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ABSTRACT

MULTI-USER DETECTION FOR MULTI-RATE DS/CDMA
SYSTEMS

by
Jinwen Ma

Wireless cellular communication is witnessing a rapid growth in market, technology
and range of services. Current and future demands for wireless communication
services motivate the need for handling multi-media traffic types. In a multimedia
communication system, users with different and even time-varying rates and quality
of services (QoS) requirements, such as voice, image and data, must be accom-
modated. The use of Spread Spectrum modulation with Code Division Multiple
Access (CDMA) technology is an attractive approach for economical spectrally
efficient and high quality cellular and personal communication services. This
dissertation explores the technologies of applying different interference cancellation

techniques to multi-rate CDMA systems that serve users with different QoS.
nterference (MAI) and multipath propagation are the major
Eg1es sommunication systems. It is also true for multi-rate CDMA
ystems Mﬂmmd&m&wmm&mwwaﬁwﬁwm combating the near-
performance over conventional detection method.
{issertatio ombine both linear and non-linear multiuser detection
mhnﬁmw such as linear minimum mean squared error (LMMSE) detector, non-
jecision feedback detector, with other signal processing techniques, such as
rocessing and multipath combining, to create effective near-far resistant

detectors for multi-rate CDMA systems.

Firstly, we propose MMSE receivers for synchmnona multi-rate CDMA system
performance rresponding multi-rate decorrelating
The multi-rate dwmahﬁng detector is optimally near-far resistant
lement. The proposed linear MMSE multi-rate receiver can be
adaptively implemented only with the knowledge of the desired user. Due to the fact
that MMSE detector offers best trade-off between the MAI cancellation and noise
variance enhancement , it is shown that multi-rate MMSE receiver can offer better




performance than the multi-rate decorrelator when the interfering users’ Signal to
Noise Ratio (SNR) is relatively low comparing to the desired user's SNR.

Secondly, for asynchronous multi-rate CDMA system, we propose multi-rate
multi-shot decorrelating detectors and multi-rate multi-shot MMSE detectors. The
performance of multi-shot detectors can be improved monotonically with increasing
the number of stacked bits, but a great computational complexity is going to be
introduced in order to get better performance. A debiasing method is introduced
to multi-rate multi-shot linear detectors. Debiasing method optimizes multi-rate
detectors based on the multi-rate multi-shot model. Debiasing multi-shot MMSE
detector for multi-rate signals can offer better performance than the corresponding
debiasing muiti-shot decorrelating detector.

Thirdly, we propose linear space-time receivers for multi-rate CDMA systems.
The minimum mean-squared error criteria is used. We perform a comparative study
on the multi-rate receiver which uses either multipath (temporal) processing or array
(spatial) processing, and the one which uses both array and multipath (space-time)
processing. The space-time receiver for the multi-rate CDMA signals give us the

potential of improving the capacity of multi-rate systems. The space-time processing
combined with multiuser detection have the advantages of coanbating multipath

capacity of the multi-rate CDMA systems.

Lastly, the group-wise interference cancellation methods are proposed for multi-
rate CDMA signals. The non-linear decision feedback detection (DFD) schemes are
used in the proposed receivers. The proposed interference cancellation schemes
benefit from the nature of the unequal received amplitudes for multi-rate CDMA
signals. Users with same data rate are grouped together. Users with the highest
data-rate are detected first. Interference between the groups is cancelled in a
successive order. The results show that the group-wise MMSE DFD yields better
performance than muiti-rate linesr MMSE detector and multi-rate decorrelating
detector, especially for highly loaded CDMA systems.
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CHAPTER 1
INTRODUCTION

1.1 General Overview

Access to the developing information highway occurs through two avenues: fixed,
wired systems (such as phone sockets in the wall or Ethernet connections) or wireless
cellular systems (such as wireless local area networks, cellular telephone systems,
or satellite communication systems). While we can theoretically increase, without
bound, the data throughput in wired communication systems by laying more copper
wire or fiber optic cable, we are unable to provide analogous gains in wireless commu-
nication systems because of the finite nature of the frequency spectrum. In addition,
the presence of interfering users, channel fading, and multi-path propagation make
the problem of wireless communication over these channels more difficult. Therefore,
one purpose of our work, is to provide methods for effective and computationally
efficient ways for communicating over such wireless channels.

The wireless communications systems are going to be required not just handling
speech, but also handling high speed data and images. Users with different and
even time-varying information rates must be accommodated in the future wireless
communication systems. A mobile terminal may set up and modify sessions for voice,
data and images through wireless connections to the base stations. So the objective
of this work is to provide methods for integrating the wireless communication systems
with existing communication networks in order to communicating multimedia type
traffic.

In order to state our purpose more precisely and to provide more specific
motivation, we discuss the architecture of a cellular phone system which we will
use throughout this work as a representative wireless communication system. In this
system, service area is partitioned into cells. A base station lies at the center of each
cell and acts as an interface between the wireless user and the switched telephone
network. If one were to make a cellular phone call, the signal would first be trans-
mitted to the base station which corresponds to that user’s cell; the base station
receives the signal and transmits the cell over the switched network to its desti-
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nation. The basic system model of the remote user and base station can be applied
to various wireless systems with different channel characteristics and cell sizes.

The base station receives signals from multiple users and it must demodulate
their signals prior to further transmission towards a final destination. As the
popularity of wireless communication services grows and as multimedia data services
are going to be offered, more sophisticated base station receiver will be needed to
handle the increased demand. The motivation of our work is to explore efficient
demodulation methods under the multimedia traffic type for base station receivers.
We will explore the potentials of using linear and non-linear detection schemes, for
multi-rate traffic type, in conjunction with other signal processing techniques as a
basis for receivers design. In the next section, we will discuss the CDMA multiple
access method which is emerging as a standard for current and future wireless

1.2 CDMA Background
Previous cellular systems, such as the AMPS [1] cellular system, used analog
technology. Many current and most future systems is using and will use digital
technology to take advantage of advanced signal processing methods to increase the
gystems’ efficiency. Time Division Multiple Access (TDMA) is the mulitple access
scheme used in most digital cellular telephone systems, such as European GSM
systems and United States IS-136. TDMA techniques allocate a channel in the
cell to each user sequentially in non-overlapping, equal interval, short duration of
time (termed a time slot, which last hundreds of microseconds). A user transmits
mfomaﬁmduﬁngmmedtmswt;wm
The CDMA technique is an alternative 1 modulation scheme, which
juences to each active user. Allumthentranmmttheircode—
aneously using one carrier and the whole bandwidth of the
cell. C}mdisadmtageoﬁ‘TDMAiathatitallowsﬁoronlyaﬁmdnumberafusars
at any time. If all the time slots have been assigned, no more users can enter the
systems unless someone else leaves. This appears to be an advantage for CDMA,
gince there is no such hard limitation exists (theoretically). The addition of more
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users simply causes a degradation in system performance. Another advantage which
CDMA gives over TDMA for bursty channels is that valuable bandwidth resources
are not wasted when no data is transmitted.

Other advantages of CDMA come from the spectral characteristics of trans-
mitted signals. Since the spreading sequences are long pseudo-random sequences,
users’ transmitted signals are spread over the bandwidth which is much wider
than the meaage bandwidth. The bandwidth of spread spectrum signals is wide
enough so that the channel affects the sub-bands differently. Such channels are
termed frequency selective channels. In wireless communication channels, the effects
of scattering make the received signals contain multi-path components which are
delayed and distorted versions of the original transmitted signal. While the multi-
path phenomenon are often viewed as a problem to many communication systems,
the frequency selective nature of the CDMA channel allows the detector to take
advantage of them by resolving their individual signal components and providing a
form of frequency diversity.

More advantages of CDMA (2] are capacity increasing over conventional analog
cellular systems by an order of magnitude, supporting about three times the number
of users per cell as a TDMA system and more reliable soft-handoff possibility. All
these attractive features of DS-CDMA over TDMA prompt the development of
CDMA cellular systems.

1.3 Conventional Detection
The base station is going to perform bit detection for each user. That means it is
going to detect the desired user’s signal which is contaminated by multiple access
interference (MAI) due to the interfering users and background noise. Let’s consider
a simple two user system with desired user 1 and interfering user 2. The vector
version of the received signal in a bit synchronous channel is:

T = \/wi81b; + /wabeby + m, (L.1)

where wy, 8y, by, are the corresponding kth user’s received energy, signature waveform
(normalized) and information bits. The vector n is additive white Gaussian noise

with zero mean and covariance matrix o?I. A filter matched to the desired user’s
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signature waveform followed by a hard limiter make the what so called conventional
detector. Let < - > denotes the standard inner product in Euclidean space. For the
desired user one, the output of the hard limiter is:

bhh = sgn{<r,s8 >}. (1.2)
If the signature waveforms of two users are orthogonal, which means the cross corre-
lation p =< 8;,8; > equals to zero, then the conventional detector is the optimum
(maximum likelihood) detector. ¥ |p| > 0, the estimated information bit of the
desired user 1 becomes

b = sgn{yWib + Wpby+ < 8,0 >}. (1.3)

When p is small (|p| € 1) and the received amplitudes of two users are same, the
conventional detector can work well. However, the detector performance can be
degraded as the received power wq of the interfering user increases. This happens
when all the users are transmitting at the same power level, and an interfering
user is much closer to the base station (so called near-far problem). So the conven-
tional detector rely on power control to equalize the received amplitudes of the users’
signals.

1.4 Multiuser Detection Background
In order to solve near-far problem, Verdd proposed the optimum multiuser receiver
or maximum likelihood (ML) receiver [3]{4] which can be shown that by considering
the structures of interfering user’s signals, using a matched filter bank with a Viterbi
algorithm, the minimum bit error rate can be achieved. This method set up the basis
for multiuser detection. Unlike conventional detection, multiuser detection utilizes
the knowledge of the received interfering users’ information to detect the desired
user’s bits, The major advantage of multiuser detection is that it can provide
significant performance gains over the conventional detector when the received
amplitudes of all active users are similar and even under perfect power control.
Hence in systems without perfect power control or no power control, multiunser
detection is necessary to prevent the near-far problem; in systems with perfect
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power control, multiuser detection is desirable to provide performance gains over the
conventional detector.

Even though the optimum multiuser detector can minimize the probability
wever, the computational complexity is exponential in the number of

users. As a result of the computational complexity of this receiver, a number of
suboptimal receivers were developed [5] (6] (7] [8] [9] [10] [11] (See [12] for a survey).
These suboptimal multiuser detectors can effectively combat the near-far problem
erformance gains with less computational complexity which

is linear in the number of users.
Similar to zero-forcing equalizer which is used to combat ISI [13], a decorre-

lating detector uses a linear transformation which is basically the inverse of the cross-
correlation matrix to zero out the other users’ interference after the matched filter
bank. The decorrelating detector has the advantage of being easy to implement and
no estimation is needed for the received signals’ energies. The decorrelating detector
is optimally near-far resistant, meaning that its capability to reject multiple access

interference ( in terms of the near-far resistance performance measure ) is equivalent
to the optimum multiuser detector.
elating detector has the drawback of noise variance enhancement

this snb«optimal method has the computational
simplicity (linear in the number of users). Among linear sub-optimal multiuser
detection, ﬁwnmmaanmmd error (LMMSE) estimation based multiuser
detection choose ransforma inimize the Mean Squared
Error (MSE) between the output data and the transmitted information. The MSE
is given by E[|TSTr — b||?] in the context of model 1.1, where the N x 1 vector
8 is the kth user’s signature seque: {3132],1) = thg]T N is corresponding
preading length of the signature sequence. This receiver also maximizes
the Signal to Interference plus Noise Ratio (SINR) among all linear receivers. The
LMMSE receiver offers best trade-off between MAI cancellation and noise variance
enhancemen i 1taining computational simplicity (linear in the number of
ua@m) and near-far resistance. Refe

comparable to MAI ever




entation of the preceding front end could be cumbersome, since it

wledge of the spreading waveforms and the propagation channels of all
users, even if only one particular user is of interest. Furthermore, the complexity,
both of the implementation of the front end and of the processing of the output,
grows with the number of users. These difficulties can be overcome by using adaptive
implementations of multiuser detection based on an alternative front end. Reference
[15] derives a coherent, LMMSE detector which can be adaptively implemented with
a training sequence. Its disadvantage is that whenever a sudden and significant
change in the channel occurs ( due to a severe fade or the arrival or departure of a
strong interferer), it requires the retransmission of training sequences to reinitialize
the detector. To overcome this disadvantage, references [16] and (17] show how
the LMMSE muitiuser detector can be adaptively implemented without training
sequences; this blind adaptive multiuser detector requires only knowledge of the
desired user’s signature waveform and timing information, the same requirement as
the conventional single-user matched filter.

1.4.1 Multi-shot Detection

Decorrelating and LMMSE multiuser detectors have received the most interest

performance and simple mathematical formulation. Under the
| elating and LMMSE detectors are ideally infinite

length can be ﬁnp&m&nted In order to achieve the performance
of ideal (infinite memory length) detectors, the adaptive, decentralized, one-shot
multinser detector was proposed by [18][15][19]{20}(21](16]. Inside one-shot decor-
relators, & matched filter is matched to one of the user’s signature waveform while
others are matched to the left and right parts of other users’ signature waveforms.
After the multi-shot matched filter bank, there is a decorrelator followed by a soft
decoder which combines the three parts (left, central, right) of information together
and decode them. While achieving inherently sub-optimal characteristics, one-shot
decorrelating detector increases the dimension of the matched filter output vector
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and cross correlation matrix, also it may require long adaptation time, and the
adaptation must possibly be repeated frequently. Also, there exists the correlation
matrix singularity problem for some relative delays between the users’ codes. The
other, termed multi-shot approach, was proposed in [22]. In this receiver, the
input signals are processed by each filter at a time corresponding to the bit timing
of each user. After the matched filter bank, a decorrelator which based on the
matrix inversion introduced in reference [22] was followed. The cross-correlation
matrix of the filters’ output is non-singular in the multi-shot receiver, while it may
become singular in one-shot approach. The performance of multi-shot decorrelating
detector can be improved if the MAT due to edge symbols which are introduced
by the truncation can be removed. Reference [22] introduced two signal processing
methods into the multi-shot decorrelating detector and made the final multi-shot
detector approximately attains infinite-memory-length decorrelating detector, which
means the receiver can achieve the optimality in the sense of minimizing the MAI
introduced by the edge symbols.

1.4.2 Multiuser Detection and Space-time Processing

The analog of the matched filter for multipath signals is the well known Rake
filter [23][13] which coherently combines the outputs of filters matched to the time
translates of a user's transmitted signal. The optimum multiuser detector for
multipath signals [24] uses a bank of Rake filters in order to provide sufficient
statistics. The Rake decorrelating detector [25][26] is a bank of Rake filters followed
by a linear transformation based on the correlations of the users’ multipath signals.
The potential gains in using an array of sensors and spatial signal processing in
conjunction with multiuser detection was recognized in [27], but the complexity is
exponential in the number of users. A linear multiuser detector for vector channels
derived in [28] decorrelates the users’ signals using a linear combiner. It was called
spatial-temporal decorrelator and is optimally near-far resistant when the users’
spatial parameters (direction of arrival) are known.




1.5 Multi-rate Access Methodologies

A large variety of services is expected in future wireless networks such as the third
generation cellular mobile systems. Users with very different, and even time-varying,
rates and quality of service (QoS) requirements must be accommodated. A mobile
terminal may set up and modify sessions for voice, data, images, as well as video
through wireless connections to the base station. In order to provide such services,
the network must be able to statistically multiplex users with different rates and/or
QoS requirements while maximizing the spectral efficiency. Significant efforts are
being made to integrate the cellular network with fixed networks for communicating
both data and voice. CDMA provides natural implementations for a wireless commu-
nication systems that can provide services for a variety of information sources such as
voice, video and data, which inherently have different data rates. Multi-rate CDMA
systems have been investigated from different perspectives. Access methodologies
and their comparison were proposed in [29](30]. They are:

o Fixed chip rate, variable spreading length (VSL) access scheme [{29]{31)].
e Multi-code (MC) access scheme {32][33].

L ] Fi’xﬂd DroOCass

g gain, variable chip rate (VCR) access scheme [30][29].
s Multi-modulation access scheme [31], [34].

For VSL access method, the chip rate is constant and different data rates
asccommodated with the assignment of signature sequences of different lengths.
The sigmtnm sequence design (e.g. [35]) in the past has relied on codes in a set
having the same length. The development of more versatile signature sequence sets
is necessary for this proposed scheme. The advantage of the VSL access scheme is
that only simple hardware for building & multi-rate CDMA radio interface is needed.
onventional multi-rate CDMA system [36], this scheme suffers from

performance degradation as the bit rates increase.
The MC access method can be implemented in single rate CDMA systems
and thus offers the system construction advantage of being able to use the existing
single rate receiver. High rate users are accommodated by multiplexing their data
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onto several signature sequences. As a result, high rate data from a user is sent in
parallel. MC schemes have been examined in references [32][33].

In the VCR access method, the chip rates of the signature sequences for the
high rate and low rate users are different, but spreading lengths for different rate
users are same. If we sample the signature sequences at the high chip rate, the
discrete-time model is an equivalent VSL system. The additional constraint on the
low rate signature sequences is that every M (rate ratio) chips form a group which
take on the same value.

The multi-modulation access method utilizes an M-ary QAM modulation
scheme and varies the modulation-level M to accommodate multiple bit rates. In
the other word, users of different bit rates use different modulation schemes. Under
the same signal to noise ratio per bit, transmitter powers will be different for different
users. High rate users transmit at very high powers and in a conventional multi-rate
CDMA systems, this will cause a severe near-far problem for relatively low rate
users.

1.6 Multi-rate Multiuser Detection

With the pursuit of an ubiquitous wireless communications system that can provide
wireless transport for a variety of information sources, it will be desirable to develop
multiple bit rate systems. It is clear that voice, data and video have inherently
different data rates. Multi-rate CDMA systems have been investigated from different
perspectives. Access methodologies and their comparison were presented in [29]{30].
The appropriate choice of the chip rate, chip pulse shape, processing gain, number of
codes and modulation format were considered in [36][37](33](31](38]. The relationship
between quality of services and the transmitted power and processing gains was
studied in [39)[40]. Multi-rate receiver design, however, is still a relatively new
research area. Recently, some receivers originally proposed for single-rate systems

restigated for use in multi-rate CDMA schemes. Reference [36] proposed the
conventional multi-rate receiver. Reference (41](42] proposed the decorrelating based
multi-rate receiver. The further analysis of decorrelating based multi-rate receiver
was studied by [43]. The performance of jointly optimal detection was studied in
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[44]. Reference {45] analyzed the optimum near-far resistance of dual-rate CDMA
signals for random signature sequences. A comparison of maximum likelihood-based
detection for MC and VSL access schemes was proposed by [45]. Reference [34]
proposed a successive interference cancellation method by using multi-modulation
access scheme and reference [32](33] proposed the multi-code multi-rate receiver.
Reference {46] proposed LMMSE receiver for multi-rate CDMA systems.

1.7 Thesis Overview
Due to the different access schemes described in section 1.5, it is patent that the
choice of multi-rate access method will necessarily bias the choice of receiver. Thus
the objective of our work is firstly, to investigate the receiver design for multi-rate
CDMA communication systems for different access strategies and secondly, examine
if one multi-rate access scheme is better than the other for a specific multi-rate
receiver.

e Chapter 2: In order to provide the benchmarks for the performance of other
detection methods, we study the maximum likelihood multi-rate receiver in
this chapter. As the methods under study are near optimal, they can fulfill this
benchmarking role. As the probability of error is intractable, the comparison
will be based on the determination of asymptotic multiuser performance
measure. The asymptotic multiuser efficiency (AME, denoted by 7)[12] is
an important performance measure for multiuser communication systems. It
measures the exponential rate of convergence of its error probability to zero
as the noise variance ¢® — 0, relative to the rate in a single user setting.
The worst-case AME over all possible interference amplitudes is termed the
near-far resistance (NFR) [12] and is denoted as . The AME is given for VSL
maximum likelihood detection in this chapter.

o Chapter 8: the LMMSE multi-rate receiver is proposed in this chapter. The
MC and VSL access schemes are considered. In the VSL system, a repetition
code is used for low-rate user. It is noted that the optimum near-far resistance
can be achieved by optimum receiver (3] and decorrelator [5]. This is also
true for multi-rate CDMA systems. The optimum multi-rate receiver was
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proposed by [44]{45]. The decorrelating-based multi-rate receiver was proposed
by [41], [42]. The optimum multi-rate receiver suffers from the same problem
as the single rate optimum receiver which is the computational complexity
(exponential in the number of users). The multi-rate decorrelating detector is
optimally near-far resistance and easy to implement, but this receiver requires
the knowledge of all the active users’ signature waveforms. The proposed
LMMSE multi-rate receiver minimizes the MSE between the decision statistic
and the transmitted information bits. This receiver also maximizes the SINR
and achieves the optimum near-far resistance among all linear receivers. The
adaptive implementation of the LMMSE receiver makes it more attractive than
the decorrelating receiver for multi-rate CDMA signals. The proposed LMMSE
multi-rate receiver can be adaptively implemented only with the knowledge of
the desired user. Due to the fact that LMMSE detector offers best trade-off
between the MAI cancellation and noise variance enhancement, it is shown in
this chapter that the multi-rate LMMSE receiver can offer better performance
than the multi-rate decorrelator. In addition, we investigate the near-far
resistance of this receiver for the different access schemes. It is shown that
for both low-rate and high-rate users, the performance in the VSL scheme is
better than that in the MC scheme.

Chapter 4: We propose linear multi-shot receivers for asynchronous multi-rate
CDMA system in this chapter. First proposed is the multi-shot decorrelating
receiver for a dual-rate CDMA system. In this receiver, the desired user’s infor-
mation bits are decoded by first employing a set of modified correlators whose
signals are time shifted versions of different rate users’ signature waveforms.
After the multi-shot matched filter bank, the filtered data for a finite length is
put into the memory, then a decorrelating type detector is followed. Another
receiver proposed in this chapter is multi-shot LMMSE receiver for dual-rate
CDMA system. Instead of using decorrelating method, the LMMSE criterion
is used in this receiver to minimize the MSE between the output data and
the transmitted information bits. It is well known that a longer observation
window or a longer FIR linear processor results in better performance, but also




greater computational complexity. The idea of debiasing which was suggeste

~ in [22] is introduced to the above two receivers. The performance of dual-rate
receivers without debiasing improves monotonically with increasing the number
of stacked bits. Debiasing optimizes dual-rate detectors based on the dual-
rate multi-shot model. Debiasing multi-shot LMMSE detector for dual-rate
signals can offer better performance than the corresponding debiasing multi-
shot decorrelating detector. Also presented in this chapter is the performance
comparison of different access methods.

Chapter 5: We propose linear space-time multiuser receivers for multi-rate
CDMA signals for multipath slow Rayleigh fading channels. As we all know,
the Rake receiver is optimal for combating multi-path fading in the absence
of MAL Maultiuser detection is optimal for suppressing the MAI. The space
division multiple access techniques can provide antenna/or diversity gain by
using multiple antennas at base station. By combining the time domain
techniques, such as Rake receiver and multiuser detection for multi-rate
signals with space-domain techniques, the resulting space-time receiver show
potential of improving the capacity and performance for multi-rate CDMA
systems. Firstly, we propose LMMSE space-time receiver for multi-rate COMA
systems. In this receiver, there are multiple antennas at the front end. After
that, the code array/channel matched filters which correspond to low-rate users
and high-rate users are followed. LMMSE processor which is working on the
low-rate users’ information bit interval is followed. The explicit knowledge of
the channel and array coefficients is needed in the code array/channel matched
filter part of this receiver. This receiver also introduces M bits processing
delay for high rate users and a computational complexity which increases with
the rate ratio M. Another type 2 space-time MMSE receiver is proposed. In
the type 2 space-time receiver, the linear multiuser detection, array/channel
weighting combining are combined together into one filter. In the adaptive
implementation of type 2 space-time receiver, joint channel estimation and
information detection can be implemented. The estimated channel information
can be used for coherent combining. Secondly, a two-stage space-time LMMSE
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receiver is proposed for multi-rate CDMA systems. This receiver generates
decisions for high rate users at every high-rate bit interval of duration 7. After
every (M —1)T), the low rate users’ decision is made based on the information
provided by the first stage. The two-stage space-time LMMSE receiver reduces
the computational complexity of the linear space-time multi-rate receiver and
suppress the processing delay for high rate users with sacrificing a minor
performance. We also propose the two-stage space-time receiver in the form
of type 2 structure. at last, we compare the performance of one-stage and
two-stage space-time receiver. We compare the performance of Maximum
Ratio Combining (MRC) with the MMSE combining. We also compare the
performance for the different access methods.

e Chapter 6: We propose group-wise interference cancellation methods for
multi-rate CDMA signals in this chapter.The non-linear decision feedback
detection (DFD) schemes are used in the proposed receivers. The proposed
interference cancellation schemes benefit from the nature of the unequal
received amplitudes for multi-rate CDMA signals. Users with same data rate
are grouped together. Users with the highest data-rate are detected first.

rference between the groups is cancelled in a successive order. The results
show that the group-wise MMSE DFD yields better performance than multi-
rate LMMSE detector and multi-rate decorrelating detector, especially for
highly loaded CDMA systems.

Most of the results in this thesis have been presented previously. Chapter 3 was
originally presented in the 1997 International Conference of Information, Commu-
nications and Signal Processing (ICICS) [48]. Part of the work of chapter 4 was
presented at the 1998 ICC [47] and other parts were presented at the 1998 CISS
[48]. The results of dual-rate MMSE multipath receivers were presented in 1998
PIMRC [49]. The results of space-time dual-rate MMSE receivers were presented
in 1999 CISS [50]. The different access methods comparison for space-time dual-
rate receivers is going to be presented in 1999 Globecom. The results of group-wise
MMSE interference cancellation schemes are submitted to ICC’'2000.



CHAPTER 2

MAXIMUM LIKELIHOOD-BASED DETECTION FOR MULTI-RATE
CDMA SIGNALS

2.1 Introduction
In order to provide benchmarks for performance measure of other detectors of later
chapters, we study the Maximum Likelihood (ML) multiuser receiver for dual-rate
CDMA signals in this chapter. Since the multi-rate access method will bias the choice
of the receiver, the comparison of maximum likelihood joint detection for two multi-
rate access schemes is presented. Two access methods to be examined are Multi-Code
(MC) access method and Variable Spreading Length (VSL) access method. As the
probability of error is intractable, the comparison will be based on the determination
of asymptotic multiuser performance measures. The AME measures the exponential
rate of convergence of its error probability to zero as the noise variance 0? — 0,
relative to the rate in a single user setting. The AME is denoted by 7. The worst-
case AME over all possible interference amplitudes is termed the near-far resistance
(NFR) [12] and is denoted by #. The AME is given for VSL maximum likelihood
detection in this chapter.
This chapter is organized as follows: In section 2.2, two access methods are
ifferent performance measures and the relevant features of maximum-
likelihood detection for CDMA systems are reviewed. In section 2.3, we introduce
the dual-rate CDMA signal model which will be used throughout the dissertation.
Also, the asymptotic multiuser efficiency of ML detector for VSL CDMA is given.
In section 2.4, comparison of the performance achievable for two access methods is
provided. In section 2.5, we provide analysis of the performance of ML receivers
under different access schemes.

2.2 Preliminaries
We shall present results for a dual-rate CDMA system where a user can transmit
information at one of two data rates. It is noted that the results of a dual-rate system
can be easily generalized to accommodate the offering of more than two data rates.

14
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Figure 2.1 Variable spreading length multi-rate access technique

2.2.1 Multi-rate Access Methods

Two multi-rate access methods considered in this chapter are the multi-code access
method and the variable spreading length access method. For variable spreading
length access method, a constant chip rate is maintained and different data rates
are accommodated with the assignment of signature sequences of different lengths.
Figure 2.1 shows an example of the VSL access method with three users with different
data rate (Ry = 2R,, = 4R,;). The multi-code access method can be implemented in
single rate system and therefore offers the system construction advantage of being
able to use existing single rate receivers. High rate users are accommodated by
multiplexing their data onto several signature sequences. As a result, high rate
data from a user is sent in parallel. Figure 2.2 shows an example of how three
users with data rates R) = 2R,, = 4K;, would be supported via multi-code access.
Essentially, the high rate user is converted into three virtual low rate users. Due to
the assumption of constant chip rate for both access methods, the two access schemes
can be constructed to have similar bandwidth requirements.
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2.2.2 Performance M
In practice, the main performance measure of interest is the probability of bit
error or bit error rate (BER). However, in some cases, the probability of bit
error is intractable. In these cases the performance measure is going to be the
asymptotic multi-user efficiency and near-far resistance (NFR). The AME describes
the performance degradation of a receiver due to multiple-access interference (MAI)
as the additive channel noise diminishes for a fixed set of received powers for all
users. The worst-case AME over all possible received powers for the interfering users
is the near-far resistance (NFR).

2.2.3 Review of Single Rate Maximum-likelihood Joint Detection

We begin with a single rate synchronous CDMA system. Assuming synchronous
transmission channel with constant bit-rate and coherent detection. The received
base-band information of K active users in a given symbol interval T can be described
as:

r(t) = i Wby (2) 85 (t) + n(t) = s(t, b) +n(2), (2.1)
b=t
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where wy, by(t) € {—1,1},8;(t) are the received signal energy, transmitted infor-
mation bits and normalized signature waveform of user k. The signal n(t) is additive
white Gaussian noise with zero mean and variance 02. The maximum likelihood
joint detector optimizes the performance for all active users simultaneously while
the minimum probability of error receiver provides optimal performance for a single
active user. The optimum or maximum-likelihood decision on b which maximize the
log-likelihood function [3] is b. It can be written as:

b= arg {%{ 5, [ /6 Tr(t)s(t, b)dt — /0 ! s(t, b)’dt] } . (2.2)

The vector form of estimated data bits b = [131,---,3;(]7 which maximizes the
likelihood function can be written as:

)

= , Twy — bl
b arghrg@tl 2b' Wy — b WRWh, (2.3)

where y = [p,- - k|7,
Y = f'?r ?’(t)ﬂk(t)dt,
Rl; = Jo silt)s;(t)dt.
Matrix W is a K x K diagonal matrix with (W], , = /W, y& is the matched filter
output of kth user. The interested performance measure here is the asymptotic
multiuser efficiency (AME). According to [51], the kth user's asymptotic efficiency
of a detector is defined as

T = sup {G <7< lig QP"(G) < -i-oo} , (2.4)

o

where P, is the bit error rate of kth user. In the absence of other users, the minimum
bit error rate is equal to Q(/Ws/c). Q(z) is the complementary cumulative distri-
bution function of a zero-mean, unit-variance Gaussian random variable. The corre-
sponding near-far resistance which is defined for each detector as its worst case
asymptotic efficiency of user k over all possible energies for the interfering users is

T = wy %Efﬁﬁkm (2.5)
According to the definition of the previous two equations, the asymptotic efficiency
and near-far ratio of the maximum likelihood joint detection is [6][51]:

A = mip  —WRWs (2.6)

{01} q=1 Wy
1

L = - N .
T 0
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After the reviewing of the maximum likelihood detection of single rate system, we
are going to review the maximum likelihood detection of the multi-rate system.

2.3 Maximum Likelihood Detection
for VSL Dual-rate CDMA Signals

We begin by making our discussion about maximum likelihood detection for VSL
access due to the reason that VSL access merits the investigation of detection schemes
which can take advantage of waveform structure.

2.3.1 Dual-rate Synchronous Signal Model
In a variable spreading length dual-rate CDMA system, we classify all the active
users into two groups. One is called low-rate (LR) user group. Another is called
high-rate (HR) user group. There are K low rate users and K}, high rate users. Bit
interval of low-rate users is 7;. The bit interval of high-rate users is T). For each
T}, high-rate users transmit M = T;/T), bits (M is supposed to be an integer). M
is the rate ratio of two different signal rates R, (R = 1/T}) and Ry, (Ry = 1/T}).
Chip rates for both high and low rate users in the VSL system are identical, and it
equals to T,. The processing gain for low-rate users equals to N; = T;/T, and the
processing gain for high-rate users equals to Ny, = Tj,/T,.

The baseband signal transmitted by low-rate user i over the time interval [0, T;)

Vulss )

The base-band equivalent signal transmitted by high-rate user j over the symbol
interval {(m — 1)T),mT}) is

/w}“bﬁ:% &Mt - (m - 1)),

where

wl" = received energy of low-rate user i

wﬁ") = received symbol energy of high-rate user j

5" € {~1,+1} is the data symbol of low-rate user i

b € {~1,+1} is the data symbol of high-rate user j for mth subinterval of T;
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s is the normalized signature waveform of low-rate user i, JO s%')g(t)dt =1

a§"’ is the normalized signature waveform of high-rate user j

(where (-)? and (-)® denote low rate and high rate respectively and m is an integer
which takes value from 1 to M).

In this chapter, we assume coherent detection with synchronous CDMA trans-
mission channel with white Gaussian noise of zero mean and variance o?. The total
received signal during the time interval [0,T}) form K, = K; + MK}, virtual users
and it can be written as:

r(t) = }: ws("s{(8) + E { \/—- " B s (2 - 1)Th)} +n(t). (2.8)
i=1 =1

The noiseless chip rate sampled version of received information of K; low-rate
users during the mth subinterval of [0, T}) is the vector of size Nj:

1 = shwilbl), (2.9)
where
S,(,? = { g}mv :s(I?,m]) Nh x KI
wQ = disg{yulh - ol }, Kix K
b = - bg)]T: K x1

b’{?} = eemm bM

Suppose equal energy in each subinterval for low-rate users, then wg) == wﬁ}‘
Noting that when the repetition coding scheme is used for low-rate user 7, which
means the signature sequences repeat themselves M times dung each low-rate bit
interval, so the IV} x 1 vector sg) equals to [s?)lr, ,sﬂ, ] where 3 ) (n) corre-
sponds to 8'(n) for (m — 1)Ny < n < mN;, and 5,1 = e o= E‘}w, therefore,
S = ... = 8{).

The noiseless chip rate sampled version of received information of K), high-rate
users during the mth subinterval of [0,1}) is a Ny vector

) = SPWRBR, (2.10)
where
Sg:} = (ﬁ') RN ssl').m] N, x K,

W%) w2 dlhg{ w1 . \/ gj} KAXKh
b® = [, T Kpx1
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h
a§ ,,L is the vector form of . y‘)(t — (m = 1)T;). The resulting noiseless vector form of

received signal during the mth subinterval of [0, T}) is a N}, vector

Iy = Smwmbms (2 11)

where
Sm = [SIS®), Ny x (Ki + K3)
= disg (WOWDY, (K, + Ky) x (K + K)
bm = pOTHMTT. (Ki+ Kp) x 1

The resulting vector form of received signal during [0, T}) is a N; vector:

ro= 4P g (2.12)
T OTyr L W7 L W
= [r’ ,-oo,ry |7+ 1y T +n (2.13)
= SWb+n, (2.14)
where
s = [s¥sW] N; x (K; + MK})
1 J— [sﬁ”, gi; N; x K,
S = [, s s ] N x MK,
W o= diag{WmW( } K, x K,
Wi = dxag{v w;?),'“,\/ w%} K; x K;
wWh = ds,a,g;w?‘), e, WY MK, x MK,
b = [pOTpWT }T K, x1
b = 0. BT Kix1
bW = M#)T bg,)"‘ MKy x 1
n ~ N0, 021)\1,)

N(0,0%) stands for Gaussian normal distribution with zero mean and variance o>.
Iy, is the identity matrix of size M. 35”) is signature sequence (N; x 1) of the
virtual high-rate user (m — 1)Ky +4,j =1,-++,Kp,m = 1,---, M. In VSL system,
sﬁ, only has non-zero support for the interval [(m — 1)Nj,,mN,), which means
S = diag(s(™,---,si¥}.

The vector b include the information bits which are transmitted by all K, =
K| + MK, virtual users during the time interval [0, 7;). The order of the vector b
which is defined in the equation 2.14 is actually has the same form as:

b= {b&l) bg()'ﬂ At %2,1, - b(,.%la Tty b;’rtz,M]T (215)
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This ordering defines an equivalent low rate system in which K; + MK}, bits are
transmitted in [0,7;). In this equivalent virtual low-rate system, when the VSL
access method is used, the data bits of high rate users in the mth subinterval is
transmitted using a signature which is non-zero only in that interval.

2.3.2 Likelihood Detection

imum likelihood detection of single rate CDMA system, we are
going to review the maximum likelihood detection for dual-rate CDMA systems .
The sampled output of a bank of correlators for optimal joint detection over a high
rate bit interval [(m — 1)T, mT}) is:

Ym = ; “(*m +0p) = RuWpby, + Dym, (2.18)

where n, ~ N(0,Ix). K is the number of active users and equals to (K; + Kj).
The K x K cross-correlation matrix R, can be written as:

[ g7 |
R, = S§)T}[SQB ng')]
= g‘:‘: g“‘hh; ] (2.17)

The sampled output of a bank of correlators for optimal joint detection over low rate
bit interval [0, T}) is:

y =87 .r = RWb+n,. (2.18)

Let’s partition all the active users into two groups such that 8 = [8;85], then the
cross-correlation matrix can be written as:

g‘;’; g’;:] where %:S}’Sj (2'19)

If we consider the detection of users with non-zero support over [(m — 1)T, mT;)
then there will be a subset of nusers whose signals will be truncated or not present
over this interval. Let S, be the matrix whose columns are the spreading vectors
for users with non-zero support on [(m — 1)T},, mT}3). The signals actually employed
to perform detection on this interval will be the result of projecting the codes in
S, onto the interval of interest. Thus the signature cross correlation matrix Ry,

|
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of the active users with non-zero support on [(m — 1)T}, mT}) can be written as:
R,. = SIPS,, where P is the appropriate projection. As P is a projection, this
implies that Ras — Ry 2 0.

Let’s define 7" to be the asymptotic multiuser efficiency (AME) of user k of
the joint optimum detection over the low-rate bit interval and in this interval there
are total K, = K; + MK, number of bits (virtual users) are transmitted. Similarly,
let's define r)f‘} to be the AME of user k of the joint optimum detection over the
high-rate interval and in this interval there are total K = K; + K}, bits transmitted.

if b= { Ry Ro-Rn ]
then i Milge (0, £1)Kv g, =1 "%(QTWRWQ
0iDe (0,41} K0 0 =1 —%y(ﬁ WDW¢ + TRy Wine*)
le(1), -+, e(K)IT)
miNge(o,21}Kv 001 -—gy(gTWDW;)
+ Milg g 0,41}K 3 =1 “m‘(i* T W R Wme*)

m"%e{mx}*,«zm%(ﬁ* WnBRmWme*)

=

(where ¢*

AN B B

v

Thus the conclusion we can draw is that for a multi-rate system using VSL
access method, detection is preferably performed over the low-rate interval. If a
detection of low-rate user is performed over high-rate symbol duration, then the AME
is upper bounded by 37 which means nﬁf‘) < 47- So the performance degradation for
high-rate users detected over high-rate interval is not as severe as that for low-rate
users.

2.4 Conclusion
Through the comparison of the asymptotic multiuser efficiency (AME) of maximum
likelihood receiver for dual-rate CDMA signals, we can get that the AME on a
high-rate bit interval, [(m — 1)T},mT}), for those users with non-zero support on
that interval is always worse than or equal to the AME on the low-rate interval. The
AME of a low-rate user when the receiver is performed over the high-rate bit interval
((m — 1)T;,, mT}) is upper-bounded by 7" < 4.



CHAPTER 3

MINIMUM-MEAN SQUARED-ERROR (MMSE) ESTIMATION
BASED DETECTION FOR MULTI-RATE CDMA SIGNALS

3.1 Introduction

In the previous chapter, the asymptotic multiuser efficiency (AME) of the maximum
likelihood receiver for a dual-rate CDMA system is analyzed in order to provide
benchmarks for the performance measure. In this chapter, we investigate the LMMSE
receivers for multi-rate CDMA signals. The LMMSE receiver has the advantage of
a simple linear structure. In comparison with dual-rate decorrelating detector, dual-
rate LMMSE receiver can offer best trade-off between the MAI suppression and the
noise variance enhancement. The other advantage of LMMSE receiver is that it can
be implemented adaptively with only the knowledge of the desired user’s signature
sequence and timing information. The performance of two access schemes, VSL and
MC, is compared in this chapter.

This chapter is organized as follows: In section 3.2, LMMSE receiver for dual-
rate synchronous CDMA sgystem is proposed. Section 3.3 proposes the high-rate
mode LMMSE multi-rate receiver. Section 3.4 discusses the adaptive implementation
issues for the LMMSE multi-rate receiver and section 3.5 provides the simulation
results of the proposed receivers.

3.2 LMMSE Receiver for Dual-rate CDMA Signals

Let’s consider a synchronous dual-rate CDMA system with rate-ratio between high-
rate and low-rate is an integer M. The VSL access method is selected in this chapter
for receiver design. Equation 2.8 of the previous chapter is a representation of the
received signal in the dual rate system which is equivalent to a single rate system
with K, = K; + MK, virtual low rate users each transmitting a single bit during
[0,T}). Now we use this representation to describe the low rate LMMSE receiver.
The chip rate sampled version of the received signal over the time interval [0, 7;) has
the same form as equation 2.14,

r = SWb+n. (3.1)

23
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The received signals are first filtered with a bank of matched filters which matched
to the different users’ signature waveforms. The columnized properly ordered (K
low-rate users followed by M-bits of K, high-rate users) matrix notation of matched
filter output over the low-rate interval has the same form of equation 2.18 and can
be shown as:

y=8".r=RWb+n,. (3.2)

The matched filter output y is a K, vector y = [y(”Tyﬁ")T .- 'yﬁ'})T] with

y? = sOT . ¢ (3.3)
T
yﬁ:’ = Sg:) (rm“"'nm); (3°4)

where n,, ~ N (0,1x). Figure 3.1 shows the system construction of the low-rate
LMMSE receiver for dual-rate CDMA signals. The matched filter bank are supposed
to have the order of K; low-rate users’ matched filter which are sampled at low-rate
bit interval followed by K) high-rate users’ matched filters which are sampled at
high-rate users’ bit interval. The matrix R in equation 3.2 is the cross-correlation
matrix between the different user’s signature waveform. For the VSL access method,
R has the size of K, x K, and can be written as

Ry Ray Rup -+ Raw |
Rui Rux O -+ 0
R=| Ruz 0 Rpy -+ 0 ,

0 - Ryum |

where Ry is the K; x K, cross-correlation matrix between K, low rate users with
Ry(i,j) = fén sﬁz){t)s§n(t)c&$, (8,7 = 1,+++, K1); Ripm is the K; x K, cross-correlation
matrix between K; low rate users and K high rate users during the mth subin-
terval of Ty, Ruam(ird) = JiDyr, s (68 (t — (m — DTh)dt, (i = 1, Kiyj =
1., Kpyym=1,--+, M); Rugm =R}, ,n; Ram i8 a Kp X K, cross-correlation matrix
between high-rate users during the mth subinterval of Ty, Rp,m(3,7) = [im 1y, 8P (t—
(m = 1)T3)sM(t — (m - 1)Ty)dt, (5,5 = 1,--+, Kp;m=1,- -, M). Since for the VSL
system, a%, which represents the signature sequence of ((m — 1)K + j)th virtual
high-rate user, has only non-zero support for (m—1)Ny < N < mNy, this introduces
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the orthogonality between the pairs of virtual high-rate users. Therefore, we have a
sparse construction in the above cross-correlation matrix for VSL system. After the
matched filter bank, the minimum mean squared error detection is used to cancel
the MAI and minimize the mean-squared error between the output vector and the
original information data vector. b is the vector of the transmitted information bits.
y is the (K; + M K),) vector which is the input to the linear transformation part. We
need to find a Ty such that

Tope = argmin{ E[|Ty - Wh|7}. (35)

Suppose © = Wb, we assume that all the components of the random multiuser
information bits b are independent and identically distributed with zero mean and
unit variance. The random vector © and noise vector n, are statistically independent.
The solution to equation 3.5 which can be found in [17][15] is:

Oumse = E(B)+TeyIy(y — E(y))
= EeyE;;y
= (R+0*W%)ly, (3.6)

where Loy = W?R, Lyy = RW?R + 0®R. So the solution of Ty is going to be
Topt = (R+ ? W)L, (3.7)

The final decision is made by b = sgn(amsp) and the Opnrsr can be get from
Oumse = Topty = ToptRWDb + no, (3.8)

where ng is the Gaussian noise vector with zero mean and covariance matrix
o*TouRTL,. In order to find the estimation error of Oymsp, We can further
decompose éyysﬁ as follows,

Oumse = Topy=R+7W )y
= (R+0*W?~1.(RWb + n)
= 0= 0"TpW b+ Tomn (3.9)
= O+e,
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where the estimation error, @ = —¢?T ;Wb +T,yn, contains both bias and noise
components. The error covariance matrix of LMMSE can be found to be equal to

E{(©-6)(® - 8)"} = cov(e) = *Topm. (3.10)
The bit error rate for kth LR/HR user conditioned on the other users’ bits is

() = (TopeRWD),, |
Py(o) Q(-Tgma ToRT, )w») (3.11)

All the above results is built on the assumption that all the users’ signature waveforms
and the received amplitude are either known or estimated correctly. The advantage
of the above multi-rate LMMSE method is that it can be implemented adaptively.
The LMMSE adaptive implementation issue is going to be discussed in the later
part. By using the data driven adaptive LMMSE detectors, only the knowledge
of the desired user’s signature is required in this receiver. Through the LMMSE
method, one can also get the best trade-off between the MAI cancellation and noise
variance enhancement.

3.3 Higb-rate Mode LMMSE Receiver
for Dual-rate CDMA Signals

The objective of proposing another high-rate mode LMMSE receiver is that: the
detector which is working over the maximum symbol interval has a large dimension
and computational complexity and introduces (M — 1) bits detection delay for high-
rate users. In order to solve these problems, high-rate mode LMMSE receiver which
is shown in Figure 3.2 is proposed in this part. In this high-rate mode LMMSE
receiver, the matched filters are all set to work on the high-rate users’ bit interval.
This means that after one processing interval, low-rate users only get partial received
information and high-rate users can get the whole received bit information. The delay
which is introduced by the low-rate mode receiver for high-rate users is eliminated.
In addition, the wom—wrrelaﬁon matrix has the smaller size of (K;+K3) X (Ki+K3).

The matched filter output y, ( m is corresponding to the mth subinterval of
the low-rate bit interval T} ) is a K (where K = K; + K) vector and has the same
form of equation 2.16 which is

Ym = ST+ (tm + Bp) = R Wnbm + 0y m, (3.12)
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where Ry, is a K; x K| cross-correlation matrix between K; low rate users during
mth subinterval of T}, Run(t,j) = ,[(Z,‘,__l)Th (t)s Y®)dt, (5,5 = 1,---, K1); Rinm
is K; x K cross-correlation matrix for mth subinterval of T; of K| low rate users
with K high rate users , Rum(i,5) = [0, sf (t)a§'*>(t — (m — )Tdt, (i =
W Kij o= 1, Knym = 1,--,M); Rum = RE i Ranm is the cross-
correlation matr‘xx between XK, high rate users for the mth subinterval of Tj,
Ranm(i,3) = [imhiyn, 8 s (t — (m=1)T)a{ (¢ — (m - 1)T)dt, (5,5 =1, -, K») and
nym ~ N(0,0°R,,).
According to LMMSE criteria, the linear transformation for the mth subinterval
can be found by:

TW == W%{E["Tmym - memﬂ’]}
Toptm = (Rm+0"W; 3™ (3.13)
The decision statistic for the subinterval is:
éMMﬂ&m = Toptm¥m = Tapt,mnmwmbm + ToptymDy,m- (3.14)

For high-rate user, we can decode the information at every subinterval [(m —
1)Ti, mT)). The estimated information bit of kth high-rate user of mth subinterval
is:

by = 880 { (OaemsEm)xi+s}- (3.15)

The probability that high-rate user k is decoded incorrectly for the mth subinterval
conditioning on the other user’s information bits equals to:
) (3.16)

(ToptnBon Wenbrm) 111

(T%mRmTTapt,m) Ki-+k KH-I:
For low-rate users, only the partial information can be obtained during every subin-
terval. A soft decoding rule is going to be applied for low-rate users. The soft
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decoding rule which is used here is the maximum ratio combining. The estimated
information of kth low-rate user is:

b = s { (né (Topt,mR:aTg;m)u (Tw’my'")k) } ' (817

The probability that the kth low-rate user is detected incorrectly conditioned on the
other users’ information bits is:

%Wﬂw@(

(3.18)

Zmez1 (ToptmBn Wrnbrm) )
TV EM (ToptnBom Tt )i )

3.4 Multi-rate LMMSE Receiver-Adaptive Implementation

Dual rate decorrelating detectors that working on the matched filter outputs y (see
equation 2.18) is proposed by [41] and is called low-rate decorrelating detector.
Reference {41] also proposed another high-rate decorrelating detector which is
working on the matched filter output y,,. The analysis of this two decorrelating
detectors can be found in reference [41][52]. In order to implement the dual-rate
decorrelating detectors, the receiver need the knowledge of all the active users’
signature sequences. This obviously limits the application of dual-rate decorrelating
detectors in many areas. Motivated by the fact that the data-driven adaptive
LMMSE detector can successfully decode the desired user’s information bit out of
single rate CDMA data [17] with the knowledge of only the desired user’s signature,
we implement the dual-rate LMMSE receivers adaptively using the method in
reference [17]. The dual-rate LMMSE detectors essentially apply the LMMSE
idea right on the chip-rate sampled data r or ry, according to low-rate LMMSE
receiver or high-rate LMMSE receiver. When we consider the low-rate LMMSE
receiver, the processor is working on the low-rate users’ bit interval 7;. The low-rate
LMMSE receiver decodes a desired ith low-rate user’s information or a desired
virtual ((m — 1)K + j)th high-rate user’s bit information as follow,

ith low — rate  user b =sgn {é‘y)rﬁ;}r} :
T
((m — 1)K + j)th high—rate user Eg‘,}, = ggn {sﬁ f:;;}r} ,
where £,, is the estimated covariance matrix of the received signal and £7'r can
be sequentially estimated and updated from data sequence {r(n)} [17]. Vector s
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is simply the chip-rate sampled signature of the jth low-rate user. Vector s{, is
chip-rate sampled signature of virtual high-rate user ((m — 1)K), + 7). In the VSL
system, sﬁ‘,ﬁ is simply a vector with its non-zero components formed from the chip-
rate sampled signature of jth high-rate user for (m — 1)N, < N < mN;. The
important features of the adaptive low-rate LMMSE receiver are

o Only the signature of the desired user is needed in decoding its information
bits.

o LMMSE filters in this adaptive implementation scheme are simply gener-
alized matched filters [17], one can output M-bits of desired high-rate users’
information sequentially from same LMMSE filter, as long as £ and r are
available.

The dimension of data for low-rate LMMSE detector is proportional to the
processing interval Tj. The high-rate mode LMMSE receiver has the lower dimension
corresponding to the processing interval of T}, which equals to T;/M. The high-rate
mode LMMSE receiver decodes a desired ith low-rate user’s partial information or
Jjth high-rate user's information from data r,, over the interval of [(m — 1)T, mT},),
(m=1,2,---,M).

T
ith low — rate wuser E?),m = BgNn sg)m ﬁ;"f,mrm )

T
jth high —rate user 5" =sgn{s{ 71 rn},

where £7!, is of less dimension (proportional to T;) and can be obtained from
data sequence {r,,(n)}. s?" is simply the chip-rate sampled signature of the jth
high-rate user. s.ﬁf%, is only the mth segment of chip-rate sampled signature of ith
low-rate user. Since low-rate users’ information are embedded within a longer symbol
interval T} = MT}, using partial data r,, within sub-interval to decode low-rate users’
information causes performance degradation for low-rate users. In order to alleviate
this problem, we propose to use signal to interference-plus-noise ratio (SINR) of
desired low-rate user j with each subinterval to weight partial results to make a
better decision on the jth low-rate user’s information bit as follows,

ol T
B = sgn { Y SINR;s), ﬁ;”f,mrm} ) (3.19)
ms=l
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where SINR; can be calculated from the formula derived in [17) by noticing that
models in 3.12 should be used. When the repetition coding scheme is used for low-
rate users, the signature sequences of all users in every subinterval is same, which
means S, and R, are no longer functions of index m. In this case, maximum ratio
combining reduces into a simple equal gain combining, and equation 3.19 can be
simplified as

M T
b = sgn { }:1 8on Lrmen rm) } * (3.20)

Each virtual user’s signature sequence has length M N, = N, and is normalized
over the interval of interest. In MC method, ﬂ?;% # 0 and s§‘) #O0forevery lL< N <
MN,,. In VSL method, a§0 # OVYN, but 382, # 0 only for (m — 1)Ny, < N < mN;.

3.5 Simulation Results and Discussions

In chapter 2, we show that for maximum likelihood detectors, the AME over the
high-rate bit interval, for those users with non-zero support on that interval in a
low-rate system is always worse than or equal to the AME over the low-rate interval.
It was proved by reference [41] for the decorrelating detector that the AME of the
low-rate user employing repetition coding over the low-rate bit interval is same as
the AME over the high-rate bit interval, and for high-rate users, the AME over the
low-rate bit interval is always better than the AME over the high-rate bit interval.

In this section, the performance of LMMSE receiver working over the low-rate
bit interval will be evaluated numerically and compared with the LMMSE receiver
working over the high-rate bit interval. In the mean time, the performance of LMMSE
receivers working over the different bit interval will be compared with the corre-
sponding decorrelating receivers. The performance comparison of LMMSE receivers
and decorrelating detectors between VSL system and MC system is also provided in
this section.

A direct sequence CDMA gystem is considered. In this system, there are two
low-rate users and one high-rate user. This means K| = 2, Kj, = 1. The rate-ratio
is set to be equal to two which means M = 2. For the VSL system, the processing
gain for high-rate users is set to be Ly = 7, the processing gain of low-rate users is
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set to be [; = 2 x 7 = 14. The repetition coding scheme is used for low-rate users
which means that the code repeat itself M times during one low-rate bit interval.
The Gold sequences are chosen to be the spreading sequences. The SNR. of the kth
user will be 10 log xZb.

In Fig. 3.3, the Bit Error Rate (BER) of low-rate user 1 is plotted as a function
of the increasing SNR of the other users. As expected, LMMSE dual-rate receiver can
attain single user lower bound when the other users’ SNR is low, and when the other
users’ SNR is high, it simply becomes a decorrelating detector. In this figure, we
can see for low-rate user 1 which using repetition code, the performance of low-rate
mode decorrelating detector is same as the performance of high-rate decorrelating
detector. But for LMMSE receiver, the near-far resistance of low-rate user 1 when
it working over the low-rate mode may not equal to the near-far resistance of the
high-rate mode LMMSE receiver, which means the near-far resistance of low-rate
LMMSE receiver for low-rate users is greater than or equal to the near-far resistance
of high-rate mode LMMSE receiver. In Fig. 3.4, the same results for the high-rate
user 3 are provided. Here, we can see the near-far resistance of the high-rate user
for the high-rate LMMSE receiver is always worse than the near-far resistance of the
low-rate LMMSE receiver at the high SNR region of the interferers’. That means
for high-rate users, there is always a performance degradation when its information
is detected through high-rate LMMSE receiver. Fig. 3.5 show the performance
comparison of low-rate user between the LMMSE receiver with VSL access method
and MC access method. There are two disadvantages for MC access method. Firstly,
no orthogonality exists in the pairs of virtual high-rate users. Secondly, when the code
is not totally orthogonal, MC access method introduces multiple access interference
or inter symbol interference every M bits for each high-rate user itself through the
serial to parallel transition and the code assignment. For the Gold sequences which
we are using, the VSL system outperforms the MC system. Fig. 3.6 shows us
the performance comparison of high-rate user between the VSL system and MC
system. It also shows that the VSL system outer-performs the MC system. Another
performance comparison we want to make in the simulation results of this chapter
between the VSL and MC system is the influence of the rate ratio M over the bit
error rate. Let's consider a five users VSL system with K; = 4 low-rate user and
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Figure 3.1 Low-rate LMMSE receiver for VSL dual-rate CDMA system
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Figure 3.2 High-rate mode LMMSE receiver for dual-rate CDMA system

K = 1 high-rate user. The chip rate is selected to be consistent with the system'’s
bandwidth for both access methods, where low-rate users still use repetition coding.
Fig. 3.7 shows us the results of BER versus rate ratio M of the VSL virtual low-
rate system. We observed that for both low-rate decorrelating detector and low-rate
LMMSE receiver, the performance of low-rate user is insemsitive to the rate-ratio
M. But the performance of high-rate user becomes better as M increases. Fig. 3.8
show us the BER versus rate-ratio M for MC system. It can be observed here that
both low-rate user and high-rate users’ performance for different receivers is going
to deteriorate as M increases.
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CHAPTER 4

MULTI-SHOT RECEIVER FOR ASYNCHRONOUS MULTI-RATE
CDMA SYSTEMS

4.1 Introduction

The previous two chapters consider the receiver design for dual-rate synchronous
CDMA transmission channels. In this chapter, we discuss the multi-rate receiver
design for asynchronous CDMA transmission channel. The asynchronous decor-
relating detector for single rate CDMA systems was proposed by [6]. LMMSE
receiver for single rate asynchronous CDMA systems was proposed by [15]. Decor-
relating detector and LMMSE receiver achieve the optimum near-far resistance [5)
[6] by extending the observation window length to infinity. They are ideally infinite
memory-length detectors. To obtain practical detectors which have low implemen-
tation complexity, linear, finite-memory-length multiuser detectors were studied by
[53]. The one-shot matched filter and multi-shot matched filter in reference [54]
are shown in Figure 4.1 and Figure 4.2. A multi-shot approach with debiasing
method was proposed by [22]. References [53] [22] showed that a decorrelating-based
detector with moderate observation window length can asymptotically achieves the
performance of the infinite window length detectors. Based on dual-rate model of
synchronous CDMA systems, we propose dual-rate model for asynchronous CDMA
systems. Multishot receivers for multi-rate CDMA signals are proposed in this
chapter. It is shown through the simulation results that the performance of multishot
receiver improves monotonically with increasing the number of stacked bits. However,
the large number of stacked bits will yields great computational complexity. The
debiasing method which is used in multi-rate receiver for asynchronous transmission
channel can improve the performance only through a moderate number of staked bits,
which means without great computational complexity, the performance of infinite
memory length detector can be achieved. The adaptive implementation scheme for
LMMSE method proposed in the previous chapter can handle both synchronous and
asynchronous channels as long as the signature and timing information on the desired
user is available.
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Figure 4.2 Multi-Shot matched filter timing and structure
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4.2 Preliminaries

Let's consider our dual-rate system as a virtual low-rate system that transmit the
signals asynchronously. Similar to the synchronous dual-rate system in chapter 2,
the active users are still classified into two groups. Low-rate users with bit interval
T, high-rate users with bit interval 7). The bit rate ratio is equal to M = £, which
is set to be an integer. The signature waveforms of different users are normalized to
the bit interval of interest. There are total K, = K;+ MK, virtual users in a virtual
low-rate system where K;, K, stand for the number of low-rate and high-rate users
respectively. Coherent detection is assumed in this chapter and the signals are sent
over an additive white Gaussian noise channel in which the noise n(t) has zero mean
and variance o? = 42, The base-band received signal for virtual low-rate system
during the time interval [0, T}) is:

) = 3 VaPHaP ()
o]

Ky M-}
"*"?:; %ﬂ Wi B8 (t = mTh = 15) + n(t), (4.1)

where superer:rip&a (I) and (h) denote low-rate user and high-rate user. b?),w;( §)
srresponding transmitted information bits, received energy and signature

ences of low-rate user i, where i = 1,--+ K;. b(") w§!m, 8_972‘ are the corre-
sponding transmitted information bits, received energy and signature sequences of
virtual high-rate user K;+(m— 1)Ky +j, wherem=1,.-- M;j=1,--+, K. 71,7;
represent transmission delay for low-rate user ¢ and high-rate user j. We assume the
receivers know the time delay r for each user. If the desired user is user k, without
to 7 = 0. When all the 7's are equal, the channel is a synchronous transmission
channel. Under the synchronous condition, the output of a bank of matched filters
for single rate system forms the sufficient statistics of all the users’ information bit
within one symbol interval. When the delay 's are not equal, the information of
different users is not transmitted at the same time and make the received signals to be
an asynchronous form. In general, we assume that delays of all K; + K), users satisfy
the relationship of 0 € 1, €+ £ 7/, £ TR1 S S Tk < T,. It is noted
that between the pairs of virtual users in the VSL virtual low-rate system, there is

e 7y = 0 and the other 7’s are computed relative
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no delay involved. The signature sequences for the MC and VSL access methods in
a virtual low-rate system have different properties. In MC method s (t) # 0 and
sim(t) # 0 for (i — 1)T; < t < iT;. In the VSL method, s{'(t) # 0 for all £, but
sy m(t) # O only for every (i — 1)T; — (m — 1)T}, < t < (i — 1)T; + mT;. The VCR
signals are also consistent with this model if sampled at high chip rate and has the
same constraints as the VSL signals, besides, for low-rate user’s signature sequences,
every M chips form a group which take on the same value.
The vector form of the equation 4.1 can be written as:

r = SWb+n
W0 o 17bO
& [am g(h ] [ T W(") } [b(") ] +n, (4.2)

() = [s{(t—m), - 8Bt~ 7)),
Wi = m{m,“"@}
b = {m ,g,g?ﬂ‘
sM(t) = {m(t”‘?‘t): Jﬁg(’t*‘f‘m}a 181,M(t"'rl): =8x:, (t - 7x,)]
wih) dm{M,”,‘m,,.wm,...,@}
bN = {m \ W b“‘
n o~ N(O,IN,}

((-)®, (-)» denote low-rate user and high-rate user, m =1,2,---, M)

All the users are assumed to be in the order of K; low-rate users followed by
K high-rate users. The output of kjth low-rate matched filter which is sampled at
the end of ith symbol interval (i=0, 1,2,...) is:

0 [(Mlm +Tiy | ) .
(1) = r(t)sy (t — i1} — 7y )dt. (4.3)
Vi, ( ) i ( ) Iq( L

The vector form of all low-rate users’ matched filter output in the time interval
[iTy, (i + 1)T3) is & K x 1 vector.

yO(0) = P 0,18°6), -, RO (44)
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The matched filter output of ((m — 1)k, + j)th virtual high-rate use which is sampled
at the end of mth subinterval of [iT}, (i + 1)T}) is:

® /’m*mﬁ*m :
Viym (1) = ST T(8)8kpm(t — 3Ty — (m — 1) T, — 7, ) dt. (4.5)

The vector form of all M K), virtual high-rate users’ matched filter output during the
time interval [iT}, (i + 1)T;) is the MK x 1 vector

R kY. . M .
y M) = NG -yl 6 -y 6) -y )T (4.6)

The total output vector of K = K; + K, matched filters during the time interval
[iTh, (3 + 1)T}) is a (K; + MK,) x 1 vector.

yii) = yOT(),y® )T
= R(1)Wb(i — 1) + R{0)Wb(s) + R(-1)Wb(i + 1) + n(i), (47)
where

wih o
wa %0 0],

CHE

and R9(j), 7 € {0, %1}, is the cross-correlation matrix with kith element R} () =
[T s4(t — 4Ty — nai(t ~ iT; + §T; - n)dt and RO() = 0,Y[5] > 1. RO(-1) =
R+1)(1). The sampled output vector of ith bit within time interval [iT;, (i + 1)T;)
can be written as

z(i—1
y() = [ ROQ) ROO) RO-1)]- { o } +n(i), («8)
z(i+ 1)
where z(i) = Wh(i), n(i) is a Gaussian noise vector with zero mean and covariance
matrix o?R(0). In the case of synchronous transmission channel, delays of all the
users are equal, R{1), R{—1) vanish. That means when the channel is asynchronous
transmission channel, there exists MAI which is induced by the previous symbol and
the next symbol. It appears in R(1)2(i — 1) and R(-1)z(i + 1). The multiuser
interference introduced by the present bit appears in the term R(0)z().
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4.3 Multi-shot Receiver
for Asynchronous Dual-rate CDMA Signals

Based on the previous discussion, the matched filtered output of ith bit is:

z(i—1)
z(%)

y(i) = [ R(1) R(0) R(-1)]- L
z(i+1

+n(5). (4.9)

The received signal will be processed in the processing windows of length N = 2P+1,
where P is a positive integer and the window length NV is also called detector memory
length measured in symbol duration 7;. When N — oo, the detectors will become
ideal infinite memory length multiuser detectors. In general, the number of infor-
mation bits is very large. That means if we want to achieve the performance
of the ideal linear multiuser detector, N is needed to be very large. This will
unavoidably increase the computational complexity of the detectors. In order to make
detectors work more efficiently, the averaging method and the de-biasing method are
suggested later. The averaging method can improve the performance much, but
the better performance the receiver can provide the larger oumber of NV is needed.
The de-biasing method is performed through the decomposition of detector D, i.e.,
D = (D(i), D(i+1), -, D(i+ N —1))T which has the size of NK, x K, and K, x K,
matrix D(i). This method will be shown later that it can gain much even in the
worst case of N = 3, which means P =1,

The available N-bit data sequence can be arranged in the following way:
Y3 = [y76) yT+1) e ¥+ N =) B (4.10)
‘R(1) R(0) R(<1) ©0 - O 2(i — 1)
| o R RO Ry 0 || w0
6o o o o0 - Ry]Lai+m
n(i)
afi+1) (4.11)
ni+N-1)
R(O) R{(-1) O - O 2(i)
R(1) R(0) R(-1) --- O 2(i+ 1)
Sl f i e R(ED)

o o 0 - R(0) ||a+N-1)



R(1) o n(3)
+ 9 9 z(f ~1) + n(i+1)
: z(i+ N) :
0  R(-1) n(i+ N —1)
= RZ+RZ +N (4.12)
= RWB™M + RWBM + N, (4.13)

where

Z = wbiM = dmg{wt ) "yw} ' IbT(i)a v '1bT(i + N — 1)]T’
Z, = Wb = diag{WW}- b7 (i — 1), b7(i + N)|”

In equation 4.13, the first term R.2Z is contributed by the bits inside the processing
window. The second term R,Z, is contributed by the bits on the edge of the
processing window. The first term of equation 4.13 is an approximation of equation
4.12 since the bias term is almost a zero vector except for the first and the last sub-
block. If making the truncation, neglecting the bias term R, Z,, the estimation of the
information bit will be easy mdai ]. It was proven that R in 4.13is a NK, x NK,
symmetric, positive definite, block-tridiagonal and full rank matrix. The noise term
N is 8 NK, x 1, zero mean, Gaussian noise vector with covariance matrix ¢*R.

As we all know, a linear multiuser detector processes the matched filter output
vector Y by a linear operation T. In other words, the detector output X is given by
X = TTY. If N = N,, where N, is data packet length, we have ideal detectors for
packetized transmission. The decorrelating detector here is T = R~!. If the infor-
mation bit bk(z) are independent and uniformly distributed, the LMMSE detector is
T = (R + o*W~%)~1, If the size of the data packet is very large, the ideal detectors
described above may not be feasible. To obtain more practical detectors, we introduce
the multi-shot receiver which was proposed for single-rate asynchronous CDMA
systems [22] to dual-rate asynchronous systems. A multi-shot detector is
working on the finite number (e.g. N = 2P+ 1) of matched filter outputs. The
decision statistic of N-bit multiuser information of low-rate multi-shot decorrelating
detector is:

XP@) = RIYM()
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 R(Ua(i- 1)
0

= EZM() + R : +Np, (4.14)

0
| R(-1)s(i + N) |
where Np is a NK, x 1 Gaussian noise vector with zero mean and covariance matrix
o*R~". The N-bit estimated output information of low-rate multishot decorrelating
detector is: BY (i) = sgn{X})"(i)}. The decision statistic of N' bit multiuser infor-
mation of low-rate multi-shot LMMSE receiver is:
Ximse(i) = (R+a*W2)-1yM(;)
= (R+ W) 'RZM(G)

[ R(1)s(i- 1)
0
+(R + W)~ : + Nomeey  (4.15)
0
| R(~1)a(i+ N) |

where ANVpumse 18 8 NK, x 1 Gaussian noise vector with zero mean and covariance
matrix (R +0*W-?)"'R(R+0*W-?)-T, The N bit estimated output information of
low-rate multishot LMMSE receiver is: BUY) (1) = sgn{X()_(i)}. Specifically, the
matrix R in equation 4.13 has a block-tridiagonal structure since R(0) is a symmetric,
positive definite matrix, R(1) is an upper triangle matrix, R(—1) = R7(1). So the

symmetric, positive definite matrix of full rank and it is also a diagonal
dominant matrix. Therefore, the inverse R™!,(R + ¢®W~?)"! are also diagonal
dominant matrices. For asynchronous transmission channel, it is noted that the
dimension of R is in general larger than K; + MK), for a virtual low-rate system,
depending on the actual number of virtnal bits present within the processing window.
In such case, the R matrix can be either full rank or rank deficient, depending on
the relation between all virtual signatures or bases associated with all virtual bits.
When the matrix R is singular, one is still able to decode a desired user’s bit as
long as its full-length signature is present within the processing interval. However, in
such cases, one should use pseudo-inverse of R in the decorrelating detector. If the
multi-shot LMMSE detector is used, we don’t need to worry about the singularity
problem, since our filtering matrix is never singular, as long as there is noise present

in data.
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According to the QoS requirement, we can set our processing interval equal
to either the minimum value specified by the symbol interval of high-rate users, Tj,,
or the maximum value specified by the symbol interval of low-rate users, T;. Corre-
spondingly, we refer to these receivers as high-rate mode receivers and low-rate mode
receivers. As pointed out in the previous chapters, the complexity of the problem
and the processing deley of the detectors change with the choice of the processing
interval. Note that in asynchronous case, the interference pattern changes with
each sub-interval of length T). Therefore, in actually implementing the data-driven
adaptive high-rate mode LMMSE receiver, firstly, we need to translate received data
I for each subinterval into M parallel streams, and use M parallel channels to
decode the desired high-rate user's bit streams. The matrix 7! associated with
each parallel channel can then be sequentially estimated and updated from each
data stream {r,(i)}. Considering the low-rate user in a high-rate mode LMMSE
receiver, since its information is inbedded within a longer symbol interval T; = MT;,
using partial data r,, of the mth subinterval to decode low-rate users’ information
causes performance degradation for low-rate users. In order to alleviate this problem,
we also need to use the signal to interference plus noise ratio (SINRy) of desired
low-rate user within each sub-interval to weight partial results obtained in each
parallel channel to make 2 better decision on the whole low-rate user’s information
bit. The total computational overhead associated with the high-rate mode LMMSE
detector makes its application to asynchronous multi-rate CDMA less attractive than
the low-rate mode LMMSE receiver proposed in this chapter. Intuitively, using the
low-rate mode LMMSE detector, one can more reliably estimate/update the inter-
ference pattern involved in ¥, ' over a longer processing interval T;. Since within
each interval of length 7;, the interference pattern repeats itself periodically, it is also
computationally efficient in using the low-rate LMMSE detector for the asynchronous
applications.

4.3.1 Two Processing Methods of Dual-rate Multi-shot LMMSE Receiver

s Averaging Method
The averaging method is performed by making every length N memory as &
sliding window and taking an average through this N bit available detector
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DY = (R®)-1y
-1

R{0) R(-1) o
= [ R() R(0) R(-1)| -us (4.20)
0 R(1) R()
The decision statistic of the middle item is:
(3, I y (i)
Xg (i+1)= (R®)-lug). | y(i+1) ] . 4.91
o y(i+ 2) ( )

The estimated information bit can be obtained by taking the sign of the corre-
sponding decision statistic, Eﬁ‘”){i +1) = sgn{x&m(i + 1)}. In general, the
NK, x K, matrix D can be calculated in advance by iteratively using the
results of block matrix (of less dimension) inversion and the nice structure of
R. For the N = 3 case, the 3K, x K, matrix can be calculated as follow:

DY = va{ R(1)R-Y0) -Ix, R{~1)R-}0) ]T, (4.22)
where
Vg = ~(R(0) - R(~1)R"(0)R(1) - R()R(O)R(-1))™

For the LMMSE detector N = 3 case, the generalized multi-shot detector D
should satisfy the condition

(R + WD = W
D . = (R® +2W;H)u,. (4.23)

The decision statistic of the middle item equals to:

y(4)
x3 i+ 1) = ((R® + AWy ug)T - { y(E+1) |, (4.24)
k y(i+2)

The estimated information bit can be obtained by taking the sign of the corre-
sponding decision statistic. 5, (i + 1) = sign{x{{),(i + 1)}. Through the
above de-biasing process, we can achieve the near-far resistance with N = 3,
and instead of doing the matrix inversion of R which has the size of NKy, X NK,,
only the matrix inversion of R which has the size of Ky X K, is involved.
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4.4 Simulation Results and Discussions

In chapter 3, we numerically evaluate and compare the performance of the LMMSE
receiver over the high-rate bit interval and low-rate bit interval for the synchronous
transmission channel. We also compare the performance difference between the
VSL system and MC system for dual-rate LMMSE receivers for synchronous trans-
mission channel in the previous chapter. In this chapter, we provide the simulation
results for the detectors which we proposed in this chapter. Firstly, we provide
the simulation results which show the performance improvement with averaging
method and debiasing method for a dual-rate virtual low-rate asynchronous CDMA
system. Secondly, we provide the simulation results which show the performance
improvement between the multi-shot LMMSE receiver and multi-shot decorrelating
detector for multi-rate CDMA signals. Also in the second part of simulation results,
we show the performance improvement between three-shot detectors with de-biasing
and without debiasing for multi-rate signals. Thirdly, we provide simulation results
for comparison of the VSL and MC systems.

A direct sequence CDMA system with BPSK data and coherent detection is
considered. There are four users in this system, which are two low-rate users and
two high-rate users. This means K; = 2 and K), = 2. The rate-ratio is set to be
equal to M = 2. For the VSL system, the processing gain for high-rate users is set
to be Ly = 7, the processing gain of low-rate users is set to be L; =2 x 7 = 14. The
repetition coding scheme is used for low-rate users which means that the code repeat
itself M times during one low-rate bit interval. The Gold sequences are chosen
to be the spreading sequences. The SNR of the kth user of the system will be
10log ;. The transmission delays associated with all four users are chosen as:
T= 0,1 =T, 1y = 2T, 74 = 3.

In Fig. 4.4, the bit error rate (BER) of low-rate user 1 is plotted as a function of
increasing SNR of the other users. As expected, for the virtual low-rate VSL system
with users transmitting at two different data rates, the three-shot decorrelating
detector with averaging method and debiasing method can provide performance
improvement over three-shot decorvelating detector. Three-shot debiasing decor-
relating detector can almost attain near-far resistance. Fig. 4.5 shows the same
simulation results of the performance comparison of high-rate user 3 between
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Figure 4.3 Low-rate mode multi-shot receiver

the three-shot decorrelator, three-shot decorrelator with averaging and three-shot
debiasing detector. In Fig. 4.8, the bit error rate of low-rate user 1 is again plotted
as a function of increasing SNR of the other users and Fig. 4.7 is the similar results of
the high-rate user 1. Comparing to the multi-shot decorrelating detector, multi-shot
LMMSE receiver can provide better performance when the other user’s SNR is lower
than the desired user's SNR. The proposed multi-shot LMMSE debiasing detector
can attain the upper bound of multi-shot debissing decorrelator when the other

users’ SNR is hi@ and single user lower bound when the other users’ SNR is low
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Figure 4.4 Four user VSL system, K; = 2, K) = 2, M = 2, L; = 14, L, = 7, window
length N = 3, SNR of low-rate user 1 SNR1 = 10dB
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Figure 4.5 Four user VSL system, K; = 2, K) = 2,M =2, L, = 14, Ly = 7, window
length N = 3, SNR of high-rate user 3 SNR3 = 10dB
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Figure 4.7 Four user VSL system, K; = 2, K, = 2, M =2,L =14, Ly = 7, window
length N = 3, SNR of high-rate user 3 SNR3 = 104dB
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Figure 4.9 Three user system, K; = 2,K; = 1,M =2, [ = 14,L; = 7 for VSL
system, L = 14 for MC system. SNR of high-rate user 1: SNR3 = 84B



CHAPTER 5

LINEAR SPACE-TIME RECEIVER FOR MULTI-RATE CDMA
SYSTEMS
5.1 Introduction
Due to the growing user demands for wireless communication services, there has
been much interest in finding alternative methods of increasing capacities of wireless
systems. For CDMA systemns, since the spreading sequences are long pseudo-random
sequences of 1's and -1's, users’ transmitted signals are spread over a bandwidth
which is much wider than the data rate. By definition, signals with these charac-
teristics are spread spectrum signals, and their bandwidth is wide enough so that
the channe! affects the subbands differently. Such channels are said to be frequency
of signal scatters in wireless channels, the received signal contains
multipath components which are delayed and distorted replicas of the original
transmitted signal. While multipath signals are often viewed as a detriment to
many communication systems, the frequency selective nature of the CDMA channel
allows the detector to take advantage of them by resolving their individual signal
components, thereby providing a form of frequency diversity. The well-known Rake
receiver [13] is optimal for combating multipath fading in the absence of MAL
The multiuser detection [3] is optimal for suppressing the MAI. More recently, one
emerging concept that has been receiving much attention is Space Division Multiple
Access. This technique is focused on using multiple antennas at the base station
receivers to provide antenna or diversity gain and to exploit the spatial distribution
of users through spatial filtering [55]. The application of SDMA techniques to
wireless CDMA systems has been investigated by many researchers. In [56], a linear
multiuser array detector is derived which used a front end array of sensors and
which exploits knowledge of the received signals’ directions of arrival. In doing
50, the linear multiuser array detector provides significant performance gains over
the single sensor linear multiuser decorrelating detector. By combining these space-
domain techniques with the time domain techniques like Rake receiver and multiuser
detection, the resulting space-time detectors (28], [55] show potential of improving
the capacity and performance of CDMA systems over traditional time-domain-only
detectors.

selective. Because

52
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Firstly, the low-rate mode LMMSE space-time receiver for dual-rate CDMA
signals is proposed. In this receiver, there are multiple antennas at the front end of
the receiver. After that, the code array/channel matched filters which correspond
to low-rate users and high-rate users are followed. The LMMSE estimation-based
detection which is working over the low-rate users’ information bit interval tries to
minimize the MSE between the output data and the transmitted information after
the code array/channel matched filters. The disadvantage of this receiver is that
the explicit knowledge of the array and channel coefficients (spatial signatures) are
needed in code array/channel matched flter part. Also, the estimation of the channel
coefficients cannot be incorporated into the adaptive LMMSE algorithms. In order
to solve the problems, an alternative approach for this receiver is proposed and is
called type two low-rate mode LMMSE space-time receiver for dual-rate CDMA
signals. In this alternative approach, the array/channel weighting, combining and
linear multiuser detection are collected into a single matrix followed the code matched
filters. No explicit knowledge of the array and channel coefficients are needed in
this approach, and the estimation of the channel coefficients can be incorporated
into certain LMMSE adaptive algorithms. The above two approaches have the
disadvantages of low-rate mode receivers which are high dimension, computational
complexity and processing delay for high rate users.

Secondly, the two-stage LMMSE space-time receiver for dual-rate CDMA
signals is proposed. The proposed two-stage LMMSE space-time receiver generates
the decisions for high rate users at every interval of T;. After the first stage which
is working over the {M ~ 1) subintervals of T, the low rate users’ decision is made
in the second stage based on the information provided by the previous stage. Also
the high-rate user's decision of Mth subinterval is made in the second stage. The
two-stage LMMSE space-time receiver reduces the computational complexity of the
low-rate mode LMMSE space-time receiver and suppress the processing delay for
high rate users with sacrificing a minor performance. There are also two approaches
for the two-stage LMMSE space-time receiver. The first approach requires the
explicit knowledge of the array and channel coefficients at the code array/channel
matched filter part. The array and channel coefficients need to be estimated in
advance. The second approach can incorporate the channel estimation into the
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certain LMMSE adaptive algorithm and only the knowledge of the desired user’s
signature waveform is required.

A two-rate CDMA system using variable spreadmg length access method is
considered. The active users are classified into two groups. Low-rate users
with bit interval 7;, high-rate users with bit interval T;. Bit rate ratio equals
to M = %, which is set to be an integer. The signature waveforms of different
users are normalized to the interested bit interval. There are total number of
K = K; + Ky users where K;, K, stand for the number of low-rate and high-rate
users. K, = K; + MK, are the total number of virtual users in a virtual low-rate
system. Users synchronously over frequency selective Rayleigh fading
channels, such as those found in indoor wireless and mobile radio systems. This
channel can be represented by a tapped delay line with tap spacing T, = 1/B,,
where B, is the baseband signal bandwidth. The tap weight coefficients of ith user
vth path ¢.(2), v = 0,1,---,V — 1, is modeled as zero mean, complex Gaussian
random variables. There are a total of V = B,T,, + 1 [57] resolvable paths where
T i8 the channel multipath spread. It is assumed that the symbol interval T; and
T, is selected such that T} » T, Th 3 Ty, This will allow us to ignore the effects
of inter-symbal interference. We further assume that the coherence time of the
channel is much longer than the symbol intervals, so that a slow-fading channel
whose coefficients remain constant at least for one symbol interval is assumed. We
consider & P element receiving antenna in the front end of the receiver. They are
arranged as a linear array with A/2 spacing where ) is the wave-length of the RF
signal carrier. We assumne that this spacing is sufficient for the users’ signals to arrive
%pmwmmnmm{mmmmddmateachmormbemodeled
as phase shifts. The phase offset at pth sensor with respect to the first sensor due
to ith low-rate user's vth path signal is (p — 1)rsinaf). The phase offset at pth
sensor with respect to the first sensor due to jth high-rate user’s vth path signal is
(p — 1) sina’™, where aﬁfﬁ or wﬁf’j is the signal's direction of arrival measured with

$ X B
respect to the linear array. The resulting base band received signal at the pth sensor
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during the time interval [0, T;) is:
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where hly, = a,y ,cio and oy, = explj(p— 1)wsinafl), ¢f) is the vth path channel
coefficient of low-rate user i, a}.(t) corresponds to vth path of the ith low-rate
user's spreading code, wfﬁ and bgﬁ are ith low-rate user's transmit power and infor-
mation bit respectively. In the similar way, h}?ﬁ, = aﬁ,c}f? and “:(Jf:}.p = exp[j(p —
1)= sin aﬁfg, eﬁ“ﬁ is the vth path channel coefficient of high-rate user j, ag:,) (t) corre-
sponds to vth path of the jth high-rate user’s spreading code, wy‘) and b}':; are jth
high-rate user's transmit power and information bit of over [(m — 1)T,, mT}). The
correlations among the array gains aﬁﬁ and aﬁg‘, depend on factors such as the
antenna spacing, the signal's angle of arrival, and it's scattering angle (beamwidth)
[58]. We assume that h?ﬁ# and hﬁa are deterministic quantities which we can
estimate.

Let

AD = {A‘f’ e AE?,] (5.2)

is the P x VK, array gain matrix of low-rate users where ith low-rate user’s array
gain matrix is;

o ﬁgﬁu “g&)f’.l 59
AP = | -
alp - aflp

By defining the follow vectors:

@ﬁ b Ea\g,p e a&,}Ts (54)
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the A" can be written as:
T
a?)

W
AV =1: | (5.5)
a7
P
For the high-rate users, we assume the array gain does not change within the time
interval [0, Ti), so for any subinterval [(m — 1)T,,mT},), the array gain matrix for
high-rate users is defined as:

AW = [AD AR, 59

which is a P x VK) matrix with each component A{" being the size P x V' array
gain matrix of jth high-rate user,
£ h
" a%‘; }vl s “5(},&1
AV = :#A : (5.7)
h
e o oy

By defining the follow vectors:
ajy = [y - af, T, (5.8)

AfY can be written as:

il

AP = 59)
The noiseless chip rate sampled version aff received information of K; low-rate users
at the pth sensor during {(m — 1)7), mT}) is the N, vector:

i) = SH(AY o CyWIDBY = SOHOWOBLY, (5.10)
where

I'ign = Ale ﬂm VK; x K

Sm w5 3@ 5%’1 Sg%’y M X VK;

Al = diag(mi?g @;,} VK x K;

cgiﬁ - dmy{cg tz‘g) VK x K,

= éﬂ . Vxl

Wi = diﬁg M) K, x K;

L J— ‘b@%"-«»bgﬁf' K;ix1
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(x o y denotes the component-wise product of two similarly sized matrices X,y).
Noting that the signature waveform S{})(n) = 8@ (n) for (m—1)N), < n < mN;,. S®
has the size of N xV K;. When the repetition coding scheme is used, S( V== Sﬁ'}
and S¥ = iSmT S(i)"'j'r. The noiseless chip-rate sampled version of received
information of K high-rate users at the pth sensor during [(m — 1)T;,mT},) is the N,
vector:

r(") s S(h)( A {h) o C(h))w(h)b h) S(h H (h) w(h)b(h (511)

where ) A®) o M)

Ilm p = i VK, x K

S(M = [s (h} . (h) (h) ) - *8(}?3,‘;] Ny x VKy,

A,,Q = diag(a(;g ,,,) VK, x Ky,

C%‘) = dmg(c( VK, x Kp,

Mo (m (h) Vx1

W%) = \f v‘th Kh x Kh

b = 0*’ Ky x 1

The resulting chip-rate sampl&d version of received signal during [(m — 1)T}, mT},)

at pth sensor is:

where ,
Sn = [SUSB]  NyxVK
Ho, = | B O | vexk
i Om Homs
, w 0
_ b® K x1
bn = | pw %
L “'m

n,,, is complex Gaussian noise vector with i.i.d real and imaginary components with
zero mean and variance o?Iy,, and the noise at each of the sensors is uncorrelated.
The resulting chip-rate sampled version of received signal at pth sensor over the time
interval [0, T}) is a N; vector, and it can be written as:

r, = [rg}, Su (h)T 2) i

= SH,Wb +n,, (5.13)
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where

S = [S(hgh) Ny x VK,

SW = ding(s{-)  NixVME,
0

H, = [ 0 (») VK, x K,

HM = diagH® .. .HY) VMK, x MK,
W = diagWi"...WP) MK, x MK,

w0
o
b = }l:(h) ] K, x1
™ = p®T BT MK, x 1L

n, is complex Gaussian noise vector with i.i.d real and imaginary components with
zero mean and variance oIy, and the noise at each of the sensors is uncorrelated.
We make the following assumptions in this chapter:

1. The zero mean noise vector n,, n,,, are temporally and specially white with
E{nrn‘ﬁ =0, E{nwnﬁ = 0'211‘1; and E[nm.ﬂng’m} =0, E[nmmnﬁ,p] = UzINn

2. The information bits are i.i.d. with unit energy.

3. All channels h;, are LTI within finite duration [0, VT.).

4. The array gains are all magnitude one: Maﬁf},‘,ll =1, llaﬁfﬂ,ﬂil =1 for all 4, §, p, v.
So the array gains represent a simple phase offset with respect to a reference

sensor,

5. The V multipath signals for a given user are independent.

5.8 Low-rate Mode LMMSE Space-Time Detection
The low-rate mode LMMSE space-time detector has a bank of the code array/channel
matched filters at the front end of the receiver for de-spreading, space filtering and
multipath fading cancellation. First, the detectors use a bank of correlators at each
antenna, matched to the KV delayed version of multipath spreading codes. The
matched filter output for low-rate users at antenna p can be written as:

yP = 8§07y, (5.14)
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The matched filter output for high-rate users at pth sensor during the time interval
[(m — 1)Tx, mT}) can be written as:

T
yg:,)p = SS::) T'm,p- (515)

Then the correlator output for each user’s vth multipath component at antenna p
is weighted by the conjugate of the estimated array/channel coefficients, which is
fzf',), = af‘,), ,,,agf,’, for low-rate user ¢ and fzg?’p = &g{? ,pag.f:} for high-rate user j, to form
the code channel matched filter output. The code channel matched filter output at

pth sensor for low-rate users can be written as:
zg) = ITI;')H y}(,'). (5.16)

The code channel matched filter output at pth sensor for high-rate users’ mth subin-

terval can be written as:

z(h), = HE) Ay ®) (5.17)

m,p*

Then the multi-path combined information for all P element receiving antennas are
going to be summed again to form the final code array/channel matched filter output.
Let’s define the real part of the summation of P low-rate users’ code channel matched
filter output as:

P P
x® = Re Lglzﬁ”} = Re [EH;(:”HY;()”] . (5.18)
The real part of the summation of P high-rate users’ code channel matched filter
output is:

P P

=3} =1

Since rate difference exists between the different users, the code array/channel
matched filter output for high-rate users, x{¥, is put into the memory to form the
MV K, vector x®), where x* = [xgh)T- -~xg})T]T. This MV K}, vector is going
to be jointly processed with the low rate users’ code array/channel matched filter
output vector x®. The structure of the code array/channel matched filter is shown
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in Figure 5.1. All together, the code array/channel matched filter output during the
time interval [0, T}) can be written as:

T T P
x = [xO"x®T = Re | Y~ AF STr,,] = RWb + n,, (5.20)
=1

where
p ]

R = Re|) H/RH,|,

p=1 .

R = 978,

Cp ]

n, = Re|> HJS™n,|,

Lp=1 i

n, is a Gaussian noise vector with zero mean and covariance matrix o%R.

All the linear processor is going to work on the data of the code array/channel
matched filter output. Fig.5.2 shows the system structure of low-rate mode LMMSE
space-time receiver. After the code array/channel matched filtering, the minimum
mean-squared error detection is used to suppress the MAI by minimizing the mean-
square error between the output data vector and the transmitted information vector.

Suppose b is the transmitted information vector. x is the (K; + M Kj) vector
which is the input to the linear transformation part. We need to find the T, such
that

Top = axgmjn{E(|Tx - W[} (5:21)

Suppose © = Wb. We assume that all the components of the random multiuser
information bits b are independent and identically distributed with zero mean and
unit variance, the random vector © and noise vector n, are statistically independent.
The solution to equation 5.21 can be found in [17][15], which is

Ormuse = E(O) + ZexZr(x — E(x))

= (R+ W) Ix, (5.22)
where Tox = W2R, Ty = RW?R + 0?R. So the solution of Top is going to be

Topt = (R + W27, (5.23)
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Figure 5.1 Code and array/channel matched filter for single rate CDMA
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Figure 5.2 Low-rate mode LMMSE space-time receiver
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The final decision is made by b = sgn(éLMMSE) and the O7ps5 can be get from
éLMMSE = Tap,x = ToptRWb + ng, (5.24)

where ng is the Gaussian noise vector with zero mean and covariance matrix
cr"’TmRTfm. In order to find the estimation error of éMMSE, we can further
decompose the O sk as follow,

Ommse = Topx = (R+*W-2)~Ix
= (R+*W3"1. (RWb +n,)
= 8~ 0’TopmW b+ Topn, (5.25)

= O +e,

where the estimation error, e = -—a"TmW’lb + Topenz, contains both bias and
noise components. The error covariance matrix of MMSE can be found to be equal

to
E{(©-6)(©—8)T} = cov(e) = 0" Tops. (5.26)

The bit error rate for kth LR/HR user average over the interferers’ bits is

1 (ToptRWb)g
Py(o) = sz Q ( ) . 5.27
2Kt be{il}zx:v,bkzl U\/ (ToptRth)k,k (520

Because of the convexity of the mean-squared error expression in equation 5.21,

the MMSE solution in equation 5.23 represents a global minimum. But the explicit
knowledge of the array and channel coefficients are needed in code array/channel
matched filter part. Another drawback of this MMSE detector is that the estimation
of the channel and array coefficients cannot be incorporated into the adaptive
algorithm for obtaining T, The estimates must be explicitly obtained using some
other means (like a training or pilot signal). In order to solve the problems, an alter-
native approach which is called is called type 2 low-rate mode LMMSE space-time
detection is proposed here. The system construction of the type 2 receiver is shown

in Figure 5.3. In this receiver, the linear MMSE detection is cascaded together with

array/channel weighting and combining.
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Figure 5.3 Type 2 low-rate mode LMMSE space-time receiver

In this receiver, the code matched filter output for high-rate users at pth sensor
is put into the memory every T,. At pth sensor, at the end of the time interval [0, T7),
the code matched filter output can be written as:

T T T
o = WOy v 1T

= STr, =RH,Wb +S7n,. (5.28)

The code matched filter output of all P sensors can be stacked into a size PV K,

vector. This vector can be written as:

y =07 yp" =R,HWb +n, (5.29)
where
R, = 1p®R PVK, x PVK,
H = [HT“'II%]T PVK, x K,
n, = [(STn)T---(8Tnp)"]T PVK,x1

( where ® denotes the Kronecker product of two matrices).

After the code matched filter, the linear multiuser detector, together with array/channel
weighting and combining, is trying to minimize the MSE between the output data
and the transmitted information. That means we try to find Top o such that

Toptp = argmin B[ Ty — b[’] (5.30)
It can be found that the solution of equation 5.30 is:

Toa = E[by”|(Elyy™])™
= WHIR, T, (5.31)

where Ty, = E[yy?], and Top,2 can be written as:

Topt2 = WH (HW?HAR, + 0’Ipvx,) ™ (5.32)
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Noting that we suppose the matrix R, is full rank when R is full rank, so that
the matrix inversion exist. If R; is not full rank, the pseudoinverse based on the
singular-value decomposition can be used. So the decision statistic can be written
as:

8; = Topray (5.33)

The final decision is made by taking the sign of the real part of ©,, which means
b = sgn{Re[O,]}. An attractive feature of this type 2 LMMSE space-time receiver
is that it can be obtained adaptively using the data driven adaptive method which
we introduced in chapter 3, or the other well-known adaptive algorithms such as
least-mean squares or recursive least squares with only the knowledge of the desired
user’s signature and timing information. When the recursive least square adaptive
method is used, this type two space-time receiver can be used to jointly detect the
desired user's information and estimate the channel parameters [59](60][61].

5.4 Two-stage Space-time Detection
for Dual-rate CDMA Systems

The objective of proposing another two-stage LMMSE space-time detector is that:
firstly, the detectors should be able to work at the mode specified by the symbol
interval according to the QoS requirements; secondly, the previous detector which
is working over the maximum symbol interval has a large dimension and thus high
computational complexity; thirdly, there exists (M — 1) bits processing delay for
high-rate users. In order to solve these problems, the two-stage LMMSE space-time
detection is proposed. The system construction is shown in Fig. 5.4. Inside the code
array/channel matched filter, the processing interval is all set to [(m — 1)Th, mT}).
After one processing interval, low-rate users only get the partial received information
and high-rate users can get the whole received bit information. The delay which is
induced by the low rate receiver for high rate users is eliminated. In addition, the
cross correlation matrix of the signature sequences, Ry, = STS,., has the smaller
size of (K + K;) x (K + K;) comparing to the size of (M Kj + K) x (MK + K)).
The two-stage LMMSE space-time receiver works based on the following principles
over [0,T3):
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Figure 5.4 Two-stage space-time LMMSE receiver

1. For the first (M — 1) subinterval where 1 < m < (M — 1):

(a) match the received information of [(m—1)T},, mT},) with code array/channel
matched filter bank

(b) perform the LMMSE estimation-based detection for the code array/channel
matched filter output

(c) make the decision for high-rate users for mth subinterval

(d) put low-rate users’ partial detected information into memory
2. For the last subinterval M where m = M:

(a) the detection of high-rate users follow 1(a) to 1(c)

(b) make final decision for low-rate users using maximum ratio combining of
the M detected low-rate users’ partial information

The code array/channel matched filter output x,, (m corresponding to the mth
subinterval of T}) is a (K + Kj) vector.

X, = Re Zﬂm,pnmﬂm,p} Wobm + Re L}: 1 0 sTnm*,,}
= RpyWpbnm +ngm, (5.34)

where

P ~
Rm = Re[;HYI,{,pR‘mI{m,p]a
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P
em = R TR ST
=1
The definition of Hpp, Wi, by, can be found in the equation 5.12. The high-rate
cross correlation matrix is a (K;+ K3) x (K; + K)) matrix which can be written as:

—_— R-l!,m R'!h,m
R’“"[Ru,m Ry, ] (5.35)

where Ry, i8 a K; x K; cross-correlation matrix of K; low-rate users within
mth subinterval of a time period T, Rym(3,7) = f&_l)Th s9(t) (')( tydt.(i,j =

Ki). Ripm is 8 K; X K), cross-correlation matrix of K; low-rate users with K
high-rate users during a time period T and Rym = R, with Ryn(i,j) =
g s @)t — (m — )T)dt.(6 = 1,---,K;j = 1,--+,Ks). Rpp is a
K) x K) cross-correlation matrix of Kj high-rate users within a time period T}
with Run(3,7) = f”‘ ™) 4) (h)(t)dt (1,7=1,--+, Ky). ngyp, is a zero mean Gaussian
noise with covariance matrix 0?R,,,. According to MMSE criteria, the linear trans-

formation for the first stage can be found by:

Toptm = arIg %{E[HTm"m - mem||2]},
(R + 0*W,; )1, (5.36)

i

Toptim

The decision statistic for the first stage is:
Oumsem = Toptm¥Xm = ToptnRm Wimbm + ToptymBzm.- (5.37)

For high-rate users, we can decode the information at every subinterval [(m —
1)Th, mT}) at both stages. The estimated information bit of jth high-rate user for
both stages is:

bﬁf& = sgn{(OmusEm)ki+i}- (5.38)

The probability of error for high-rate user j for both stages averaged over the inter-

ferers’ bits is

Pin(0) = > Qq (a y

me{:El}x bjm=1

(T optym Rom Winbm) i ) . (5.39)
(Tm,mRm Tat,m) Ki+35,K1+3
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For low-rate users, only the partial information can be obtained during the first
stage. At the last stage, a soft decoding rule is going to be applied for low-

rate users. The soft decoding rule which is used here is the maximum ratio
combining. So the decision of ith low-rate user is made by taking the sign of

M, (ﬁow‘mﬂiﬁ}.‘,m)ﬁ G ,m)k). There is also an alternative approach for
two-stage LMMSE space-time detection and is called type 2 two-stage LMMSE
space-time detection. For this alternative approach, the code matched filter output
at pth sensor, at the end of the time interval [(m — 1)T}, mT},), can be written as:
= b v

= STrmp=RypHn,Wpb, +Sin,,, (5.40)

Ym,p

The code matched filter output of all P sensors can be stacked in to a size PVK

vector. This vector can be written as:

m =1L YL plT = RuaHn Wb + (5.41)
where
Rm2 = Ip®Rn PVK x PVK
H, = {Hg.,, -~ HT T PVK x K
nym = [(ShBm1)T -(Stn,p)T]T PVK x1

The definition of W, by, 0y, can be found in equation 5.12. After the code
matched filter, the linear multiuser detector, together with array/channel weighting
and combining, is trying to minimize the MSE between the output data and the
transmitted information. That means we try to find Topte,m such that

Toptaym = 818 190 B[ TrYrm = i) (5.42)

It can be found that the solution of equation 5.42 is:

I

Ebnyi|(E [ymym]) -t

Tontﬂ,m

where Ly, = E[ymYZ)], and Topt2,m can be written as:

Topirm = WinHE(Hn WEHER 2 + 0”Ipy) ™ (5.44)



68

Noting that we suppose the matrix Ry, is full rank when R,, is full rank, so that
the matrix inversion exist. If R,,2 is not full rank, the pseudoinverse based on the

singular-value decomposition can be used. So the decision statistic can be written
as:

ém,2 = Topﬂ,m)’m (5'45)

The final decision for high-rate users is made by taking the sign of the real part
of the ©,,2, which means for high-rate user j, the estimated information for
the mth subinterval of T) is Bg‘,?,‘ = sgn{Re[(Oma)k,+4]}. At the last stage, the
low-rate users’ information is going to be combined to make the final decision.
The soft decoding rule which is used here is the maximum ratio combining. So
the decision of ith low-rate user is made by taking the sign of the real part of
PRl (ﬁm,,mm; T o)) (Toptamy m)i) .

The type 2 two-stage LMMSE space-time receiver can be implemented
adaptively without the knowledge of the spatial signatures, but the desired user’s
signature sequence and timing information is still required.

5.5 Numerical Analysis

The simulation results of the low-rate mode LMMSE space-time receiver and two-
stage LMMSE space-time receiver for VSL access method are shown in this part.
We compare the performance of 1-stage and 2-stage space-time MMSE receiver for
the low-rate users and high-rate users. We also compare the performance between
the VSL and MC access methods of space-time receivers. Performance of different
combining methods, which are Maximum Ratio Combining (MRC) and MMSE
combining, for the multi-rate space-time receivers are also compared.

A direct sequence CDMA systems is considered. There are two different data
rates with rate ratio M. For low-rate users, the repetition coding scheme is used,
which means that the codes repeat themselves M times during one low-rate bit
interval. V is the multipath delay spread. P is the number of sensors. For a
given maximum symbol period T;, the directions of arrival for each users’ multipath
components ai(ff,, afif;) are supposed to be uniformly distributed random variables over

(0, 2x].
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Firstly, the performance of low-rate mode and 2-stage space-time receivers for
low-rate user 1 is compared in Fig. 5.5 and Fig. 5.6. Since the repetition coding
scheme is used for low-rate users, the performance for the low-rate mode and 2-stage
space-time receiver for low-rate users are same. The performance of low-rate mode
and 2-stage space-time receivers for high-rate user 3 is compared in Fig. 5.7. For
the high-rate users, the performance of 2-stage space-time receiver is not as good as
low-rate mode space-time receiver in order to get lower computational complexity
and eliminate processing delay. It can be seen from the above three figures that there
is significant performance gain when P = 3,V = 3 comparing to when P =1,V =3
which corresponding to time domain only receiver.

Secondly, the performance between the VSL and MC access methods of low-rate
mode space-time receiver for different users is compared. Fig. 5.9 is the performance
of the high-rate user 1. It can be seen that for both decorrelator and LMMSE
detector, the performance for MC system is worse than VSL system, since for high-
rate users, the MC access method is going to introduce self interference because of
the multiple channels that are assigned to one user. But for the low-rate user, whose
performance is shown in Fig. 5.8, the MC access method does not always perform
worse than VSL access method for the MMSE detection.

Thirdly, MMSE combining is compared with the MRC for VSL access method
with P = 2,V = 1. For a single-rate system with users uniformly distributed
in space, MMSE combining performance only slightly better than MRC. The
improvement associated with MMSE is mainly due to the coherent combining, since
the number of degrees of freedom is small compared with the number of users. The
difference in performance becomes much more pronounced in multi-rate system.
The coexistence of high-rate and low-rate users creates the received power imbalance
similar to the near-far problem. MMSE filter can suppress the greater interference
caused by high-rate users, whereas the maximum ratio filter does not account for
power variation for users with different data rates. The performance comparison of
MRC and MMSE combining is shown in Fig. 5.10, Fig. 5.11 and Fig. 5.12. The
difference between the MMSE and MRC increases with increasing the rate-ratio M.
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Figure 5.5 Performance of low-rate mode space-time receiver of low-rate user 1,
three user VSL system, K; = 2,K), =1,M = 2,L; = 14,L;, = 7, SNR of low-rate
user 1 SNR1 = 8dB
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Figure 5.6 Performance of 2-stage space-time receiver of low-rate user 1, 3 user
VSL system, K; = 2,K = 1L, M = 2, = 14,1, =7, SNR. of low-rate user 1

SNR1 =28dB
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Figure 5.7 Performance comparison of low-rate mode and 2stage space-time (P=1,
V=3) receiver of high-rate user 1, 3 user VSL system, K; =2, K, =1, M =2,; =
14, Ly = 7, SNR of high-rate user 1 SNR3 = 8dB
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Figure 5.8 Performance comparison of VSL & MC access methods for low-rate mode
space-time (P = 3,V = 3) receiver for low-rate user 1, 3 user system, K; =2, K, =
I, M =2,L;=14,Ly = 7,Ly, = 7,SNR1 = 8B
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Figure 5.9 Performance comparison of VSL & MC access methods for low-rate mode
space-time (P = 3,V = 3) receiver for high-rate user 3, 3 user system, K; =2, K, =
I, M=2L;=14,Ly, =7, Lyp. =7,SNR3 = 8B

10

Figure 5.10 Performance comparison of MRC and MMSE combining for low-rate
mode space-time (P = 2,V = 1) receiver of low-rate user 1. VSL system, Ly =
31,25% high-rate users, 75% low-rate users, desired user SNR = 8dB
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Figure 5.11 Performance comparison of MRC and MMSE combining for low-rate
mode space-time (P = 2,V = 1) receiver of low-rate user 1. VSL system, L, =
31,25% high-rate users, 75% low-rate users, desired user SNR = 3dB
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Figure 5.12 Performance comparison of MRC and MMSE combining for low-rate
mode space-time (P = 2,V = 1) receiver of low-rate user 1. VSL system, L, =
31,25% high-rate users, 75% low-rate users, desired user SNR = 3dB



CHAPTER 6

DECISION FEEDBACK INTERFERENCE CANCELLATION FOR
MULTI-RATE CDMA SIGNALS BSED ON MMSE CRITERION

6.1 Introduction

In the previous chapter, our approach to multiuser detections for multi-rate CDMA
signals is to use linear MMSE multiuser detection in combining with other signal
processing techniques. Increasing the number of dimensions available through
diversity leads to the algorithms which have good performance with moderate
complexity. In addition, diversity provides robustness in the presence of low SNR
and fading. The low-rate mode LMMSE space-time receiver and the two-stage
LMMSE space-time receiver are proposed in chapter 5. They can successfully detect
the multi-rate users’ information simultaneously under certain conditions. Namely,
good performance requires the number of available dimensions (e.g. antennas times
multi-path) exceeds the number of users and the received powers must be disparate
(i.e. greater than 6dB difference).

To over come the limitations imposed by linear receivers, we are going to
study the Decision-Feedback Detection (DFD) in this chapter. The decision-feedback
detection for the single rate CDMA signals was studied in [62](63]. The multistage
detection for single-rate CDMA signals was studied in [4][7]. The successive Inter-
ference cancellation for single-rate CDMA signals was studied in [64]. The decision-
feedback decorrelating detector for dual-rate CDMA signals was studied in [65]. The
DFD can be viewed as a two-stage detector where decisions made by the first stage
are used to cancel the interference successively in the second stage. The canceler does
not require remodulation, which enhances robustness in the presence of multi-path.
To reduce the effect of error propagation, the users to be demodulated are ordered
with respect to decreasing received power, so that weak users benefit from reliable
cancellation of stronger users’ interference. For the multi-rate communications, if the
symbol energy is fixed for different users with different data rates, the high rate users
have high power in it’s signal. This feature naturely invites the decision feedback
interference cancellation scheme into multi-rate receiver design. The emphasis of
our study in this chapter is on a group-wise serial decision feedback detection for

multi-rate CDMA signals. The proposed detector is working based on the MMSE
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criterion and has the promise of DFD which has superior performance comparing to
the linear MMSE receiver at the cost of a moderate increase in complexity. In group-
wise detection, the users are grouped according to the processing gain they used, i.e.,
users with the lowest processing gain are detected first neglecting the presence of the
other users in the system. Interference between the groups is cancelled in a successive
order. The bit error rate of the groupwise MMSE DFD is compared with the multi-
rate linear MMSE detector and multi-rate decorrelating detector. The results show
that the groupwise MMSE DFD yields better performance than multi-rate linear
MMSE detector and multi-rate decorrelating detector. It is also shown that when
the system is highly loaded, the groupwise MMSE DFD can offer better performance

than multi-rate linear MMSE detector and multi-rate conventional detector.

6.2 Groupwise Multi-rate System Description

In a Variable Spreading Length (VSL) multi-rate CDMA system, all the active users
are classified into G groups. The group G users have the lowest data rate 7, where
T is the bit interval of group G users, and there are total number of K¢ users in
this group. The group 1 users have the highest data rate 7- = %, where T; is the bit
interval of group 1 users, and m; = '%1 = 26-1 ig the rate ratio between the highest
bit rate and the lowest bit rate. There are total number of K; users in group 1. In
general, for group g, we assume that the integer my = % represents the rate ratio
between the rate of group g and the lowest bit rate. It is supposed that the group
number g and the corresponding m, has the following relationship, m, = 2679, where
g=1,2,--+,G. There are total K = K; + K, + -+ + K users which are grouped
into G groups according to different bit rates. In a VSL CDMA system, users with
different data rates will have different processing gain. Total G groups users have G
different spreading factors, which are L, = %,Lz = % =20, -+, Lg= '*',_,%f =myL;.
The signature waveform of kth user of group g, sgf) (t), has the following property:

(;r s sgg)z(t)dt = 1. In the interval [0,Tg), each group G user transmit one bit, while
each group g (¢ < G) user transmit m, = 2977 bits.
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The total base band received signal during the time interval [0,Tg) can be
written as:

mi
) = 3 35 Vol - m - 17— f?)
1—1 m=1
S W@, @ 2
+§jz DS (t — (m — 1)Tp — 72
+oet 2 V@b 5 (t — {9} + n(1), (6.1)
whgre
b,(c ) is the transmitted information bit of kth user of group G,k =1,---, K¢
bg‘f,)n is the transmitted information bit of kth group g user’s mth subinterval,

g=1,-..’G—1;m=1,-..mg;k=1,...’Kg

wy’ is the received information amplitude of kth user of group g,
g= 1’...’G;k=1,...’Kg
sgf ) is the signature waveform of kth user of group g,

g= 1’...’G;k=1’...,Kg
n(t) is white Gaussian noise with power spectral density o2.
(all the superscript -{*) represents the group number z)

6.3 Decision Feedback Interference Cancellation
for Multi-rate CDMA Signals Based on MMSE Criterion

Equation (6.1) is a representation of the base band received signal for the multi-rate
CDMA systems. This system representation is equivalent to a single rate system
with K, virtual users each transmitting only one bit during the time interval [0, Tg),
where K, = m; K, +maKs+-- -+ Kg. The chip-rate sampled version of the received

information r(t) is a (Lg x 1) vector and is given by
r=SWb+n=Pb+n, (6.2)

where P = SW,n ~ N(0,0%I.;) and I, is the identity matrix of size Lg. The

Lg x K, matrix S contains the spreading sequences and can be written as
G
S =[s{] 8%, - lam - 8Ky 8L Sl (63)

For VSL access method, when g < G, s(-") are simply the time shifted version of
each other, which means sgf,)ng (t) = si9(t - (mg —1)T,) for t € [(m—1)Ty, mT,). b is
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Figure 6.1 System construction of a typical decision feedback interference canceler

the column vector which contains all the K, transmitted bits in the interval [0, Tg)

and can be written as
b= [b0) b by brymy B BT (6.4)

W is the K, x K, diagonal matrix with the diagonal elements corresponding to
the received amplitude of the specific bit. The block diagram of a typical decision
feedback interference canceler is shown in Figure 6.1, where the filter F is the feed
forward filter, and filter B is a feedback filter which is lower diagonal with zero along
the diagonal. The output z can be written as:

z = Fr — Bb, (6.5)

where b is the output of the decision device. The associated estimation error can be

written as:
e=b -z (6.6)

The Mean Square Error between the output data z and the transmitted infor-
mation bits b is going to be minimized. The forward filter F and the backward filter
B can be jointly determined through the MSE optimization approach as follow:

@i MSE = gin(E[[b - =), (6.7

In order to get the solution of the optimum feed forward and feedback filter, we

suppose that there is no error propagation, b = b, then MSE can be written as:

MSE = E(|[b — Fr + Bb|?). (6.8)
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The covariance matrix of the received signal r is
E[rt"] = £,, = PPT 4+ 6%, (6.9)
The correlation between the received signal r and the transmitted information b is
E[rbT] = E[(Pb + n)bT] = P. (6.10)

Through the joint optimization based on MMSE criterion, the forward and feedback
filters, F and B can be found to be:

F

(Ix, + B)PTZZ, (6.11)
B = (LN)'-Ig,. (6.12)

F is essentially a concatenation of the linear MMSE filter T};, and a error whitening
filter (LT)™!, where

TZ =PTx L. (6.13)
The associated linear MMSE filter output error vector is

ein =b — Ty, r. (6.14)
The covariance matrix of ey, is

Q = covleys] = Elewnel,] = Ix, — PTSP. (6.15)

The matrix L is defined by the Cholesky factorization of the error covariance matrix
associated with the linear MMSE filter as follow:

L'DL = Q. (6.16)
The users are demodulated successively as
B = sgnlz]
B) = sgnlz — Bbil]

Ky—1 A
sgnlzx, — Y B, K,-ibi] (6.17)

i=1

(G
b
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For a single rate CDMA system, it has been shown in [66] [67][68] that this structure
performs ideal successive interference cancellation in the absence of error propa-
gation. That is when detecting user i, the effect of all previously detected users
1 through ¢ — 1 is completely removed. This is also true for the system model of
equation (6.1), since this system is essentially a virtual low-rate system with K,

virtual users when the detection is working over the received information over the
period [0, Tg).

6.4 Groupwise Serial Interference Cancellation
for Multi-rate CDMA Signals Based on MMSE Criterion

The objective of this section is to develop the structure of the group-wise serial
interference canceler for multi-rate CDMA signals. Users are grouped according to
their processing gain. The receiver construction is shown in Figure 6.2. The working

principle of this proposed receiver is as follow:

(1) Form the K users into G groups according to their processing gain L,. Total
K = K,+ Ky+-- -+ Kg matched filters are sampled at different symbol interval
Tg, g = 1,2,""G.

(2) For g = 1, form the forward filter by concatenating the linear MMSE filter Ty,
and error whitening filter (LT)~!, using the feedback filter B to subtract the
interference introduced by the user with high power in this group.

(3) For 1 < g < G, form the forward and backward filters using the received
information of group 1 to g — 1, the interference introduced by the high rate
groups and the user with high power in group g can be cancelled through
backward filter B.

Recall the equation (6.1), r(t) contains all the information over the time interval
[0,Tg). Based on this equation, the base band signal which is received during the
interval [0, T}) can be written as '

K
() = i yV w,gl)bsl)sgl) (t) + partial information of the other groups
F 53]
+n (1), (6.18)
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where n(1)(t) is the white Gaussian noise at the receiver end. The group 1 users
which have the highest bit rate are detected first neglecting the presence of the other
users in the system. The MSE which is going to be minimized is:

MSEW = E[||b; — 20|, (6.19)
where
z1) = FOL _ gg, (6.20)
Through the joint optimization, the forward filter can be found to be:
FO = (LW,

b, is the transmitted information bit vector of group 1 users during the time interval
[0,T}). r(") is chip-rate sampled version of 7(!)(t). The forward filter F(!) is a concati-
nation of linear MMSE filter and error whitening filter, where T{) = P®T5-3,

P(M) ig a L, x K, matrix with ith column being the chip rate sampled version of
(1
Py (t):

@) = Vuls@),0<t < T (6.21)

T, i8 the covariance matrix of the received information vector rl), Lo =

E[rWr®T). The associated output error vector after the linear filter is:
el = by — T{H £, (6.22)
The covariance matrix of the above error vector is
QW = Ele{Veld”] = I, - POTSLPW, (6.23)

All K, group 1 users are going to be detected successively using a forward error
whitening 8lter (L(7)~! and a feedback filter B®) after the linear MMSE filter,

where
QW = (LW)TDWLW (6.24)
B® = @O -1k (6.25)
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L") is defined by Cholesky factorization of the error covariance QM. DW is the
diagonal matrix.

For the detection of the group 2 users, the received signal during the time
interval [0, 2T}) can be written as:

) = ZZ Va0t - (m - )Ty) +§: w8757 (1)

+partial information of the other groups + n® (t). (6.26)

It is noted that the group 2 users are lower rate users comparing to the group 1
users. If the energy per symbol is same for all users, the group 1 users will have
higher power in their signals. Thus, the group 1 users are expected to cause more
interference to the other group users which is not negligible. The MSE which is going
to be minimized for the detection of the group 2 users is changed to

MSE® = E{||b,—z@|%}, (6.27)
where
2? = F@:® _ O,
FO = L))
In the above equation, bs = [b&"bé”b&”’]?‘. b, include the information bits of group
1 users during the time interval [0,7}) which is b{", the information bits of group
1 users during the time interval [T}, 2T}) which is b{", and the information bits of

group 2 users during the time interval [0, 2T1) which is b{?. r® is chip-rate sampled
version of () (t). The linear MMSE filter part can be written as:

T T
T =P@'o, (6.28)

where P®) ig a Ly x (2K, + K3) matrix with jth column being the chip-rate sampled
version of p(-z)( t) for 0 <t < 2T,
-y { \/_”s{: (¢~ (m=DT) (m-DKi+1<) SmEum=12 o0
\/u-;f”s_, (2) 2K, +1<j < 2Ky + Ky
X, n is the covariance matrix of the received signal vector r®) and ) = E[r®@r@7],
The associated error vector of the linear MMSE filter is going to be

T
efp) = by — Tis) 1 (6.30)
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Figure 6.2 System construction of groupwise successive MMSE interference canceler

: . T
which has covariance Q(?) = E[e%iie,(ﬁ ]. In the same way, the error whitening filter

can be found to be (L®7)~! and the feed back filter can be found to be B@, where
Q® = (LMTDALAE B® = (L@T)-L — 1. DA is a diagonal matrix. Noted that
at the end of the time interval [0, 27}), the group 1 user’s bits of the subinterval
[T1,2T3), by, will be jointly decoded with the group 2 bits of the time interval
[0,271), b{¥. At the end of time interval [0,4T}), the group 1 bits of the subinterval
[3T},4T7),b{", the group 2 bits of the subinterval [2T},47}), b$, will be jointly
decoded with the group 3 bits b{®). At last, and at the end of time interval [0, T5), the
group 1 bits of the subinterval [(m; — 1)71,T5), b{}); the group 2 bits of subinterval
[(ma = 1)Ty, myT3), b®; the group (G — 1) bits of subinterval [3Tg, Tg), b5"™Y;
will be jointly decoded with the group G bits b(®). Figure 6.2 shows the system
construction of this proposed groupwise successive MMSE interference canceler. For
the lowest rate group G users which have been interfered most, the structure of this

groupwise interference canceler will perform ideal successive interference cancellation

when there is no error propagation.

6.5 Simulation Results
Simulation results of the proposed groupwise MMSE interference canceler for multi-
rate CDMA system are presented in this part. Direct-sequence spread-spectrum
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signature waveforms and BPSK data and spreading modulation with coherent
detection were used to simulate a synchronous CDMA system with multiple data
rates. Length 7 Gold sequence is chosen to form the signature sequence for different
users. The repetition coding scheme is used to generate lower rate users’ signature
sequences. This means the group g (where g > 1) users’ signature sequences are
generated by repeating length 7 signature sequences mg times, and the processing
gain of the group g users is going to be L, = 7 x m,, where m, = 29-1. Table 1.
shows examples of 4-user system with different processing gains. In example 1, all
the users have the same processing gain L; = 7, and they all have the highest bit
rate 7. In example 2, there are two users with processing gain 7 and the bit rate 7
Another two users have the processing gain L, = 2L, = 14 and bit rate 537+ There
are three spreading factors in example 3. First user, which has the bit rate 77> has
spreading factor L,. Second user, which has bit rate 5, has spreading factor 2L;.
The last two users, which have bit rate -, have spreading factor 4L;.

The simulation results of Fig. 6.3 is performed for the system with one
processing gain which equals to 31 and the received bit energy for all the active users
are equal to 8dB. The performance show that when the system is highly loaded,
the successive MMSE interference cancellation scheme is performed especially well
than the linear MMSE detector and the conventional detector. The bit error rates
for several detection schemes, the conventional matched filter, the decorrelator, the
linear MMSE detector and the proposed groupwise MMSE interference canceler, are
compared in Fig. 6.4. The results are simulated for example 2, and all the users
have the equal received energies per bit. It can be seen from this figure that the
groupwise successive MMSE DFD outer performs the linear MMSE detection and
decorrelator. Fig. 6.5 is the near-far curve of the performance of user #4, which
is low-rate user 2. It can be seen from this figure that without error propagation,
the performance of the low-rate user 2 can attain single user bound even when the
interference level is very high. Fig. 6.6is the near-far curve of the user #2, which is
high-rate user 2. It can be seen from the results that for the higher-rate users, the
performance of the groupwise successive MMSE interference canceler is still better

than the linear MMSE detector and decorrelator.
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From the above simulation results, we can conclude that the proposed
groupwise successive MMSE interference canceler outer perform both multi-rate
LMMSE detector and multi-rate decorrelator. It eliminates the bit processing delay
for the low-rate mode linear detectors. It is also observed that when the interfering
user become stronger, the bit error rate of the lowest rate user approaches the single
user bound. In addition , this work has shown that given sufficient SNR, the spectral
efficiency of proposed groupwise successive MMSE DFD is significantly higher than
multi-rate LMMSE detector.

Table 1: Example specifications

example | PG | rate | No. of users
1 7 | 1/ 4
P 7 1 1/T P
14 | 1/2T 2
3 7 | 1/T; 1
14 | 1/2T; 1
28 | 1/4T; 2
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CHAPTER 7

CONCLUSIONS

7.1 Summary
In this thesis, we explore the application of different interference cancellation
techniques to multi-rate CDMA systems that serve users with different QoS.

We propose the linear MMSE receivers for synchronous downlink dual-rate
CDMA system. Comparing it with dual-rate decorrelating detectors, the proposed
LMMSE multi-rate receiver can offer better performance than the multi-rate decor-
relator due to the fact that LMMSE detector offers best trade-off between the MAI
cancellation and noise variance enhancement. In addition, dual-rate LMMSE receiver
can be adaptively implemented only with the knowledge of the desired user while
dual-rate decorrelating detector requires the knowledge of all the active users.

For asynchronous uplink dual-rate CDMA system, we propose the dual-rate
multi-shot decorrelating detectors and dual-rate multi-shot MMSE detectors. The
performance of multi-shot detectors can be improved monotonically with increasing
the number of stacked bits, but a great computational complexity is going to be
introduced in order to get better performance. Debiasing method is introduced
to dual-rate multi-shot linear detectors. Debiasing method optimizes dual-rate
detectors based on the dual-rate multi-shot model. Debiasing multi-shot MMSE
detector for dual-rate signals can offer better performance than the corresponding
debiasing multi-shot decorrelating detector.

Based on the above investigation for the receiver design of multi-rate systems,
we extend our work to frequency selective multi-path fading channels and propose
low-rate mode LMMSE space-time detection and two-stage LMMSE space-time
detection. Both detection is based on minimum mean-squared error criteria. Two-
stage LMMSE space-time receiver eliminate the processing delay for high-rate users
and reduce the computational complexity. Two kinds of approaches are introduced
to both detections. The first approach need the explicit knowledge of the array
and channel information in the code array/channel matched filter part. This need
to be estimated in advance using training or pilot sequences. The type 2 approach

cascade the array/channel weighting, combining and multiuser detection together.
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No explicit knowledge of the array/channel information is needed. The channel
estimation can be incorporated in to certain adaptive implementation scheme, and
only the knowledge of the desired user’s timing and signature waveform is needed.
We also perform a comparative study on the dual-rate receiver which use multi-
path (temporal) processing, array (spatial) processing and the one which use both
array and multi-path processing. The space-time receiver for the dual-rate CDMA
signals give us the potential of improving the capacity of multi-rate systems. The
space-time processing combined with multi-user detection have the advantages of
combating multipath fading through temporal processing, reducing MAI through
MMSE method and provide antenna or diversity gain through spatial processing to
increase the capacity of the multi-rate CDMA systems.

The nature of the unequal received amplitudes for multi-rate CDMA signals
motivates us to propose the group-wise interference cancellation methods for multi-
rate CDMA signals. The non-linear decision feedback detection (DFD) schemes are
used in the proposed receivers. Users with same data rate are grouped together.
Users with the highest data-rate are detected first. Interference between the groups
is cancelled in a successive order. The results show that the group-wise MMSE
DFD yields better performance than multi-rate linear MMSE detector and multi-
rate decorrelating detector, especially for highly loaded CDMA systems.

7.2 Future Work
e Based on the previous work, we found out that the choice of the access method
and the set of signature sequences will influence the receiver performance, and
the simulation results show the performance is very sensitive to the choice of
spreading codes. In order to remove the influence of the signature sequences,
further work need to be done for the random signature sequence analysis for

different access methods for our proposed receivers.

e Most current CDMA systems (including IS-95 as well as military DS communi-
cation systems) are based on long spreading waveforms. For such systems, the
structure of the multiple-access interference changes from symbol to symbol.

This is a disadvantage for implementing multiuser detection, since the detector
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must be time-varying, and explicit knowledge of interference parameters is
required. However, even short spreading waveform is adopted in future, a set
of relative delays and spreading waveforms that leads to poor performance
could persist for a long period of time for short spreading waveforms. The
research results in adaptive interference suppression can reach the point that
a complete system design based on it is within reach (assuming application of
sufficient engineering effort and ingenuity), and that such system would provide
large performance gains even over severely time varying channels compared to
existing DS/CDMA systems based on long spreading waveforms and conven-
tional reception.

For both MC and VSL access method, the number of effective users in a
virtual low-rate system is higher than the real number of users. The multiple
modulation access scheme will generate the same number of effective users
as the real number of users. The multiple modulation access scheme may
introduce severe power imbalance problem, but the linear and non-linear
MMSE estimation based detection can utilize the power imbalance problem
in the multi-rate communication system. The multiuser detection and inter-
ference cancellation schemes for multi-rate CDMA systems using multiple

modulation access method need to be studied.
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