in many applications. With
rapid advances in Very Large Scale Integration (VLSI) technology, a small increase
in complexity should not be a major problem. One pertinent question is the required
accuracy for the power control so as to realize the capacity improvement in such a
scheme. In this chapter, this question along with the effects of channel estimation
and spreading code synchronization errors are addressed. The results of such an
analysis allow the system designer to pick the right system parameters. In carrying

out the analysis. system BER is used as the performance measure.

The transmitter and channel models used for the analysis are the same as those

described in Chapter 3. More details on the implementation of parallel pre-correlation
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cancellation are given in Section 4.2. Analysis of data estimates with imperfections
in power control. channel estimates and spreading code phase estimates is given in
Section 4.3. This is followed by a BER analysis in Section 4.4 and numerical results

in Section 4.3. Results are summarized in Section 4.6.

4.2 CDMA Correlator Receiver with Parallel Pre-correlation

Cancellation of CCI

The down converted and low-pass filtered signal for the desired user :. derived in

Section 3.2.1. is given by

: P
re) = \ng(lez- ai(t — 7:1)bi(t — 7iy) +

= .
72 (£.i. A)ai(t — ma )bt — 70) +
N
> gd(z ko Nar(t = 7 )be(t — 70) + i (8)
k=1.k#1 \=1
= DY)+ FO®) + 19(t) +n(1). (4.1)

where n!)(¢) is the lowpass filtered noise. The basic idea of the canceler is to
regenerate the replica of the CCI given by the second and third terms in Equation
(4.1) and subtract them from the down converted received signal r{(,i)(t). This CCI
is regenerated by using a preliminary set of data estimates. power level estimates.

spreading code phase estimates and channel parameter estimates of all users.

The schematic to obtain preliminary channel and data estimates and to regenerate

C'Clis shown in Figure 4.1. Preliminary data estimates obtained using the correlator
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Figure 4.1 Data and channel estimation at the preliminary
stage of CCI canceling receiver and subsequent
interference regeneration using the estimates.
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Figure 4.2 Multipath channel emulator using RTF.

(RTF) shown in detail in Figure 4.2.

receiver are spread using estimated spreading code phases. The spread signals are

passed through a channel emulator realized using Regenerating Transversal Filter

The impulse response of the RTF is the same as that of the channel. The regen-

erated interference components are summed up and then subtracted from a delayed
version of the down converted signal as shown in Figure 4.3. The improved pa-
rameter estimates obtained from this CCI canceled signal can be used for better
regeneration of CCI in a second CCI regenerator as shown in Figure 4.3. By re-

peating this operation. a cascade of CCI cancelers is derived as shown in Figure 4.4.

Channel parameter estimates and spreading code phase estimates are required
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Figure 4.3 One stage of CCI cancellation.

to obtain preliminary data estimates and to regenerate CCI. Because of imperfect
estimation. the error in the amplitude estimate Agr.n . the error in the phase es-
timate Aoy, and the error in the delay estimates A7, have to be considered.
The estimated values of these parameters and the error modeling were discussed in

Chapter 3.

4.3 Analysis of Data Estimates

The first step in CCI regeneration and the cancellation process is to obtain data
estimates. channel parameter estimates, spreading code phase estimates and incom-
ing signal power level estimates. These steps are shown in Figure 4.1. A power
level estimate is obtained from the autocorrelation peak at the correlator output. It
is assumed that power levels are estimated without error. Using estimated carrier
phase and spreading code phase. the correlator receiver of the kth user demodulates

the signal. A hard decision on the correlator output Z{k) provides a data estimate
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of the kth user’s nth svmbol as

b{[0] = sgn(Z™). (4.2)

This was derived in Section 3.2.2. The zero in the square bracket is to denote

that the data estimate is from a stage before C'CI cancellation.

Preliminary data estimates {6(*)[0]} for all users are obtained in a simijlar manner.
These are then used to form the corresponding data signal set {6{)[0](¢)}. Then for
k # i the preliminary data signal estimates are re-spread using estimated spreading
codes. As shown in Figure 1.2. the spread signals are then passed through RTF,
which emulates the channel characteristics of the kth user. The method of regener-
ating the interference from paths other than the desired path. IDS for cancellation
from the same user is also explained in Figure 4.2. In the presence of estimation
errors. the tap weights of RTF, are represented by g \ cos(g;k_‘\). The error in the
spreading code phase results in an error in path delay estimates. This results in tap
positions at 7.\ instead of at 7. Because of the asynchronous nature of user trans-
missions, for the nth svmbol. the interfering symbols of other users are n — 1 — m
and n —m where m can take on the values -1. 0. or |. Thus. for regenerating and
canceling the interference to the nth data signal of user i. the other user data est-
mates for (n —2). (n — 1). n and (n + 1) data intervals must be available. [t may
be seen that. during the detection of the nth symbol. the CCI cancellation can be

done on [ = (n — 2)th symbol only. The regenerated self interference component.
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IDS in the i/th user’s { = (n — 2) th symbol at time ¢ is given by
E9[0)(2) Z g,, L Nai(t = 70)80[0)(t = 2Ty — £.,). (4.3)

Similarly. the regenerated MAI component is obtained as

. K
=S \/—gd ko Nag(t = 7o) 0)(E — 2Ty — 70). (4.4)
JkFL N

L—I

In Equations (4.3) and (4.4). §u(i. k. A) = Gra cos(o-'k_,\ ~ é;_l). The net values of
IDS and MAL denoted by Fi”[0](¢) and 1$[0](¢) respectively. at the input to the
correlator after the first canceler stage are obtained by subtracting the regenerated
components given by Equations (4.3) and (4.4) from the two symbol delaved received

components. These net values are given by
EPM0) = F(e = 213) — P [oje) (4:5)

and

L710)) = 1 = 21) - 1 [0](2). (16)

With these as inputs. the corresponding output components of the correlator for

the /th bit of the ith user are given by

£ \/7{sz A = fliciaLn} (4.7)



and
(i) PL
') = {sz\I fl kA LD} (4.8)
k=1, #x

Once again. the number "1” in the brackets indicate the CCI canceler stage number.

In Equations (4.7) and (4.8)

fli kA1) ke A {68 Rici(r) + 69 Rii(r)} (4.9)

l—-m—1
and

fli kAL 1) = Ga(i. k. A) {62

l—m'—

{01 Rei(7') + 62 0] Res( 7)) (4.10)

The notations m and 7 in Equation (4.9) were defined in Section 3.2.2 to denote
the relative number of bit shifts and time delays. The new notations m’ and ' are
introduced in Equation (4.10). This is done to include the effect of estimation errors

and are given by

m' = m'(i.k A) = | 22T (4.11)
T,
and
T, = Tl(i. k./\) = (‘f‘k"\ - ‘f’,"l) - m'Tb. (412)

The output of the correlator after the first CCI canceler stage is given by

Z'W = D + FON] + 10] + ¢ (+.13)
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It is to be noted that D,i) and g',“) are not changed by CCI cancellation. The hard

decision data estimate after one stage of CCI cancellation is then given by
b[1] = sgn(Z[1]). (4.14)

Using a similar procedure. one can obtain the contributions of the net IDS and MAI
at the correlator output of the vth canceler stage. corresponding to [ = (n — v — 1)th

symbol. as

F{(x’)[g]: Z[{fz A (2.2 AL 1)} (4.15)

A=2

and

] = ‘ [{f(z k) = flick AL v)} (4.16)
k= lk¢1 \—

In Equations (4.15) and (4.16).
Jlck A lv) = ga(ik ) {68 [ = R + 80 e — HRei(r)}.  (4.17)
The output of the correlator after the vth CCI canceler stage is then written as
Z{(e] = D + FOe) + 1] + ¢, (4.18)
The hard decision data estimate after v stages of CCI cancelers is then

6] = sgn(Z1[v)). (4.19)
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The BER of the data estimates obtained after CC]J cancellation is next derived using

the standard Gaussian approximation.

4.4 BER Analysis

The probability of bit error p{¥) for the ith user's preliminary data estimate was
derived in Section 3.3. For a single stage of CCI cancellation. the signal output of
the correlator. Z\"[1] is given in Equation (4.13). It may be noted that Z!(1] differs
from the pre-cancellation correlator output Z{) given in Equation (3.17) only in the
IDS term F{) and the MAI term [%). It is easy to see that F'[1] and I191] are
zero mean random variables. With considerable manipulations. the expected value
of the square of each term in F'[1] and 11[1] are obtained. Then. by rearranging

and simplifving the terms, the variances of F1] and I1[1] are obtained as

Var (F,(i) [1]) = (L - DE{R} [_E{R () + Rz )}+

LJN*Q E{RL(m) + R2()} - (1 — 2(0]).

e-‘<13(— Li(T)R(T") + Ri.i(T)Ri.i(TI)}} (4.20)
and
KN
Var (I011]) = Y SLERG[SE{RL() + B} +
k=1ksti 2
P2
(G_-*-iA_E{R +R 4l I)} (1 — P(“[O])
exp(— 2 (T)Rk.i(T,)+Rk.i(T)Rk.i(T,)}}- (4.21)
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For the sake of clarity in notations, in Equations (4.20) and (4.21), T represents
7(2,2,)) and 7(i, k, A) respectively. This is possible because r does not depend on &
in Equation (4.20). Similarly, in Equations (4.20) and (4.21), 7 stands for +' (z,2,A)
and 7'(i, k, A) respectively. The fact that E{s*s{)[0]} =1 — 2p9[0], 1 < k < K,
where p{®)[0] is the kth user’s error probability before CCI cancellation, has been
utilized in Equations (4.20) and (4.21). G and L have been defined previously.
E {R,zc'i(r' )+ RZ‘,-(T')} has to be obtained to evaluate Equations (4.20) and (4.21).
For this the density function of 7 has to be calculated. A close examination of
Equations (3.25) and (4.12) reveals that the density function of 7’ is the same as
that of , but with different variance. This is because 7 is the sum of a uniformly
distributed random variable and a Gaussian distributed estimation error. 7/ is the
sum of a uniformly distributed random variable and two Gaussian distributed esti-
mation errors. For ag,.“ = o3, for all values of k£ and A, the density function of
7'(,4,A) and 7/(4, k, ) are given by Equations (3.38) and (3.41) respectively, with

oar replaced by v/204,.

In order to evaluate E {Rk,;(r)Rk,;( )+ Rk.i(T)Rk,i(T')}, the joint density func-
tion has to be obtained. Using the method of obtaining the joint density function
of two functions of two randon variables [64], this joint density function may be

written as

Jroa(T',7) = fo(T) fan \ (AT ). (4.22)

The density function of 7 has already been derived in Equation (3.41). The path

delay estimation errors {Ana,1 < E< K,1< )\ < L} are zero mean Gaussian
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variables with equal variance of o'y .. The joint density function can thus be obtained.
All the expected values in Equations (4.20) and (4.21) are evaluated using numerical

integration.

The ith user’s signal to noise ratio after one stage of CCI cancellation is given by

E{DPT)

SNRF)[” = () i) oy
Var(F7[1]) + Var(L;"[1]) + Var(¢")

(4.23)

As before, the probability of bit error p{)[1] after one stage CCI cancellation may

be computed from

PP =Q (\/ SN Rzi’[ll) , (4.24)

where the @ function has been defined previously.

With v stages of CCI cancelers and data decisions, the variances of the IDS term
and the MAI term may be obtained by recursive calculation at each stage. These

are given by

Var (F[]) = %(L- ~1)E {P} [QE {RL(1)+ B2 ()} +
(G-F%E {R () + R2( ')} - (1 =2p1v —1)).

exp(—"22)E { Ry (r)Rii(r') + Rus(r) Bia( v )}J (4.25)
and

. K 1 .
Var (I,(') [v]) = ) 5 +E {P:} [—E {Rk: Ri,.-(r)} +

k=1,k#:
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(G+03,)

7 E{RL() + ()} - (1~ 25w — 1)),

2 A - -
exp(—%)E {Rk,i(T)Rk,i(T,) + Rk,i(T)Rk,i(Tl)}J . (4.26)

Signal to noise ratio after v stages of CCI cancelers is obtained by substituting
Var (F,m [v]) and Var (I,(i) [v]) in place of Var (F’,(i) [1]) and Var (I,(i) [1]) in Equation
(4.23) and recalculating the expression. The bit error probability p{*)[v] after v stages
of CCI cancelers is obtained by recomputing Equation (4.24) with this new value of

SNR.

Because of the pre-correlation CCI cancellation, the error variance of the channel
estimates and the code phase estimates decreases in the subsequent correlator re-
ceiver stages. It has been reported that the error variance is inversely related to the
number of co-users [65]. A correct data estimate results in accurate regeneration
and cancellation of one co-user signal. An approximate way, therefore, to model the
improvement in the accuracy of estimates after J» 1 £ j < v stages of interference
cancellation is to multiply the estimate error variances by 2p{®[5]; p{¥[j] being the
BER after the jth cancellation. This is a reasonable assumption as the cancellation
at the (j + 1) th stage reduces the CCI from (1 — P¥[5]) users. The factor 2 occurs
because the cancellation of the CCI generated from incorrect data signal estimates

doubles the corresponding CCI.
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4.5 Numerical Results

Performance results are computed for a system with parameter values described
in Section 3.2.4. Results are presented for various combinations of factors. The BER
performance with perfect conditions is shown in Figure 4.5. The individual effect
of various system imperfections on BER performance is shown in Figures 4.6 - 4.10.
Next, the combined effect of imperfections is presented in Figures 4.11 and 4.12.
In all these figures, the spreading code period, N = 31 and the number of users,
K = 16. Because of the possible capacity improvements due to CCI cancellation, the
number of users, K considered is 16 as compared to K = 3 in the last chapter. Under
ideal conditions of operation, the single user BER performance can be achieved
with 3 stages of CCI cancellation (Figure 4.5). Another important observation is
that most of the performance improvement is realized with 2 stages of cancellation.
Figure 4.6 is a plot of BER versus % for up to four stages of CCI cancellation when
there is power control imperfection resulting in 2 dB variance in the normalized
received power. The channel estimate errors and spreading code phase estimate
errors were assumed to be zero in this figure. It may be seen that single user BER

performance is obtained with four stages of interference cancellation.

The effect of channel estimate error on BER performance is shown in F igures 4.7
and 4.8. Perfect power control and spreading code phase estimation are assumed
in both cases. For computing the results shown in Figure 4.7, the MSE in channel
estimation was assumed to be constant at 0.01 at all stages of CCI cancellation.

This is the situation when the initial channel estimates are used in all subsequent
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stages of CCI regeneration without an attempt to re-estimate the channel parameters
after each stage of CCI cancellation. The channel estimation error raises the noise
floor level, limiting BER performance. Single user BER performance cannot be
realized by adding more stages of cancelers (Figure 4.7). The effect of decreased
error variance at successive stages of CCI cancellation is considered in F igure 4.8.
To obtain this BER performance, channel estimation is repeated after each stage
of interference cancellation. An initial MSE of 0.01 js assumed in the preliminary
stage. A MSE in channel estimate of 0.01 in the preliminary stage can be tolerated
by such receivers when there are no errors in power control or spreading code phase
estimates and with channel estimation after each stage of cancellation (Figure 4.8).
In this case single user BER performance can be obtained with 4 stages of CCI

cancellation.

The effect of spreading code phase estimate error on BER performance is shown
in Figures 4.9 and 4.10. In both cases perfect power control and channel estimation
are assumed. The performance with a standard deviation of normalized error in
code phase estimation of 0.1 at all stages of the receiver is shown in F igure 4.9.
This is the situation when code phase estimates obtained at the preliminary stage
are used at following stages of the receiver for CCI regeneration and subsequent
de-spreading. This results in poor BER performance (Figures 4.9). This is not sur-
prising because the noise due to errors in the code phase estimate in the preliminary
stage is maintained in successive CCI regeneration and cancellation stages. The

BER performance with code phase estimation performed after each stage of CCI
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cancellation is shown in Figure 4.10. An initial standard deviation in normalized
code phase estimate error of 0.1 is assumed in the preliminary stage. When there
are no errors in power control or channel estimates, and with code phase estima-
tion performed after each canceler stage, the standard deviation in normalized code
phase error of 0.1 in the preliminary stage can be tolerated by such receivers (Figure

4.10).

The BER performance with a combination of imperfections is shown in Figures
4.11 and 4.12. The effect of a combination of errors in channel estimation and code
phase estimation is considered in Figure 4.11. Perfect power control is assumed in
this case. The effect of a combination of all three system imperfections is considered
in Figure 4.12. Improvement in the BER performance is limited in the presence
of a combination of these imperfections. However, the BER performance can be
improved by performing channel estimation and code phase estimation after each

stage of CCI cancellation. This, however, results in increased receiver complexity.

4.6 Summary

Analysis was done on the BER performance of a parallel CCI canceling CDMA
correlator receiver with imperfections in power control, spreading code phase and
channel estimation. Under perfect conditions, CCI cancellation method can signif-
icantly improve the BER and the system capacity with three stages of cancelers.
Such a receiver can tolerate up to 2 dB variance in the normalized received power

or a MSE of 0.01 in channel estimates or a standard deviation of 0.1 in normalized
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code phase estimate error. To keep the performance within acceptable limits, in the
presence of a combination of these imperfections, the channel estimation and the

code phase estimation have to be repeated after each stage of CCI cancellation.



5. Effect of System Imperfections on
the Performance of a CDMA Re-
ceiver with CCI Cancellation and

Multipath Diversity Combining

3.1 Introduction

As stated in Chapter 3, a multipath combining RAKE receiver has better perfor-
mance than a single path correlator receiver in an indoor multipath environment.
CCl regeneration and cancellation can be used to improve performance of the RAKE
receiver even further. The CCI cancellation method is specially suited to multipath
combining receivers because channel parameter estimation is used even for a single
stage RAKE receiver. These channel and spreading code phase estimates can be

used to regenerate CCI which is subsequently canceled from the received signal.

In this chapter, analysis is done on the BER performance of a multipath com-
bining CDMA receiver that employs a cascade of CCI cancelers. The transmitter
and channel model used for the analysis is the same as that described in Chapter 3.
The principle of the CCI canceling RAKE receiver is explained in Section 5.2. Anal-
ysis of data estimates with imperfections in power control, channel estimates and

spreading code phase estimates is presented in Section 5.3. It is followed by BER

156
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analysis in Section 5.4 and numerical results in Section 5.5. Results are summarized

in Section 5.6.

5.2  Multipath Combining CDMA Receiver with CCI Can-

cellation

The in-phase and quadrature down converted, and low-pass filtered signals for the
desired user i were derived in Section 3.3.1. The equation for in-phase component

is repeated below.

P. L
ri(t) = —‘ Z g1z, Nui(t — 7i0) +
Z Z g;(k Aur(t — 1e,0) + ng(t). (5.1)
k=1.k#i A=l

The quantities, g;(k,A) and n;(¢) have been defined previously. The quadrature
signal rg(t) is obtained by setting I to Q in Equation (5.1). The first term in
(5.1) is the desired signal for the ith user. As before, the second term in Equation
(5.1) corresponds to the multiple access interference and the third term is due to
the additive white Gaussian noise. The canceler creates a replica of the CCI to
user ¢ represented by the second term of Equation (5.1). This is done using initial
estimates of data, channel parameters and spreading code phases of all interfering
users and then subtracting them from the down converted received signals r7(t) and
rQ(t) continuously in time. The schematic for obtaining initial data estimates for
each user and CCI regeneration is shown in F igure 5.1. The initial data estimate

is obtained in a similar manner as described in Section 3.3.1 using Matched Filter
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Figure 5.1 The data demodulation and CCI regeneration in
the preliminary stage of a CCI canceling RAKE
receiver. A similar unit is required for all the
users of CDMA system.

(MF) and Combining Transversal filter (CTF) as shown in Figure 5.1. This data
estimate is re-spread using the estimated spreading code. The channel emulation
required for CCI regeneration is realized by using a Regenerating Transversal Filter
(RTF), shown in detail in F igure 5.2. The impulse response of the RTF is the same
as that of the channel. The regenerated interference components are summed up
and then subtracted from a delayed version of the down converted received signals
r1(t) and rg(t) continuously in time (Figure 5.3). By repeating this operation, a

cascade of CCI cancelers and diversity combiners is derived (Figure 5.4).

In the next section, analysis is done on the effect of imperfect power control,
channel estimation and spreading code phase estimation on the data estimates of a

diversity combining receiver with CCI cancellation. The modeling of these imper-
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Figure 5.2 Multipath channel emulator using RTF.

fections are the same as described previously in Section 3.3.1.

5.3 Analysis of Data Estimates

The data estimate of the 7th user’s nth symbol in the preliminary data decision

stage has been derived in Section 3.3.2 as
b[0] = sgn(¥ia). (5.2)

where Y; 4 is the pre-cancellation combiner output. As in Chapter 4, the zero in
the square bracket indicates that the data estimate js from a stage before CCI can-

cellation. Initial data estimates {5{()[0]} for all users can be obtained in a similar
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manner. These are then used to form their corresponding data signal set {690](¢)}.
Then for k& # ¢, the initial data estimates are re-spread using estimated spread-
ing codés. These spread data estimates are passed through RTF, which emulates
the channel characteristics of the kth user as shown in Figure 5.2. In the pres-
ence of estimation errors, the tap weights of RTF; are represented by gra(k,A) =
(gkn + Agia) cos(ka + Ade,x) and goa(k,A) = (ges + Agk) sin(—de x — Adry)
respectively for the I and Q parts. The error in the spreading code phase results in
an error in path delay estimates. This results in tap positions at 7, instead of at
Tk,a. As explained in Chapter 4, during the detection of the nth symbol, the CCI
cancellation can be done on the [ = (n — 2)th symbol only due to the asynchronous

nature of user transmissions. By adding all the interfering signals of the other K —1
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caded CCI canceler stages.



162

users, a replica of user i's in-phase CCI that occurred 2T} earlier can be obtained as

. KR
)= S Z g,_\ (K, A)be[0](t — 2T — 7en)an(t — 7). (5.3)
k=1,k#i A=1

Similarly, the Q component can be obtained from Equation (5.3) by replacing I with
Q. The spreading signal being periodic with a period of Ty, ar(t+nT;) = ai(t). This
regenerated CClI is subtracted from a two symbol delayed, down converted received
signal. The I component of the CCI canceled received signal after the first stage of

cancellation is given by

FONE) = ot -2Ty) - #0[0)(e)

P&
= V37 Z g1(2, \)bi(t — 2T, — 7:0)a;(t — 10) +

K Lk

z Z g1(k A) bk(t—‘)Tb-—Tk,\)ak(t—Tk,\)

k=1,k#t A=1

R L

> X gm(k A)be[0](t — 2Ty — Frn)an(t — #s) +
k=1,k#i A=1
nr(t — 2T3). (5.4)

The corresponding fg)[l](t) can be obtained by setting I to Q in Equation (5.4).
These signals are passed through the second set of matched filters. The CTF output
is obtained by convolution of the matched filter output with the impulse response

of the second multipath combiner. This combiner output is given by

Yialll] = Di + Da + Fya + Lia[l] + Nia. (5.5)
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A comparison of Equation (5.5) with the pre-cancellation combiner output, ¥; 4 in
Equation (3.71) shows that the multi-user interference term, I; 5 is different. The
multi-user interference term after one stage of interference cancellation, L; All], in

Equation (5.5) may be written as

l

K L,
Lalll= 37 3 Y {y(i ks, A) — (4, k, @, A, 1)) (5.6)
k=1,k#

k#t a=1 \=1

The notations, y(z, k, @, A) and y(i,k,a, A, 1) used in Equation (5.6) are given by
. P, . - .
Y&k 0 A) = 1/ S ghadia c0s(Br — Gia) 6y Ris(r) 4 69 Res(r)] (5.7)
and

gi ko0, 1) = \/ggk,.\a.-.a <08(Gkar = i) [ oy [01Rea(T) + 8 [0) (7))

(5.8)
The quantities m and r in Equation (5.7) are used to define the relative number
of bit shifts and delay respectively, as previously discussed in Section 3.3.2. The
new notations, m’ and 7’ have been introduced in Equation (5.8). This is done to

include the effect of path delay estimation errors. They are given by
Do 7 T ] (5.9)

m' =m'(i,k,a,)\) = [T' = T
b

and

T =16k, 0, 0) = (fi0 — F4a) = m'Th. (5.10)
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A hard decision on the combiner output Y;a[l] provides a data estimate of ith user’s

nth symbol as

b11] = sgn(Vial1]). (5.11)

Extending the analysis to the case of v stages of CCI cancellation is fairly straight-
forward. The signal at the output of the CTF corresponding to the / = (n —v —1)th

symbol after v stages of CCI cancellation can be written as
Yia[v] =D; + Do + Fip + Liafv]+ N;a. (5.12)

The fourth component of Equation (5.12) is the only new term and is given by

K L, L,

Lalv] = Z Z Z {y(i, ke, N) — §(4, k, a,Av)}, (5.13)

k=1.k#: a=1 A=1

where

. [Pe. . X .
y(i, ko, A v) = Tkgk,,\gi.a cos( Pk, \ — Pic).

(84

n—m!'~1

[0 = U Res(r') + 62 [0 = 1] Bea()] . (5.14)

n—m'’

A hard decision on the combiner output Y. a[v] provides a data estimate of the sith

user’s nth symbol as

b [v] = sgn(Via[v]). (5.15)
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The BER of the data estimates obtained after CCI cancellation is next derived using

a standard Gaussian approximation.

5.4 BER Analysis

The method for BER analysis of pre-cancellation data estimates has already
been developed in Section 3.3.3. With CCI cancellation, only the variance of the
CCI component of the output decision variable is changed. For a single stage of CCI
cancellation, the output of the combiner, ¥;s[1] is given in Equation (5.5). It may
be noted that ¥;A[1] differs from the pre-cancellation combiner output Y:a only
in the CCI term I; 5. It is also seen that I;a[1] is a zero mean random variable.
Therefore, by taking the expectation of the square of the terms in Equation (5.6) and
using the fact that the random variables involved in the expectation are mutually

independent, the variance of the CCI term I;a[1] can be determined as

.
Var(Lalt) = 3 ZIEE{R)[G(G + ok )E {RE(r) + Bu(n)} +

k=1,k#i

(G+03,) E{RL(r) + B2 (")} -

2G(G + a3, ) exp(—22)(1 - 2L [0]).

E {Rk.i(T)Rk.i(T') + Rk.i(T)Rk,i(T')}] . (5.16)

The facts that E{[b,(k)]2} =1, and E{bfk)bfk)[O]} =1 —2p{P[0], where p{*)[0] is the
kth user’s error probability before CCI cancellation, were used to obtain Equation

(5.16). Variances 0}, , = 03,, 04y, , = 03, and E{g},} = G for all k and X. All
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the expectation operations in Equation (5.16) can be evaluated by using a procedure

similar to that developed in Section 4.4.
The ith user’s signal to noise ratio after one stage of CCI cancellation is thus

obtained as

E{D?}
Var(Da) + Var(F; a) + Var(L; A[1]) + Var(N;a)

SNR;a[l] = (5.17)

The probability of bit error p{*)[1] after one stage CCI cancellation may be computed

from
PO = Q (YSNR:al1]), (5.18)

where the @ function has been defined previously.

With v stages of CCI cancelers and data decisions, the variance of the CCI term

I; a[v] is obtained by recalculating the variance repetitively. This variance is given
by

K -
Var(Lialel) = 3 EEE{R[G(G +03,)E {RE,(r) + RE(r)} +

k=1,k#1

(G +0%,) E{RE () + B2 ()} -

2G(G + 03,) exp( "?,3“)(1 ~2p{A[v — 1]).
E {Rk‘,’(T)Rk',‘(TJ) -+ Rk‘;(T)Rk'i(T')}] s (5.19)

where pﬁﬁ_{ [v—1]} is the BER of the kth user after (v — 1) stages of CCI cancellation.

The signal to noise ratio after v stages of CCI cancelers can be obtained by substi-
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tuting Var (I; a [v]) in place of Var (/; 4 (1]) in Equation (5.17) and recalculating the
expression. The bit error probability p{¥)[v] after v stages of CCI cancelers can be

obtained by recomputing Equation (5.18) with this new value of SNR.

As mentioned in Chapter 4, the error variance of the channel estimates and the
code phase estimates decreases in the subsequent RAKE receiver stages because of
CCI cancellation. To obtain this variance reduction, channel estimation and code
phase estimation must be performed after each stage of CCI cancellation. It is
reasonable to assume that interference cancellation at the (7 + 1) th stage reduces
the CCI from (1 — p{¥[;]) times the number of users, p(*) [7] being the BER after the
Jth cancellation stage. One way to calculate the reduction in the variance of estimate
errors after j, 1 < j < v stages of CCI cancellation is to multiply the variances by
2p{*)[7]. The factor 2 is used because the cancellation of the CCI generated from

incorrect data signal estimates doubles the corresponding CCI.

5.5 Numerical Results

Performance results are computed for an indoor CDMA system with parameter
values described in Section 3.2.4. Results are presented for various combinations of
factors. The BER performance under perfect conditions is given in Figure 5.5. The
individual effect of various system imperfections on BER performance is shown in
Figures 5.6 - 5.9. Their combined effect is presented in Figure 5.10. In these figures
the spreading code period, N = 31 and the number of users, K = 16. Under perfect

conditions, approximately single user BER performance can be obtained using one
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stage of CCI cancellation (Figure 5.5). This improvement is much the same as that
reported in [24]. This implies significant savings in hardware compared to the use
of a CCI canceling correlator receiver. Figure 5.6 is a plot of BER versus % for
up to two stages of CCI cancellation in the presence of power control imperfections
resulting in 2 dB variance in the normalized received power. It is assumed that
there are no channel estimate errors and spreading code phase estimate errors. As
shown in Figure 5.6, the single user BER performance is obtained with two stages

of cancellation.

The effect of channel estimate error on BER performance is shown in F igures
5.7 and 5.8. It is assumed in both cases that there are perfect power control and
spreading code phase estimations. The BER performance when MSE in channel
estimates is constant at 0.01 at all stages is shown in F igure 5.7. Single user BER
performance cannot be realized by increasing the number of canceler stages. This
is due to the increase in the noise floor level because of channel estimation error.
The BER performance with channel estimation repeated after each CCI cancellation
stage is shown in Figure 5.8. A MSE of 0.1 is assumed in the preliminary stage of
the receiver. In this situation, single user BER performance can be achieved with
two stages of CCI cancelers. The effect of the spreading code phase estimate error
on the BER performance is illustrated in Figure 5.9. To arrive at this result, per-
fect power control and channel estimation are assumed. The standard deviation of
the normalized code phase estimate error is constant at 0.1 in all stages of the re-

ceiver. When there are no errors in power control and channel estimates, a standard
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deviation value of 0.1 can be tolerated by such receivers (Figure 5.9).

The BER performance when all three imperfections are present is shown in F ig-
ure 5.10. It is shown in this figure that CCI cancellation does not improve BER
appreciably when the variance of the normalized received power is 2 dB, MSE in
channel estimates is 0.01, and standard deviation of normalized error in spreading
code phase estimates is 0.1. For CCI cancellation to be effective when a combination
of system imperfections is present, the power control imperfections and estimates
imperfections must be minimized below these values. An alternate method is to
repeat channel estimation and code phase estimation after each stage of CCI can-

cellation.

5.6 Summary

Analysis was done on the performance of a CCI canceling spread spectrum multi-
access RAKE receiver with imperfections in power control, spreading code phase,
and channel estimation. It is clear from the analysis and numerical results presented
in this chapter that with perfect conditions the CCI cancellation technique employed
with RAKE receivers can provide significant improvement in BER and capacity with
Just one stage of CCI canceler. Such receivers can tolerate 2 dB variance in the
normalized received power, or 0.01 MSE in the channel estimates, or 0.1 standard
deviation in the normalized code phase estimates error. The BER performance
degrades significantly when a combination of estimate errors is present with 2 dB

imperfections in power control. To keep the performance of such recejvers within an
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acceptable limit in the presence of this level of power control imperfections, channel
estimation and code phase estimation has to be repeated after each stage of CCI
cancellation. This results in a reduction of MSE in estimates in succeeding stages

of cancelers. This restores the effectiveness of CCI cancellation.



6. BER Performance Simulation

Analytical techniques used to predict the BER performance (Chapters 3-5) have
the advantage of being computationally efficient. However, approximations were
made in the analysis to arrive at closed form expressions. For example, the Gaussian
approximation was used to model multiple access interference. It is a common
practice to evaluate performance by computer simulation. Simulation techniques
allow one to accurately model complex systems and channels although this results

in high computational complexity.

In this chapter, time-domain simulation programs that model and simulate the
baseband indoor CDMA system are developed using MATLAB simulation software.
These programs are used to predict the BER performance of CDMA receiver struc-
tures analyzed theoretically and reported in previous chapters. The system im-
perfections are appropriately modeled and included in the simulation program for
performance evaluation. Simulation results are then compared to analytical results

and the validity of approximations used in the analysis is examined.

6.1 Methods of BER Estimation in Simulation

A number of distinct techniques are commonly used to estimate BER in simula-

tion [25]-[31]. Two techniques used for BER estimate of indoor CDMA receivers are
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the Monte Carlo (MC) method and the modified MC based on Importance Sampling

(IS). A brief introduction to these techniques is given below.

In AWGN channels, when equally likely binary symbols are transmitted, the
symbol error probability p is given by

P=J, f(v)dv, (6.1)

where f(v) is the conditional density function of the decision variable given -1 was
transmitted, and Vr is the threshold level for symbol decision. Equation (6.1) may
be rewritten as

p = [ ho)f(o)d

= E{h(v)}, (6.2)
where
1 v Z VT
h(v) = (6.3)
0 v<Vr.

A natural MC estimator, papc of p given by Equation (6.2) is the sample mean

Nac

. 1
Pmc = — > h(w), (6.4)

=1

where, v; = v(¢;) and ¢; are the symbol spaced instants at which decisions are made.

It is clear that h(v) is an error detector and the summation is in effect an error
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counter. Equation (6.4) suggests that a suitable empirical basis for estimating BER
is to process Nysc symbols through the system, to count the number of errors n and

obtain an estimate of BER as the sample mean; thus

n

PMc = (6.3)

Nuc'
In the limit as Nyc — oo, the estimate Pac converges to p. This is referred to as

the conventional Monte Carlo (MC) method.

In the case of finite Ny, reliability of the estimator is quantified in terms of
confidence intervals. Two numbers hy and h, which are functions of DPmc are chosen
with the interval h; — h, as small as possible, so that with high probability, h, <

p < h;. Specifically

Problh, <p < k] =1—a, (6.6)

where, h; — h, is the confidence interval and 1 — o is the confidence level. Two
other qualities of the BER estimator are its bias and variance. The BER estimator
is unbiased if E{pyc} = p. The MC estimate of BER is unbiased and o*(ppc) =

%(vlﬁfl, where o?(ppc) is its variance [25).

At 0.95 confidence level, a symbol size Nyre = 1;0 provides a confidence interval of
(1.8 pmc, 0.55 pasc) which has an uncertainity factor of approximately 2 in the BER.
If Nye = l%, then at a confidence level of 0.95, the confidence interval is narrower

in [1.25 pac. 0.8 Pmc]- This implies processing of 10® symbols to obtain a BER of
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107°. Thus there is a trade-off between run time and the statistical variability.

6.1.1 Importance Sampling

The MC method is inefficient at very low values of BER. In a modified version of
MC simulation, realized through importance sampling (IS), the “important” events
in BER simulation (creation of symbol errors) are generated frequently. This is
often done through a deliberate distortion, called biasing, of the statistics of the
underlying error creation processes [25]-[29]. Finally the error count is properly

unbiased.

The idea behind IS may be illustrated by rewriting Equation (6.2) in an equivalent

form

[ £
p o= [ ho)EE S (v

- / Z h*(v) f*(v)dv

= E.{k"(v)}, (6.7)

where f*(v) is the biased density function such that the variance of the BER estima-
tor is reduced. Symbol E, is used to indicate that the expectation is with respect to
f*(v). The ratio fi%% = W(v) is called the weight and the inverse B(v) = W~1(v)

is the bias at v. As mentioned before, a natural estimator of the expectation is the
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sample mean defined as

. 1 Nis
Prs = N_[szh(vi)

=1

1 Nis
= w2 Ho)W (). (6.8)

i=1

The functions of H(v;) and k(v) are identical, but H(v;) is the error detector with
f~(v) the governing density function. The quantity W (v;) is the weight of the noise

sample in the ith symbol duration.

The IS BER estimator ;s is unbiased and the variance o?(prs) of the IS estimator
is given by [25]

P prs) = 7= [ W (o) - pl, (69)

where V7 is the threshold voltage of symbol decision. From Equation (6.9) it is seen
that the variance of the IS estimator o%(prs) can be reduced to zero if Ww)=p
for v > Vr. In practice, this is not possible because p is an unknown quantity. The
MC estimator variance is given by [25]
25 p(1 —p)
o*(pm —
(Pmc) Nire

1 o )
= 5= /VT f(o)[L = pldv. (6.10)

A comparison of Equations (6.9) and (6.10) shows that any weighting [W(v) — p]
which is less than (1 — p) = 1 (for v > V%) will reduce the value of the integral in

Equation (6.9), so that for Nyjc = N, 1s, the IS estimator variance will be reduced.
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Putting this in a different perspective, for a given estimator variance, the ratio %‘[‘5

denotes savings in computation.

The fundamental objective of IS is to select f(v) so as to minimize the variance of
P1s and thus the overall computation burden. It turns out that the optimal sampling
density f*(v) is proportional to f (v). It may be easily shown that Var(prs) = 0 if
the normalization f*(v) = f(v)h(v)/p is used. Unfortunately, this unconstrained
optimal solution is not practical because it assumes knowledge of the unknown
parameter, p. However, it indicates features necessary for good IS densities. A good

biasing density should concentrate its probability mass where more errors occur.

The method of choosing an appropriate IS density function for BER simulation
of CDMA receivers is illustrated below. The bit error event, important in BER
simulation, is created mostly by the CCI component of the total noise. A close
examination of the equations for the CCI terms derived in Chapters 3 - 5 reveals
the magnitude of the CCI terms to be dependent on cos ¢, where ¢ is uniformly
distributed in [0,27] or equivalently, in [—r,r]. The CCI attains its maximum
value when ¢ is close to zero. For proper operation, the maximum value of CCI
should be less than the desired signal magnitude. A good sampling methodology
should force ¢ more often close to zero. This can be achieved, for example, by
selecting a biasing model in which ¢ has a Gaussian or Laplacian distribution that
is truncated to [—7, 7). As the Gaussian distributed random variable can be easily

generated using MATLAB, it was selected as the biasing density for ¢.

When there are a number of error contributors, as in the case of an indoor CDMA
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system, it is important to know whether a given error contributor is to be biased
or not. Another issue is biasing of various processes so as to reduce the variance
of the BER estimate. Although no optimal solution for this biasing problem has
been reported in the literature, not biasing a significant error contributor greatly
increases the variance of the estimator [29]. It is also shown that it is better not to

bias an error contributor which is not significant.

A combination of MC and IS techniques is used to obtain the BER estimates
reported in this chapter. For BER greater than 10~3, MC simulation was used. For
lower BER, the IS technique was the preferred method. In some cases, the results

obtained by the IS technique were verified by time consuming MC simulations.

6.2 Simulation of Indoor CDMA System with Single Stage

Receiver

To simulate an indoor CDMA system, the system constituents have to be sim-
ulated. These constituents are multiple DS SS transmitters, indoor channel, and
receiver. The low-pass equivalent representation of the system is used in the simula-
tion. The block diagram of the system simulated is shown in F igure 6.1. The system
model consists of models for transmitter, channel, and receiver. Simulation is based
on picking samples from various probability distributions that model the random
processes in a DS/CDMA indoor radio system. This is performed a number of times
to obtain BER estimates within a specified confidence interval. In most simulations

four samples per spreading code chip are used. However, higher sampling rates are
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used to evaluate the effect of spreading code phase estimation error.

6.2.1 System Models for Simulation

In developing the system models for simulation, the following assumptions are

made.

The data bits of the different users are independent.

The different user transmissions are asynchronous in [0,T3], where T} is the

data bit duration.

The multipath amplitudes are uncorrelated Rayleigh random variables and the

phases are uniform in [, +7].

The number of multipaths is three for all users and these paths occupy the

first three bins. (This will reduce complexity in the software that tracks the

multipaths).

The multipath amplitudes and phases remain constant for a frame interval of

256 data bits.

Transmitter model

In simulation, the transmitter functions are represented by models for data source,

spreading code, asynchronous transmission and power control imperfections. The



186

data waveform and spreading code waveform of a particular user k, are denoted as

be(t) = 3 8. Pr,(t — jTo); b € {1} (6.11)
and

ak(t) = ZGZPTc(t —iT.); af_- € {:tl}v (612)

respectively; where Pr is a rectangular pulse of unit height and duration T, b‘,’c is
the jth bit of user k, and af is the ith chip of the spreading sequence of user k.
Each user is assigned a unique spreading code sequence from a family of Gold code
sequences of length 31 generated using two maximal length shift register (MLSR)
sequences. These MLSR. sequences were obtained using two primitive polynomials
represented by 45 and 75 in octal. The data bit duration T} and the spreading code
chip duration T, are related as T, = NT., where N is the period of the spreading
code. To reduce the simulation time, N = 31 was used for all simulation programs.
The data transmission rate is IMbps, resulting in T, = 1 microsecond. A random
variable Tk, uniformly distributed in {0,7}} is used to represent the transmitter
delay of the kth user. The MATLAB software has built in functions to generate
uniformly distributed and Gaussian distributed random variables. Random variables
with other distributions are obtained using other techniques. The imperfection in
power control is taken into account by a log-normal distributed random variable to
represent the received power level. The term eX has a log-normal distribution where

X is a Gaussian distributed random variable. As the variance of the normalized
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received power is specified in dB scale, log-normal distributed variable to base 10 is

obtained as 10X, where X is a Gaussian random variable.
Channel model

The complex low-pass equivalent impulse response of the bandpass channel for

the link between the kth user and the base station is written as

L .
hi(t) = Y gend(t — ti)ei®» (6.13)

A=l

where gi », ¢, and Ok,\ are the path amplitude, time delay and phase of the kth
user’s Ath path respectively. Quantity gk.x is a Rayleigh distributed random variable.
Quantities ¢, 0k, are uniformly distributed in {0,A} and {0,27} respectively,
where A is the delay spread. The Rayleigh distributed path amplitude is generated

by the following method.

Let X be a uniformly distributed {0, 1} random variable. An exponentially

distributed random variable can be generated as
Y = —In(X). (6.14)
The probability distribution function of Y is then

fr(y) = 2}7@@(—;7)- (6.15)
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By taking the square root of Y, a Rayleigh distributed random variable can be

generated. Therefore

Z=VY (6.16)
has a distribution given as

> 32
fz(z) = ;}exp(—g), (6.17)

with a variance o2 = % This random variable is used to represent the path ampli-

tude.

The number of paths L, is assumed to be the same for all users and is given by
A
L= [EJ (6.18)

Channel parameters are changed in every data frame to take into account the time

varying nature of the channel.
Receiver models

For a correlator receiver, the low-pass equivalent representation includes a corre-
lator and a data decision stage. The function of the correlator is implemented in the
simulation by multiplying the low-pass received signal with a spreading code aligned
with the first path signal. This is followed by a summation which is equivalent to
integration. The hard decision stage takes a decision on the binary symbol by con-

sidering the polarity of the real part of the correlator output signal. This process is
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equivalent to BPSK demodulation.

The multipath diversity combining RAKE receiver consists of a filter matched to
the specific user’s spreading code, a diversity combiner, and a BPSK demodulator.
The matched filter is implemented as a bank of correlators with each correlator
aligned to a particular path signal. The diversity combiner is implemented as a
transversal filter with a number of taps equal to the number of significant paths of
the user. Maximal ratio combining is realized by providing weights that are equal
to the corresponding path amplitudes at each tap point and then summing the

weighted outputs. This is followed by data decision on the combiner output.

To evaluate the performance of the receiver in the presence of imperfections,
Gaussian distributed error signals with zero mean are generated. These are added
to the path delay, amplitude and phase parameters in the simulation. The variance of

the Gaussian distributed error is changed to obtain different levels of imperfections.

6.2.2 Program Structure

Program construction is straightforward and it is shown in the flow chart in F 1gure
6.2. Initialization procedures are necessary first to generate user spreading codes
and then for arrays and all other variables. Initialization includes frame length
definition in number of bits, the number of frames to be processed for obtaining
BER estimates with sufficient confidence, etc. The spreading codes are the same
set of Gold codes with period 31 that were used for BER analysis. In the second

step, a loop is repeated for a sufficient number of times. This loop consists of a
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transmitter section, a channel section, and a receiver section. An error detector and
counter stage after the receiver section counts the number of bits in error. For MC
simulations, the estimate of the BER is calculated by dividing the number of errors
by the number of bits processed. In cases where the IS technique is used, the weight

of the biased density function is calculated and then used to unbias the error count.

For each iteration of the loop, the transmitter section generates frames of sam-
pled random data bits, one frame each for all K users. The sampled data frame of
each user is multiplied by the corresponding sampled spreading code frame. The
asynchronous nature of the user transmissions is taken into account by shifting the
frames by an amount equal to their corresponding transmitter delay. The imperfec-
tions in power control are taken into account by multiplying the transmitted frame

of each user by a log-normal random variable.

In the channel section, the uniformly distributed path delays, Rayleigh dis-
tributed path amplitudes and uniformly distributed path phases for all L resolvable
paths of all K users are generated. In the reverse link, these channel parameters
are independent among users. White noise is also generated and added to the sum

of the K user signals to obtain the total received signal at the base station.

In the receiver section, the received signal is passed through a correlator or a
RAKE receiver. For a correlator receiver, de-spreading is done with the desired
spreading code aligned with the first path signal. This is followed by summation
and data decision. In a RAKE receiver, the path signals at the matched filter output

are maximal ratio combined using a transversal filter combiner which is provided
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with estimates of path amplitudes and phases. The error in channel estimates
is accounted by generating zero mean Gaussian random variables with different
variances. The variance of the amplitude error is £ {Ag? .} = MSE and the variance
of phase error is obtained as E{A¢?,} = 72MSE, where MSE is the mean square
of the normalized error. The combiner output is then BPSK demodulated using a
hard decision stage. Hard decision stage decides in favor of a bit ‘1" if the real part
of the correlator or combiner output is positive and decides in favor of a bit ‘0’ if

the real part of the correlator or combiner output is negative.

6.2.3 Simulation Results

The complete indoor CDMA system is simulated and the BER performance is
evaluated under different conditions using MC and IS techniques. The MC simula-
tion is used to obtain BER up to 10-3. A symbol size of ’?0, where p is the BER
to be estimated, is selected for this. As stated previously, this symbol size provides
a BER estimate in the confidence interval [1.8p, 0.55p] at a confidence level of 0.95.
Simulation based on IS sampling is used to obtain BER in the 10~3 — 10~¢ range.
An approximate symbol size required for the [1.8p, 0.55p] confidence interval at 0.95
confidence level is specified in [27]. This symbol size is obtained by comparing the
BER obtained by IS simulation by time consuming MC simulation. To gain confi-
dence in the required symbol size, BER performance of a single user spread spectrum
system with BPSK carrier modulation is simulated using the IS technique. The set
of symbol sizes needed to get the analytical BER for 1%5 in the 0 - 10 dB range is

derived using extensive simulations. To obtain BER estimates within the previously
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specified confidence interval, a symbol size of 1.000 - 10,000 is found to be sufficient

in the 1073 — 107° range.

For a CDMA correlator receiver, the simulated BER versus % performance re-
sults are shown in Figures 6.3 - 6.5 for various values of N and K. The BER obtained
using standard Gaussian and improved Gaussian approximations are included for
comparison. As evident in these figures, the standard Gaussian approximation pro-
vides accurate BER for 1%' values up to 10 - 12 dB. This is especially true for
N = 31, even with a small number of users, K. At low values of BER, standard
Gaussian approximation provides optimistic BER and improved Gaussian approxi-
mation provides pessimistic BER compared to the simulated BER. The agreement
between the simulated and the analytical results becomes poor at larger values of
the processing gain N. The agreement also gets poor as the number of users K be-
comes fewer. This may be attributed to the fact that, when the delays and phases
of user transmissions are random, the number of users A has to be large for the
Gaussian approximation to be accurate. Similarly, for large values of processing
gain N, multiple access interference may be accurately approximated by a Gaussian

random variable only at fixed values of phases and delays of user transmissions [54].

The BER performance results for a CDMA RAKE receiver using MC simulation
are shown in Figures 6.6 - 6.9. Perfect conditions are simulated for the result shown
in Figure 6.6 whereas the effect of power control imperfections, channel parameter
estimation imperfections, and spreading code phase estimate imperfections are con-

sidered in Figures 6.7, 6.8 and 6.9 respectively. For simulation results, the confidence
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intervals (at 0.95 confidence level) are also shown. Results obtained by analysis in
Chapter 3 are also included in these figures. The BER obtained using the standard
Gaussian approximation lies within the confidence interval of the simulated BER
estimate (Figures 6.6 - 6.9). This agreement between the simulated and analytical
result justifies the approximations used in the analysis. As stated before, the compu-
tational effort required for analytical methods is considerably less. For example, the
numerical computation of analytical expression for BER takes only a few minutes
of computer time whereas MC simulation of BER. performance of an indoor CDMA

system with RAKE receiver takes approximately two days of computer time.

6.3 Simulation of Indoor CDMA System with CCI Can-

celing Receivers

The program structure for simulating the BER performance of a CCI canceling
receiver is similar but more elaborate than that described in Section 6.2. There is
a receiver section for each user of the system. To simulate the above program a
computer system with large memory is required. The data estimates and channel
parameter estimates of each user are stored and they are used to regenerate its
contribution of CCL. Regenerated CCI of each user is subtracted from the received
signal and a second set of receivers is used to demodulate the CCI-canceled signal.

This has to be performed for each user of the CDMA system.

The block diagram of the system simulated for one stage CCI regeneration and

cancellation, and subsequent data demodulation is shown in F igure 6.10. This pro-
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Figure 6.8 BER performance results by analysis and sim-
ulation for a CDMA RAKE receiver. MSE in
channel parameter estimation = 0.01; perfect
power control and code phase estimation; L = 3;
N =31; K =9. The confidence intervals of the
simulated BER results at a confidence leve] of
0.95 are also shown.
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cess of regeneration, CCI cancellation, and demodulation of data signal is repeated
one or more number of times by logical extension of the procedure illustrated in

Figure 6.10.

The effect of power control imperfections and channel parameter estimates im-
perfections on the performance of the receiver is also simulated by a procedure
similar to that described in Section 6.2. One additional feature of the procedure
is the inclusion of the effect of error in channel estimates in the CCI regeneration
for every user. The flow chart illustrating the simulation procedure for one stage
of CCI regeneration and cancellation is shown in F igure 6.11. Two or more stages
of CCI regeneration and cancellation can be simulated by repeating the operations

depicted in this flow chart.

6.3.1 Simulation Results

Elaborate simulations using MC and IS techniques are performed to evaluate
BER performance of CCI canceling CDMA receivers. Simulations are performed
for correlator and diversity combining RAKE receivers with CCI cancellation. The
effect of each system imperfection is simulated separately to study its effect on BER.
A combination of system imperfection is also simulated to examine its combined

effect on the receiver performance.

The BER performance results for a CCI canceling correlator receiver are pre-
sented in Figures 6.12 - 6.14. Results in Figure 6.12 are obtained assuming perfect

conditions. Imperfect power control is assumed in obtaining results presented in
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Figure 6.13 whereas to arrive at the results shown in F igure 6.14 imperfect channel
estimates are assumed. Similarly the simulated BER performance of a CCI cancel-
ing RAKE receiver for various combination of factors are shown in Figures 6.15 -

6.19. In all cases the analyzed BER performance is also shown for comparison.

For initial stages of CCI cancelers, simulated and analytical results are almost in
agreement (Figures 6.12 - 6.19). However, with an increasing number of canceler
stages, theoretical curves become optimistic in comparison with simulation curves.
This can be attributed to the removal of CCI by the cancellation scheme. Reduced
CClI is equivalent to fewer transmitting users and this is equivalent to lower values
of K. As shown in previous cases, optimistic BER results are provided by the
standard Gaussian approximation when K is small. Up to a BER of 10~4 the
Gaussian approximation is reasonably accurate. The Gaussian approximation has
resulted in an SNR difference of 1 to 1.5 dB lower for a given value of BER in the

range of 10~ to 10-6.

6.4 Summary

The BER performance of correlator and diversity combining RAKE receivers
was evaluated with and without CCI cancellation. Imperfections in power control,
channel estimates and spreading code phase estimates were incorporated in the
simulation model. Computational burden was reduced by using IS techniques to
evaluate low values of BER. The simulated bit error rate results were compared with

those obtained using analytical approximations. For the correlator receiver, results
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using the standard Gaussian approximation method and the improved Gaussian
method are the same as those using simulation, for an %ﬁ- below 10-12 dB. However,
at higher values of an 1—53-, standard Gaussian approximation provides optimistic BER
and improved Gaussian approximation provides pessimistic BER values compared to
the simulation results. For diversity combining receivers, it is shown that analytical
results lie within the confidence interval of the simulated BER estimates. For a
CCI canceling receiver, the analytical and simulation results are in agreement in the
preliminary stages of the receiver. However, analytical BER results are optimistic
in the CCI cancellation stages, especially at higher values of SNR. As stated before,
this is due to the reduction in the effective number of users, K, with more stages of

CCI cancellation.



7. Conclusions and Future Work

The following objectives of the research were stated in Chapter 1:

1. Analyze the effect of imperfections in transmitter power control, carrier phase
estimate and spreading code phase estimate on the BER performance of a
CDMA correlator receiver in a frequency selective slow Rayleigh fading indoor

channel.

2. Analyze the effect of the above imperfections on the BER performance of
a multipath diversity combining CDMA receiver in the same indoor mobile

channel environment.

3. Develop analysis for the BER performance of a parallel pre-correlation CCI
canceling CDMA correlator receiver with the same imperfections and for the

same channel.

4. Analyze the effect of imperfections on the BER performance of a CCI cancel-
ing multipath diversity combining CDMA receiver in the indoor mobile radio

channel.

5. Develop programs to simulate indoor CDMA system with correlator and mul-
tipath combining receivers with and without CCI cancellation and verify the

analytical results.
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7.1 Conclusions

The work presented in this thesis shows that the above five ob jectives have been

realized. The overall conclusions are summarized as follows:

1.

)

An expression for the probability of bit error of a CDMA correlator receiver
was derived. The effect of system imperfections was included in the deriva-
tion. The BER was numerically computed for various combinations of factors.
The individual effect of various system imperfections on BER performance as
well as their combined effect were presented in Chapter 3. It is concluded
that the spectral efficiency of such systems is approximately 0.1 bits/sec/Hz
at a BER of 107 under perfect operating conditions. As expected, the spec-
tral efficiency decreases with system imperfections. The performance of such
receivers degrades significantly when the variance of the normalized received
power is above 0 dB, or the mean square error in the normalized carrier phase
estimate is above 0.01 or the standard deviation of the normalized code phase

error is above 0.1.

An expression for the probability of bit error of a CDMA RAKE receiver was
derived taking into account the effect of imperfections. Numerical computa-
tion of the BER was done for various combinations of factors. The individ-
ual effect of various system imperfections on the BER performance and their
combined effect were presented in Chapter 3. It is shown that the spectral

efficiency of such systems is 0.25 bits/sec/Hz at a BER of 10~3 under perfect
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operating conditions. It is demonstrated that imperfections in power control,
path amplitude and phase estimation, and spreading code phase estimation
are of particular concern. The performance of these receivers degrades when
the variance of received power is above 0 dB, or the mean square error of the
normalized path amplitude and phase estimate is above 0.01 or the standard
deviation of the normalized code phase error is above 0.1. The need for receiver
structures which can provide better spectral efficiency by using new signal pro-
cessing such as regeneration and cancellation of co-channe] interference at the

receiver, is emphasized in Chapter 3.

- An analysis was developed for the BER performance of a parallel pre-correlation
CCI canceling CDMA receiver in a frequency selective slow Rayleigh fading
indoor channel. This analysis included the effect of system imperfections. Nu-
merical computations of the BER of a multi-stage CCI cancellation receiver
was done for various combinations of system imperfections. The individual
and combined effects of various system imperfections on the BER performance
were presented in Chapter 4. It is concluded that a spectral efficiency of 0.5
bits/sec/Hz at BER of 107¢ is possible under perfect conditions, with three
stages of CCI regeneration and cancellation. For the cancellation scheme to be
effective, only a limited margin of error in channel estimation and spreading

code phase estimation can be tolerated.

. An analysis that included the effect of system imperfections was performed for

the BER performance of a CCI canceling CDMA diversity combining RAKE
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receiver in a frequency selective slow Rayleigh fading indoor channel (Chapter
5). It is concluded from the numerical results that a spectral efficiency of 0.5
bits/sec/Hz at BER of 10~ is possible under perfect conditions, with one stage
of CCI regeneration and cancellation. This implies that there is considerable
saving of hardware compared to the use of a CCI canceling correlator receiver.
It is also shown that the performance of these receivers degrades significantly
when the variance of the normalized received power is above 2 dB, or the mean
square of normalized error in path amplitude and phase estimate is above 0.01
or the standard deviation of the normalized code phase error is above 0.1. For
CCI cancellation to be effective, channel and spreading code phase estimation
have to be repeated after each canceler stage when a combination of these

imperfections is present.

- Simulation programs were developed to verify the analytical results obtained
for an indoor CDMA system with correlator and multipath combining RAKE
receivers with and without CCI cancellation (Chapter 6). The BER estimate
was obtained by employing the Monte Carlo and importance sampling tech-
niques. In the case of BER performance, modeling the CCI using the Gaussian
approximation is quite accurate with spreading gain, N = 31 and number of
users, ' = 3 — 8. The BER with Gaussian approximation is in reasonable
agreement with the simulated BER estimates for lower values of SNR and with
a large number of users. However, for BER in the range of 10~* to 106, the

Gaussian approximation results in an SNR difference of about 1 - 1.5 dB lower



for a given value of BER.

7.2 Contributions of this Research Work

* A new analysis of the effect of combined imperfections in power control. chan-
nel estimation and spreading code phase estimation on the BER. performance

of correlator and diversity combining RAKE receiver has been developed.

o The effect of system imperfections on the BER performance of CDMA receivers

in a frequency selective Rayleigh fading channel has been simulated.

® A new analysis for the BER performance of the parallel pre-correlation CCI
canceling CDMA correlator receiver has been developed. The effect of com-
bined imperfections in power control, channel estimation and spreading code
phase estimation on the BER performance of CCI canceling CDMA correlator

and diversity combining receiver has also been theoretically analyzed.

® A new strategy for the application of importance sampling to simulate indoor
CDMA system has been proposed. Confidence in the new strategy has been

established by extensive indoor CDMA system simulations.

7.3 Future Work

The analytical work reported in this thesis uses a Gaussian distribution to model
estimate errors. A challenging extension to this analysis is to consider specific
schemes for channel estimation and spreading code phase estimation in an indoor

channel and to evaluate the distribution of the error in estimates and to use these
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distributions to analyze the BER performance of CCI canceling receivers. From the
work reported in this thesis. it is seen that CCI regeneration and cancellation can
result in substantial increase in system capacity. Because of the complexity of such
receivers. their use in a base station is more practical. Many of the subsystems
required for this kind of receivers can be shared by different user receivers at the
base station. Developing receiver architecture that time shares various subsystems.
thereby reducing complexity, seems to be a challenging area that requires further
work. Developing precise signal processing techniques for channel estimation and
spreading code phase estimation is another major hurdle to be overcome before the
capacity improvements with CCI cancellation can be realized. A trade off study
among complexity - performance - capacity issues is necessary before deployment of

such receivers in future personal communication systems.
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