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ABSTRACT

An Application of the Chase Algorithm to Multiuser Detection

Liu, Feng

With various added services in future wireless communication systems, the demand for
fast and highly reliable data transmissions is continuously increasing. Multiple access
interference (MAI) in direct-sequence code division multiple access (DS-CDMA) and
constrained capacity in single-input single-output (SISO) are the major obstacles to
achieve this purpose. For overcoming these limitations, the use of multiuser detection
(MUD) and multiple-input multiple-output (MIMO) is necessary.

In the area of error control coding, the Chase algorithm, which takes advantage of the
different reliabilities of the received symbols and focuses on correcting the error in the
weakest symbols, can achieve a near maximum-likelihood (ML) performance and with
significant complexity reduction. In this thesis, we discuss the application of the Chase
algorithm in multiuser detectors for the SISO-CDMA and MIMO-CDMA systems.

In the SISO-CDMA systems, we develop a parallel interference cancellation (PIC)
scheme using the Chase algorithm after the matched filters (MFs). This scheme is called
Chase-PIC. Instead of optimizing the weight of each user as most of PIC detectors do,
this detector provides a new optimizing approach right after the MFs. Based on the
analysis of the complexity and performance over the flat and frequency-selective
Rayleigh fading channels, we also propose a new Chase based multistage PIC that uses

the normalized least-mean-square (NLMS) algorithm at the earlier stages and the Chase
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algorithm at the later stages. This proposed scheme can achieve a better performance
than NLMS-PIC but with less complexity.

In the MIMO-CDMA systems, we proposed a new Chase based multiuser detector
over the flat Rayleigh fading channels. This detector focuses on correcting the error of
the weakest detected symbol in the layered space-time multiuser detector (LAST-MUD).
Compared to another Chase based detector, B-Chase, the proposed scheme has less
complexity but with the tendency of achieving better performance at high signal-to-noise

ratio (SNR).
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CHAPTER 1

INTRODUCTION

After an exponential growth at the end of last century, the area of wireless
communications is still one of the most promising and fast growing fields in the 21st
century. The achievements of wireless communications are not only providing
convenience for the people but also gradually changing people’s lifestyles. In this
chapter, first, we introduce the brief history of wireless communications [1]. Then we
present two efficient techniques—multiuser detection (MUD) and multiple-input
multiple-output (MIMO), which are used in the next generation wireless communication
systems to enhance the system performance. Finally, we demonstrate the objectives and

contributions of my thesis.

1.1 Brief History of Wireless Communications

The first-generation (1G) wireless communication systems were analog systems. They

were deployed in the early 1980s and adopted the frequency division multiple access



(FDMA) technology. Various systems, such as advanced mobile phone service (AMPS),
total access communications system (TACS) and nordic mobile telephony (NMT),
belonged to this category. 1G systems were used only for voice communication and
mainly suffered from two problems. The first one was the constrained capacity due to the
reason that 1G systems serve only one subscriber at a time on a radio channel. Therefore,
the number of available radio channels limited the system capacity. The second one was
the limited bit rate since a very narrow radio channel, which varied from 10 kHz to 30
kHz, was provided in analog systems.

To cope with the problems of 1G systems, digital based second-generation (2G)
wireless communication systems were developed. The use of digital signal significantly
increased the spectrum efficiency compared to the analog systems. Two different
multiple access techniques, time division multiple access (TDMA) and code division
multiple access (CDMA), were adopted in different 2G systems. Compared to analog 1G
systems that served only one subscriber on a radio channel, digital TDMA and CDMA
systems can accommodate several subscribers on one radio channel, which increased the
system capacity. The first developed 2G systems were based on TDMA. Global System
for Mobile Communication (GSM), North American standard Interim Standard (IS)
54/136 and the Japanese standard Personal Digital Cellular (PDC) belong to this
category. In these systems, the channel bandwidth ranges from 25 to 200 kHz. Based on
CDMA, another leading 2G standard is cdmaOne (IS-95) whose channel bandwidth
could be either a 30 kHz AMPS radio channel or a new 1.25 MHz CDMA channel.

The exponential growth of the Internet has resulted in requirement for new wireless
multimedia services, which demand high-speed data packet transmissions. These new
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services made the 2G systems, which were designed to provide good voice as well as
basic data services, become inadequate. Hence, to cope with the need for higher
capacity, the third-generation (3G) wireless communication systems were developed.
All 3G systems are based on CDMA technology. Three standards were adopted by the
International Telecommunication Union (ITU) for the 3G systems: wideband code
division multiple access (WCDMA), code division multiple access 2000 (CDMA2000)
and time division synchronous code division multiple access (TD-SCDMA). These 3G
systems can provide around 2 Mb/s indoors and 144 kb/s in vehicular environments,
respectively.

In the future, with various added services, the demand for fast and high reliable data
transmissions is continuously increasing. In current CDMA systems, this purpose can’t
be achieved due to multiple access interference (MAI) of CDMA and constrained
capacity of conventional multiuser single-input single-out (SISO) systems. For
overcoming these limitations, the effective interference cancellation technique, multiuser
detection (MUD) and antenna array techniques, multiple-input multiple-output (MIMO),

are the most powerful solutions.

1.2 Multiple Access Schemes

A multiple access scheme is the technique for sharing a limited network resource among
different users as efficiently as possible. FDMA, TDMA and CDMA are three major
multiple access techniques. In 1G and 2G systems, two types of multiple access

techniques: FDMA and TDMA, were employed. In FDMA, the available spectrum was



divided into non-overlapping slots of frequency and each slot is assigned to one user. In
TDMA, instead of aligning different users in different frequency slots, users are assigned
to non-overlapping time slots. The main problem with both FDMA and TDMA is that
they have hard capacity limits. It means when the number of users equals the number of
frequency or time slots, adding one more user becomes impossible because all the
available frequency or time resources have already been assigned to the existing users.
CDMA is a multiple access technique that can overcome this problem and lead to a
large capacity increase. In this technique, users are multiplexed by distinct codes rather
than by orthogonal frequency bands as in FDMA, or by orthogonal time slots as in
TDMA. The most popular CDMA scheme is the direct-sequence code division multiple
access (DS-CDMA) where each active user’s data is directly modulated (multiplied) by
a unique signature sequence (code). The systems that we will discuss in this thesis are

also DS-CDMA systems.

1.3 Multiuser Detection

The performance of today’s DS-CDMA systems is limited by multiple access
interference (MAI) more than by any other single effect, such as noise. MAI happens
when the signature waveforms assigned to different users are not orthogonal, which
causes the performance degradation. Multiuser detection (MUD) is an enabling
technique for mitigating MAI with the aim of improving system performance.

The functions of downlink and uplink receivers adopting the MUD technique are

different [2]: in downlink, each mobile receiver only needs to detect its own signal.



Because all K user signals transmitted from the base station are synchronous and could be
orthogonalized at the base station transmitter, there is no interference from intracell users,
and the interference that needs to be suppressed comes from a few dominant
neighbouring cells. In uplink, the situation becomes more complicated because the base
station receiver must detect all desired users’ symbols within one cell, and all the
symbols transmitted from the mobile stations are asynchronous. Except the other-cell
interference, the major interference that the base station receiver has to suppress comes
from the intracell symbols. In this thesis, our research focuses on base station receivers
used in the uplink situations.

The pioneering work of MUD has been done by Verdu [3]. He proposed an optimum
detector based on the maximum likelihood (ML) detection principle. Hypothetically, this
ML receiver would encompass a bank of matched filters that would produce a set of
sufficient statistics, followed by a Viterbi decoder. Even though the ML receiver could
achieve the substantial performance improvement compared to conventional matched
filter receiver, its exponential complexity related to the user number is too high for
practical DS-CDMA systems. Therefore, the goal of MUD research is to find the sub-
optimum detectors that can achieve a good trade-off between performance and
complexity.

The basic sub-optimum detectors are classified in two categories [4]: one is a linear
detector and another is a subtractive interference cancellation detector. The linear
multiuser detectors execute a linear transformation after the soft outputs of the
conventional detector and achieve a complexity and performance trade-off between the
conventional and optimum receivers. The decorrelating and the minimum mean-squared

5



error (MMSE) receivers are two typical linear multiuser detectors. The problem of the
linear detector is the computation of matrix inversion that still requires high complexity.
On the other hand, Subtractive interference cancellation detectors have a better structure
in the sense of complexity. In this case, the interference of each user on the other users is
estimated, re-spread, and cancelled from the received signal. These operations can be
extended to multistages. The successive interference cancellation (SIC) and parallel
interference cancellation (PIC) detectors arc two well-known examples of this class.
Normally, the SIC detector causes a longer delay and the PIC detector demands more

hardware.

1.4 Multiple-Input Multiple-Output Systems

For the next generation of wireless systems, there are ever increasing demands for high
data rates and improved reliability due to the integration of multimedia and Internet
applications. Because of the limited available radio spectrum, the only way to achieve
the higher data rates is to design more efficient signalling techniques. Compared to
conventional single antenna link systems, the use of multiple antennas at both ends of the
wireless link, well-known as MIMO systems, showed large gains in communication
capacity [5, 6]. In general, for a MIMO system with an independent flat fading channel
known at the receivers, the capacity grows linearly with the minimum number of
antennas.

Like the Shannon capacity limit [7], references [5] and [6] only gave the information

theoretical capacity limit of MIMO systems but no implementation scheme was



proposed. The space-time (ST) coding [8] is a set of effective and practical way to
approaching this limit. The major issue of the space-time coding is to utilize the
multipath effects to achieve high spectral efficiency and performance gains. So far,
different space-time coding structures have been proposed [9], which include space-time
block codes (STBC), space-time trellis codes (STTC), space-time turbo trellis codes and

layered space-time (LST) codes.

1.5 The Motivation and Objective

In the optimum ML multiuser detector of CDMA systems, we assume that all users’

symbols have the same reliability and choose the final decision from 2* possible hard
decision vectors, where K is the number of active users in the systems. The application
of the optimum multiuser detector for CDMA systems is undesirable due to the
exponential high complexity. This high complexity could be avoided by using the Chase
algorithm [10] that was originally used in a channel block decoder with channel
information. The success of the Chase algorithm is based on a reality that the detected
symbols have different reliabilities at the receiver side. Therefore, we can keep the
detected symbols with high reliabilities intact but try different hard decision
combinations for the least reliable user data, and then select the final hard decision values
based on a smaller set.

The objective of this thesis is to develop the Chase based MUD schemes in the SISO

and MIMO-CDMA uplink systems.



1.6 Contributions of This Thesis

The main contributions of this thesis are the following:

We derive a PIC scheme using the Chase algorithm after the matched filters
(MFs). This scheme is called Chase-PIC.

We assess the complexity and performance analysis. Based on tﬁis analysis, we
propose a new Chase based multistage PIC scheme over synchronous Rayleigh
fading channels. This new scheme benefits from the advantages of the Chase-
PIC and the adaptive multistage normalized least-mean-square parallel
interference cancellation (NLMS-PIC) [11]. This proposed scheme can achieve
a good trade-off between performance and complexity.

We extend the proposed Chase based multistage PIC scheme to asynchronous
Rayleigh fading channels.

We analyze the performance of MIMO-CDMA systems over synchronous
Rayleigh fading channels using B-Chase and L-Chase [12] that were originally
developed in single-user vertical Bell Laboratories layered space-time (V-
BLAST) systems [13].

We analyze the selection criterion of the weakest symbol in MIMO-CDMA
systems and propose a new Chased based multiuser detector that has a tendency
to achieve a better performance than the B-Chase detector at a high signal-to-

noise ratio (SNR) while with less complexity.



1.7 Thesis Organization

This thesis is continued as follows.

Chapter 2 reviews three techniques: CDMA MUD, MIMO and the Chase algorithm.
In the section of the MUD technique, we first introduce a conventional detector using a
single-user detection strategy. And then, the optimum ML detector is presented. After
that, two categories of sub-optimum MUD detectors are demonstrated, which include
linear and subtractive detectors. The following section explains the basic principles of
the Chase algorithm used in a block decoder. In the final section, we introduce some
single-user MIMO techniques that include V-BLAST and the Chase detectors.

Chapter 3 presents the new multistage PIC schemes using the Chase algorithm. Our
discussion will be divided into synchronous and asynchronous Rayleigh fading channels.
In the synchronous situation, first of all, we derive a Chase-PIC detector. And then,
different PIC schemes combining the Chase and NLMS algorithms are presented and
their performances and complexities are compared with NLMS-PIC scheme. Finally, a
scheme with pure NLMS used in the earlier stage and pure Chase algorithm used in the
later stage is proposed. This proposed scheme can achieve better performance than
multistage NLMS-PIC but with less complexity. In the asynchronous channels, the
demonstration of our proposed scheme is straightforward.

Chapter 4 shows a novel Chase-based multiuser detector over MIMO-CDMA
systems. In this chapter, we first discuss the use of B-Chase and L-Chase in MIMO-
CDMA systems, which were two Chase based detectors originally used in single-user V-

BLAST systems. Moreover, we point out the problem in the B-Chase and L-Chase



detectors. Finally, we carry out the mathematical analysis for the choice criterion of the
most unreliable symbol and propose a new Chase-based multiuser detector. This new
scheme has less complexity than the B-Chase detector but with the tendency of achieving

better performance at a high SNR.

Chapter 5 concludes this thesis and some suggestions for future works are included.
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CHAPTER 2

BACKGROUND

In this chapter, we review three techniques used in this thesis, which include multiuser
detection (MUD), the Chase algorithm and multiple-input multiple-output (MIMO). In
Section 2.1, various multiuser detectors for the direct-sequence code division multiple
access (DS-CDMA) systems are presented. Section 2.2 presents the Chase algorithm
used in the block decoder. In Section 2.3, we start with the introduction of MIMO
techniques and one typical MIMO scheme—vertical Bell Laboratories layered space-
time (V-BLAST). And then, the Chase detectors in single-user MIMO channel are

demonstrated.

2.1 CDMA Multiuser Detectors

This section reviews the basic multiuser detection techniques in DS-CDMA systems.
The outline of this section is as follows: In Subsection 2.1.1, the synchronous DS-

CDMA multiuser system model is presented.  Subsection 2.1.2 describes the
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conventional detector and the idea of MUD. Subsection 2.1.3-7 investigate five
multiuser detection schemes: the optimum maximum-likelihood (ML), the decorrelating,
the minimum mean-squared error (MMSE), the successive interference cancellation
(SIC) and parallel interference cancellation (PIC) detectors. Subsection 2.1.8, 9
introduce two improved PIC detectors—the partial PIC and adaptive normalized least-

mean-square PIC (NLMS-PIC) detectors.

2.1.1 System Model

In this section, for the sake of simplicity, the following assumptions will be made
concerning a DS-CDMA system:

e The channel attenuation is represented by a real value. This assumption
simplifies the analysis and can be easily extended to the complex case. In
Chapter 3, we will use fading channels where complex attenuation needs to be
considered.

o Perfect channel estimation is assumed. This means that the parameters related to
the channels are known at a receiver and the receiver can take advantage of the
known parameters.

e At the receiver, the spreading codes used to do a correlation are perfectly
synchronous with the received signals.

We consider a synchronous DS-CDMA system model shown in Fig. 2.1. There are

K users communicating with the same rate over a channel corrupted by additive white

Gaussian noise (AWGN). The baseband received signal can be written as

12



r()=2,5,(t)+2(t) = iAiaic,.(t) +2(0). 2.1)

If we consider sampling the continuous received signal at the chip rate N, (2.1) can be

rewritten as:
r(m) = i Aa,c,(m)+z(m). (2.2)

Here, 4; is the signal amplitude. a; is the ith user’s data bit; binary phase-shifi keying
(BPSK) modulation is assumed and a;€ {1,-1}. ¢/(¢) is the signature waveform (spreading

code) and its amplitude c,(m) e {1/«/—]\7 —1/N }, where N is the processing gain (or

7,
spreading factor); ci(f) is assumed to have a unit energy, i.e. IO ||ci(t)|]2dt=1 or

N-1 2
Z” c,.(m)" =1, where 7, is the signal interval of a user bit. z(¢) is AWGN with zero-

m=0

mean and two-sided power spectral density (PSD) of N, /2 watts per hertz.

)

r(t)

| Figure 2.1 A synchronous DS-CDMA system model
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It is also convenient to represent (2.2) in vector form
r=CAa+z, (2.3)

where r is a column vector of length N ; C isa NxK matrix and C=[c,¢,, -, ¢, ],

here ¢, is the length N column vector associated with the ithuser, ie{l,2,.--, K},
A =diag[A,, A,, -, A ], a=]a,,a,, -, a; ]" is the data vector and “T” denotes matrix
transpose; z is the channel noise vector with covariance oI and 1 is Nx N identity

matrix.

2.1.2 Conventional Single-User Detector

In this subsection, we first review the conventional single-user detector. The technique
used in the conventional detector is a single-user detection strategy. The term of “single-
user” here doesn’t mean that there is only one user in a system; it means each branch
detects one user without regarding the existence of other users. While introducing the
conventional single-user detector, we also show the problem of multiple access
interference (MAI) existing in this detector. After that, the idea of MUD, which has the
purpose of migrating MAI, is described.

As shown in Fig 2.2, the conventional single-user detector consists of a bank of K
correlators. The implementation of each correlator is the same as a matched filter [14].
In each detector branch, the signature waveform of one user is regenerated and correlated

with the received signal. The output of the ith correlator, which is denoted as a,,
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ie{l,2,---, K}, is the soft decision of the ith user’s data. According to the sign of the

soft decision, the hard decision 4, is made.

T, 4 a
[t e

¢ (1)
E B : 52 &2
. J‘ (o)dt > ]t -
r(?) 3 0 E
P :
LGl
T 51( &K
J;) (o)dt = > :F R
Matched '

ferbank | (0

Figure 2.2 The conventional detector of a DS-CDMA system

After the conventional matched filter bank, the output can be written as
~ Th
a, = jo r(t)c,(H)dt
Ts K
= jo > 4,a,¢;(t) +z(D)e, (1)dt
Jj=1
K
= A4a, +2Ajajpj’,. +n,, 2.4)
/A

where p,is a correlation coefficient and #,is a noise term after despreading. p,, and

n, are expressed as
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P = e 0, (O)de=Y ¢, (m)e,(m), (2.5)

m=0

and

N-1

n, = Ion z(t)c; (t)dt = Zz(m)c,. (m). (2.6)

m=0

The right-hand side of (2.4) consists of three parts: the desired signal A4a,, MAI

K
Z A,a,p;, and the noise n;.. The conventional detector treats MAI as another noise and
Jj=1

J#i
the estimated data a, for a; is
a,=sgn{d}. 2.7)

The matrix-vector notation of the matched filter bank output is

a=C'r=C"(CAa+z)=RAa+n, (2.8)
here, a =[a,,d,,---,a, )", n=[n,n,,---,n.] are the length K vector that hold the
matched filter output and noise. The matrix R is a K x K matrix, whose entries contain
the values of the correlations between each pair of codes.

We can break the matrix R into two K x K matrices; R=1+Q. Here, I is a
identity matrix and presents the autocorrelations of the spreading codes; Q contains the

off-diagonal elements of R and denotes the crosscorrelations of the spreading codes.
Parallel to (2.4), we can rewrite (2.8) as

a=RAa+n=(I+Q)Aa+n=Aa+QAa+n, (2.9)
where the first term Aa is the recovered data weighted by the received amplitudes; the

second term QAa shows MALI, the interference from other users.
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MALI has a major impact on the capacity and performance of the conventional DS-
CDMA system. If the users’ signals reach the receiver with different powers, the effect
of MAI on system performance is more significant. The strong users’ signals could bury
a weaker user’s signal. This is known as the near-far problem. In a fading channel, the
near-far problem also arises.

For mitigating the effect of MAI, some techniques are suggested in [4], which
include: designing the code waveform with as low cross-correlation as possible, using
power control, designing powerful forward error correction codes, using
sectored/adaptive antennas, using MUD. Our thesis will discuss MUD. The meaning of
MUD is to share multiuser information and do joint signal processing. The general block

diagram of a multiuser detector is shown in Fig. 2.3.

_____________________________

b g al dl
[" @)t = —
10 ,
n ' d, | Multiuser | 4,
r(t) Io (e)dt g
—» e Detection
2
. Algorithm
T, ‘75{ d/(
Matched '
filter bank cK(t) _________________

Figure 2.3 The block diagram of a multiuser detector
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2.1.3 Optimum Multiuser Detector

The optimum multiuser detector uses the maximum-likelihood sequence estimation
(MLSE) approach. Using the simplified DS-CDMA system model in Subsection 2.1.1,

the maximum-likelihood ML) solution is the decision vector

~

a=[a,,d,, ,d,] maximizing [3]
1 ¢n £ L
exp(-= [, ro- ;A,c(t)ai] dt). (2.10)
In another word, it is to minimize
T, £ 2
jo [r(t) - Z Ac(t)a,] dr. .11

Assuming perfect synchronization, the equation (2.11) can be rewritten in a discrete form

as

2

r(m)—i/lici(m)ai . (2.12)

i=1

N-i
m=0

In synchronous DS-CDMA system, the optimum detector finds the solution a by
exhaustive search, i.e. calculating the Euclidean distance between the received signal and
the 2% possible bit patterns, and choosing the one that minimizes (2.12). The optimum
detector provides the most reliable decision and its performance is superior to all other
detectors. But unfortunately, this kind of detector has exponential complexity with the
number of users. When there are a large number of users, this approach becomes too
complex to implement. Therefore, various sub-optimum multiuser detectors that have
reasonable performance degradation but with less complexity have been proposed. Two

major categories of sub-optimum detectors are linear detector and subtractive interference
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cancellation detector. The deccorelating detector and the minimum mean-squared error
(MMSE) detector are two typical linear detectors. The successive interference
cancellation (SIC) detector and the parallel interference cancellation (PIC) detector
belong to the class of subtractive interference cancellation detector. All these sub-

optimum detectors are introduced in the following subsections.

2.1.4 Decorrelating Detector

_____________________________

b &l
j (o)dt > >qt—>
o)
: g 4
- t > >
o [ ke
—> ! R
¢, (7)
ag
> >jt—'
_—
Matched

fitter bank | Cx (*)

Figure 2.4 The decorrelating detector

The decorrelating detector is a linear detector and its block diagram is shown in Fig. 2.4.

In this detector, R™, the inverse of the correlation matrix R, is applied to the output of
the conventional detector. Hence, the transmitted data is decoupled. From (2.8), the soft

output of this detector is

a2, =R7'(RAa+n)=Aa+R'n=Aa+n,__, (2.13)
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where a,_ is a length K column vector. Equation (2.13) shows that MAI is completely

eliminated in the decorrelating detector. This detector is very similar to the zero-forcing
equalizer [14] that is used to completely eliminate intersymbol interference (ISI).

The decorrelating detector was initially proposed in [15, 16]. The further analysis of
this detector was done by Lupas and Verdd in [17, 18]. The advantages and
disadvantages properties of the decorrelating detector are listed below [4]:

Advantages:

o Offers substantial performance/capacity gains over the conventional detector.

e Doesn’t require the knowledge of the received amplitudes and is resistant to the
near-far problem.

e Has much less computational complexity than that of the optimum ML detector.
Disadvantages:

o Causes noise enhancement that is similar to the zero-forcing equalizer [14].
e Has a high computational complexity in inverting the matrix R, especially for

asynchronous systems.

2.1.5 Minimum Mean-Squared Error (MMSE) Detector

The MMSE detector [19] is another kind of linear detector whose structure is shown in
Fig. 2.5. The difference between the decorrelating detector and the MMSE detector is
that the MMSE detector takes into account the background noise and the knowledge of

the received signal powers but the decorrelating detector doesn’t. A linear mapping

L, 1S applied after MFs, which can minimize E[‘a— L MMSESIZ] , the mean-squared
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error between the actual data and the soft output of the MFs. The expression for L,
is

L, =R+ (N, /2)A7]", (2.14)

i
i
i_a

A0)

(1) % '[’ (*)e - Lmmse= VtF_—“»
R - R (N2A™T

e o] L]
Matched

fiter bank | Cx ()

Figure 2.5 The MMSE detector

The MMSE detector is similar to the MMSE linear equalizer used to combat ISI [14].
The desire for eliminating MAI completely and the desire of not enhancing the
background noise are balanced in the MMSE detector.
The advantages and disadvantages of the MMSE detector are demonstrated below:
Advantage:
e The MMSE detector has a better performance than the decorrelating detector
because it takes the background noise into account.

Disadvantages:
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e Requires the estimation of the received amplitudes.
e Isless resistant to the near-far problem.

e Needs implementation of matrix inversion.

2.1.6 Successive Interference Cancellation (SIC) Detector

The SIC detector [20, 21] is one class of subtractive interference cancellation detectors.
The successive nature of this kind of detector is based on the following idea: In the
conventional detector using single-user detection strategy, the user with strongest power
at the receiver side has less possibility of making wrong decision and its presence causes
major MAI when detecting other users’ data. If we can estimate the strongest user’s data
correctly and cancel it completely from the received signal, other users, especially the

weakest user, will have huge reductions in their MAIL

o)
r() '[Tr. (o)ds

| Delay
[

Delay
To

Z 50 cxlt-(K-DT,)
fien () Dela 7 ay
™ T Y J'() (o)dt

Figure 2.6 The successive interference cancellation (SIC) detector
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In the SIC detector, first, an operation that ranks the user signals powers in
descending order is executed. After that, K serial stages are utilized to estimate user
data. Each stage decides one user data and cancels it from the remaining received signal.
The user data detection order is the same as the descending order of the received powers,
i.e. the strongest user data is detected first, and then the second strongest user data is
detected, and so on. In each stage, this detector detects, regenerates, and cancels out one
user’s data from the received signal; hence, the remaining users have less MAI in the next
stage. Depending on the soft decision or hard decision of each user’s data is used to
estimate the interference, the SIC detectors are divided into the soft and hard SIC
detector. Fig. 2.6 shows the simplified diagram of the hard SIC detector. Before the first
stage, there is an operation (not shown in the diagram) that ranks the signals in
descending order of their received powers. Some small time delays are also ignored in
Fig. 2.6.

Advantages:
o It offers a low complexity scheme compared to all other types of multiuser
detectors.
e There is a high chance to get the correct data decision for the strongest user
because achieving acquisition and demodulation on the strongest user is easier.
e The elimination of the strongest users gives huge MAI reduction and most benefit
for the remaining users.
Disadvantages:

¢ One bit duration delay happens when detecting each user.
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e Reordering the signals is necessary whenever the power profile changes

e An erroneous decision on the strongest user will be propagated through all other
users’ decision.

e Its performance degrades apparently when there is no significant power variation

among each users’ received signal.

2.1.7 Total Parallel Interference Cancellation (PIC) Detector

r(t—T,)
4,(0) _ ; a,(h)
Z»@Q»@? [ [ F
. A4¢-T,) c(t-T1,) c(-T,)
d,(0) _ . d, (1)
&g [ow |}
LH0-1)  (-T,) ¢ (1-1,)
i (0) ) Y - ;
>s [ e L
A (t-T,) ¢ (-T,) ce(t-T,)

Figure 2.7 The total parallel interference cancellation (PIC) detector (one stage)

In contrast to the SIC detector, the PIC detector [22] adopts a parallel approach and

eliminates all MAI affecting the users. In other words, all users’ data are estimated and

re-spread at the same time and the MAI originating from other users are cancelled from

the received signal at once. The PIC process can be extended to multistage where all
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stages have the same structure. Similar to the SIC detector, there are also soft PIC and
hard PIC. Fig. 2.7 shows one stage of a hard PIC detector. This scheme can also be
defined as total PIC because it utilizes a total interference cancellation approach. In this
approach, the interference to each user, which is from all other users, is estimated and
completely cancelled in each stage.
Advantages:

e It is faster than the SIC detector.

e It is much simpler than the optimum and linear detectors.
Disadvantages:

e Itis more complex than the SIC detector.

e It is more vulnerable to near-far problem than the SIC detector since the users’

data with different power are detected at the same time.

Multistage PIC is a good candidate for real-world implementation due to the fact that

it has less processing delay than SIC and involves a simpler structure compared to the

linear detectors. In this thesis, multistage PIC scheme is chosen as further study.

2.1.8 Partial Parallel Interference Cancellation Detector

In the total PIC approach introduced in Subsection 2.1.7, the interference to each user,
which is from all other users, is estimated and completely cancelled in each stage. In
fact, this approach is not the best philosophy since wrongly estimated interference may be

cancelled in the earlier stage and the performance improvement could not be guaranteed.
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A better approach is to assign a weight to each user. In this subsection, partial PIC [23],

a scheme adopting the weight assigning philosophy, is introduced.

In each stage, instead of cancelling the entire amount of estimated multiuser
interference in total PIC, partial PIC only cancels a fraction of multiuser interference by
introducing a weight factor p, . In the earlier stages, the interference estimate is poor, a
small value of p, is used. In the later stages, the value of p, increases since more

reliable estimated user data is available. In the sense of multistage implementation, the

kth stage of the partial PIC detector is shown in Fig. 2.8.

¢y(m) r(m)
D

v £ (k)
4fl(k~l)(m) ; PG c{m)4 & (m) pAG)
g i Ty [} @it
¢,(m) &y e (m)

k-1
&L (m) P

cx (m)

Figure 2.8 The kth stage of the partial parallel interference cancellation detector

Here, é‘i(k_l)(m) is the chip information of user i after interference cancellation in stage
k—1. When k—1=0, &"“" (m)=r(m).
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A soft decision of the ith user of the Ath stage is

~ ~ K T[’ ~ - a -
= p,la"” - Z( [7 a7, e (04, dt)] +(1-pat?

j=1
J#i

~(0)
i

=pela;” - (&ﬁ'k“])Aipj,i )] +(1-p, )ai(k_l) (2.15)

N

K
J
J

2.1.9 Adaptive Normalized Least-Mean-Square Parallel

Interference Cancellation (NLMS-PIC) Detector

The shortcoming of partial PIC is that the weights are identical for all users in each stage
and they may not appropriately indicate the reliability of the estimated user bits. For
reflecting the reliability of data estimation, it is more reasonable to have different weights
from one user to another and from bit to bit. Therefore, Xue et al. proposed an adaptive
PIC scheme [11] using normalized least-mean-square (NLMS) algorithm to update the

weight of each user within one stage. The kth stage of NLMS-PIC is shown in Fig. 2.9
and its weight updating for the weighting vector A% = (A9, 2% ...  A¥)T is illustrated

in Fig. 2.10.
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Figure 2.9 The kth stage of the NLMS-PIC detector
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Figure 2.10 Weight updating in the adaptive NLMS-PIC detector
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The NLMS algorithm is based on the mean-squared error (MSE) criteria. In the
kth stage, the NLMS-PIC detector looks for a weight vector A% = (A%, 2%, ..., A%)"
which can minimize the MSE between the received signal r(m) and the estimated signal

F(m). In another word, the weight vector should satisfy a cost function as follows:

min E| |r(m) - 7® (m)‘z}

(.

_ ) )
=min E| |r(m) = > c,(m)a;* " A (m) } (2.16)
i=]

here, 7*(m) is the estimate of the received signal in the kth stage, 4" is the estimate

of a, in the (k-1)thstage. The updating operation of the weight vector o™ is

performed in a bit interval and on a chip basis as follows:

LB (m+1) =00 (m) + —E [ (m)] e (m), 2.17)
o ()

where the initial values of A% could be the estimated channel coefficients, u is a step

size, column vector §“’ is the input of the NLMS algorithm in the kth stage, and its ith

entry is written as
§9 (my=c,(m)a*™". (2.18)
In (2.17), ¢® (m) denotes the error of the received signals and its estimate in the

kth stage and is written as

eP (m)y=r(m)—r"* (m). (2.19)
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For each bit, weight vector is updated until m = N —1. Therefore, the interference
cancellation is carried out by using A’ (N —1). After the interference cancellation, the

residual signals corresponding to the ith user in the ith stage is written as
k < k k
EW (m)=r(m) —Zﬂ, (N =13k (m). (2.20)
e
EX(m) can be sent to the next stage or directly sent to conventional MFs and make a

decision for the transmitted user data.

2.2 Chase Algorithm

The Chase algorithm [10] was originally proposed for decoding block codes with channel
measurement information. In block decoder, conventional binary decoding has small
error correcting capability. The optimum decoder is the one adopting the ML approach
but unfortunately the high complexity prevents its application. The decoder using the
Chase algorithm achieves a good trade-off between binary decoder and the ML decoder,
which has the ability to correct more error number than conventional binary decoding and
requires less complexity than the ML decoder.

In this section, the basic idea of the Chase algorithm is introduced by using the case of
block decoder. At the beginning, the system model, the binary decoding and ML

decoding are introduced. And then, Chase algorithm is demonstrated.
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2.2.1 System Model of a Codec Communication System

Transmitted

Binary b:‘{bl’bz’“"bk} Binary X={X1,X2,"',XN}‘ Data Waveform
Source "1 Encoder "1 Modulator x(t)
Channel
L, . Received
Binary | b=1b,0,, b} Binary | Y= v Yool Data _ Waveform
Sink B Decoder Demodulator ‘
¥(1)
)
' a={a,qa,, %

Figure 2.11 A Codec communication system block diagram

The model of a codec communication system is shown in Fig. 2.11. For simplicity,
assume the transmission of block coded binary symbols {-1, +1} using BPSK modulation
over an AWGN channel. A binary sequence b={b,b,, -, b;}, which has K binary
information digits, is encoded into a block of N binary digits denoted by
x={x,,x,,-,xy}. After the data modulator and channel, two outcomes are produced
by the data demodulator: one is y ={y,, »,, -, ¥y}, @ sequence of N binary digits;
another is the channel measurement information a ={a,,a,, -, a,}, a sequence of N
positive number. The entry of a denotes a measure of the reliability of corresponding
received binary digits in y. In another word, if @, > «;, y; is more likely to be correct
than y .

The conventional binary decoder doesn’t use the channel measurement information

and has the ability correcting up to L(d—l)/ 2J errors, where d is the minimum
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Hamming distance of the code and l_(a’ -1)/2 J denotes the greatest integer less than or
equalto (d —1)/2. Assume z,= {z,,,2,,, ", Z,»} 18 the error sequence to indicate the
difference between the received sequence y and a codeword X, ={X,;, X2, ", X, | >
which contains a 1 in the places where y and x, differ.

2,=y®x,={y,Dx,, v, ®Px,,, . yyDx,n}, (2.21)

where the notation “®” is the modulo-2 addition. If we define the binary weight of a

sequence z,, as

W2,)=Y 2, 2.22)

the function of the conventional binary decoder is to find the codeword satisfy

W(z,)=W(y®x,)<|(d-1)/2] (2.23)
If (2.23) is satisfied, the codeword will be unique; otherwise, no codeword will be found.
In the conventional binary decoder, the detailed description for finding the codeword is in
[14] and is not shown in this thesis.

Taking account the channel measurement information @ ={¢, a,, -, a,}, we can

define the analog weight of the error sequence z,, as
N N
Wa(zm)zWa(y@xm):Zaizmi:Zai(yi(-mei)' (224)
i=] i=l
The ML decoder checks all codewords and choose the one minimizing (2.24) as the final

codeword, i.e. finds the codeword that can satisfy

minW (z,), (2.25)

where the range of m is over all codewords.
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The decision given by the ML decoder is optimum, but the complexity increasing

exponentially with the block size K makes this approach prohibitive when K is a big

number.

2.2.2 Chase Algorithm in Block Decoder

As a decoder using channel measurement information, the Chase algorithm proposed a
sub-optimum solution, which can achieve near ML performance but with significant
complex reduction. In contrast to the conventional binary decoder, which consider only
one error pattern, the Chase based decoder uses a binary decoder to help obtain a small
set of possible error patterns and chooses the error pattern having minimum analog
weight defined by (2.25). The detailed description of the Chase algorithm in block
decoder is as follows:

Step 1: Create a set of test patterns.

Taking the error correct capacity up to '_d —lJ as an example, three test pattern

selection algorithms were proposed [10] in the Chase algorithm. In the sequence
of algorithm 1, 2, and 3, the complexity becomes less but the performance
becomes inferior. Among these three approaches, algorithm 2 is a good
candidate for application, which has performance close to algorithm 1 but with
less complexity. Thus, in the rest of this thesis, the Chase algorithm will be used
is based on algorithm 2. The test pattern t is produced by filling any

combination of 1 to the |d/2] positions, which has lowest channel

measurement values, i.e. lowest confident values.
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Step 2:

Step 3:

Produce a set of candidate codeword
By adding (modulo-2) the test pattern created in last step to the received

sequence Yy, a new sequence y' is obtained and
y=yo®t. (2.26)
Using the conventional binary decoding, a new error pattern z', which

corresponds to y', is created. Therefore, based on the received sequence y, a set

of actual error pattern is given by

z, =tdz'. (2.27)
In another word, we can say that a set of candidate codeword is produced
because one error pattern z' relative to one codeword.
Determine the codeword
Substitute (2.27) into (2.25), choose the code word that can achieve minimum
val‘ue as the final codeword. This determined codeword matches the received

sequence best among the candidate codeword set.

Although ML decoder considers all the channel measurement information, it doesn’t

take advantage of the property of this information, which relates to the reliability of

received bits. The ML decoder has high complexity due to the reason that it considers all

the received bits have identical reliabilities. The Chase based decoder makes use of

different reliability information of the received bits. The received bits with high

confidence values are kept intact and the least reliable bits are replaced by all possible

combinations. The function using in the ML decoder to determine the final codeword is

also applied in Chase decoder while the determination is made on a smaller set.
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2.3 Multiple-Input Multiple-Output (MIMO) Communication

Systems

In the next generation of wireless systems, there is an ever increasing demand for high
data rate and improved reliability due to the integration of multimedia and Internet
applications. Because the limited available radio spectrum, the only way to achieve the
higher data rates is to design more efficient signalling techniques. Compare to
conventional single antenna link systems, recent research in information theory shown
that MIMO systems have potential to achieve large capacity gain {5, 6]. The MIMO
channel uses multiple antennas at both ends of a wireless link, and its capacity could
grow linearly with the minimum number of antennas.

So far, various MIMO architectures, such as space-time block codes (STBC) [24, 25,
26}, space-time trellis codes (STTC) [27], Bell Labs. layered space-time (BLAST)
systems [28, 29] and smart antenna beamforming [30], have been proposed. In this
thesis, our research is related to one of the BLAST systems, known as vertical Bell
Laboratories Layered Space-Time (V-BLAST). In Subsection 2.3.1, the V-BLAST
system model and its detection algorithm are presented. In Subsection 2.3.2, we
introduces two Chase based detectors that ameliorate V-BLAST system performance

when the number of transmit antennas is equal to the number of receive antennas.
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2.3.1 V-BLAST System

. i Rich .

Input . i scattering | . V-BLAST | .

— | De-multiplexer | * | Wireless . Signal .
Data Stream channel Processing

Figure 2.12 V-BLAST system block diagram

A block diagram of the V-BLAST system is shown in Fig. 2.12. This system is a single
user system. The number of transmit antennas is M and the number of receive antennas
is P. At the transmitter side, a single user input data stream first pass through a de-

multiplexer; after that, M substream symbols are sent through M antennas. The
transmitted symbols can be represented as a length M vector b=[b,,...,b, 1" where

each entry is the symbol transmitted from a single antenna. The channel matrix

H=[h,,h,,---,h, ] isa PxM complex matrix, where the ith column h; is a length
P vector; each entry £, is the complex coefficient between transmit antenna j and

receive antenna i . Therefore, the baseband received signal can be written as

r=Hb+n, (2.28)

36



where r=[r,,r,, -, 7,]" is a complex vector of length P. The noise is represented by
n, a length P complex zero-mean AWGN noise vector with the covariance matrix
o’l,, where 1, denotes the Px P identity matrix.

The V-BLAST algorithm [29] utilizes iteration approach, and the iteration number is
equal to the number of the transmit antenna of the system. At each iteration, the user
symbol with maximum post-detection signal-to-noise ratio (SNR) is detected and
eliminated from the received signals. References [13, 29] pointed out that the smallest
post-detection SNR in all iteration dominates the error performance of the system.
Therefore, the optimum detection order is the one that maximize the minimum post-
detection SNR, which is so-called the global optimization. The global optimization
method need to evaluate M! stacking options to decide the decision order, while the
proposed V-BLAST detection scheme find the decision order by considering ~M * /2
options. References [13, 29] also proved that the proposed V-BLAST scheme equals

global optimization

The detailed description of the V-BLAST detection algorithm [29] is as follows:

fori=1to M (2.29a)
k. =arg je{gjgi-l}]l[H(i)“L] I (2.290)

w, =[H@)"], (2.29¢)

z, =W, r() (2.294)

by, =v(z;,) (2.29¢)

if i<M-1 (2.299)
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r(i+1) =r()-[HE), b, (2.29)

end (2.294)
obtain H(i +1) (2.29))

P i+l (2.29))

end . (2.29k)

Here, i denotes the ith iteration and + denotes the Moore-Penrose pseudoinverse. The

notation [H(i)" ] ; represents the jth row of matrix H(i)". The nulling vector w ;18 @
length-P row vector and generated by taking out [H(i)*]kj. H(i +1) 1s obtained by

zeroing column &, of H(i).

At each iteration, the V-BLAST algorithm consists of four steps that are described
below:
Step 1: Determination of the optimal ordering, (2.295).

The user that corresponds to the minimum norm of the row vector of H(i)" is

chosen as the detected user in current iteration. This user has maximum post-
detection SNR and the lowest possibility to make a wrong decision compared to

other existing users. The proof of this statement is as follows:

Assume the row of H(/)", which corresponds to the undetected data in the
system, has the index k,. A nulling vector is constructed by taking out
corresponding row of H(i)",i.e. w, =[H(i)"], . If there is no wrong decision in
the previous detected data and the effect of these data is cancelled completely

from the received signals. The soft decision of the k,th symbol is

38



z, =w, r(@)=w, [H@Gb() +n]=w, HGbG) +w, n=5b +w,n, (2.30)
here, b(i) is obtained by taking out the user data detected in previous from

original transmitted data vector b.

2
The desired symbol power is ”ka " , the noise power is

Elfw,n-Ew, )|, (2.31)
here,
E(w,n)=E(w, )E(m)=E(w, )0=0. (2.32)
Substitute (2.32) into (2.31),

Blfw,n~Ew, n)|’
—Ef|w,n— 0] = Ellw, n 1= E[(w, n)(w, m)"]
=E[wkfnnHwZ]= wk,E[nnH]w,7= wk,_azl,,xpwg

=o’fw, “2 . (2.33)

Therefore, the post-detection SNR is

2
0, = _____...,_"b"' " (2.34)

i 2
olw. |
here, o* is a constant. If quadrature phase-shift keying (QPSK) modulation is

assumed, "bk’_ “2 is a constant. Therefore, the smaller of uw K, "2 , the larger of P, -

,
If k, =arg Ux{nix}c )"[H(i)*] /“ , P, has the maximum value, i.e. maximum post-
JERY Ky '

detection SNR.
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Step 2: Nulling vector computation, (2.29¢).

Step 3: Signal estimation, (2.294), (2.29¢).
Equations (2.29d), (2.29¢) are the hard decision, soft decision of the desired user
data respectively.

Step 4: Interference cancellation, (2.29/)~(2.29)).

2.3.3 Chase Based Detectors

The performance of the V-BLAST algorithm can approach the performance of the ML
detector when the number of receive antennas is more than the number of transmit
antennas. Otherwise, the V-BLAST detector is significantly inferior to the ML detector
[12]. The research that aims at reducing the gap in performance between V-BLAST and
ML detector has been proposed in [31, 32, 12]. In this subsection, we will review the B-
Chase and L-Chase detectors, which belong to a family of Chase detectors [12]. Both the
B-Chase and L-Chase detectors can outperform the V-BLAST detector and the L-Chase

detector requires less complexity.
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2.3.3.1 B-Chase detector

b
Sub-detector | —L—#
~ ('Q«
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= Candidate Sub-detector 2 Zp | b
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2 symbol j ) é 2
b, | B2
Sub-detector g ———— &
! E | i J : [ | 1 | ; |
Step 1 Step 2 Step 3 Step 4 Step 5

Figure 2.13 The block diagram of the B-Chase detector

From [12], the block diagram of the B-Chase detector is shown in Fig. 2.13 and its

detection procedure is defined by five steps:

Step 1:

Identify the first detected symbol
The index of the first detected symbol is assumed to be j and j e {1,- M } If
we want that the subdetectors perform well as much as possible when making
decisions about the remaining M —1 symbols, the choice of j should make h ,
one column of H, least orthogonal to the other column of H. In this case, the

index j corresponds to the row of H" with maximum norm Nw j” In another

word, the first detected symbol in the B-Chase detector is the one with minimum

post-detection SNR at the first iteration of the V-BLAST algorithm.

Step 2: Generate a candidate value list {l; i1 b 20 b ;o) for the first detected symbol.
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The value ¢ is an integer with the range from 1 to the size of signal modulation
constellation. With a signal modulation constellation, the large value of ¢, the
better detection performance is obtained.

Step 3: Determine a set of ¢ residual vectors {r,,r,, -, r_}.

The residual vectors are produced by cancelling the contribution of the first
detected symbol from r, where the residual vector is calculated by
r,=r-hb, . (2.35)
Step 4: Send each residual vector to its corresponding sub-detector and make the decision
for the left M —1 symbols.
The sub-detector of B-Chase is the same as the V-BLAST detector, which is the

reason that we have the name of B-Chase. By combining with the first detected

symbol ISM, the output of the kth sub-detector is a candidate hard decision

vector b, .

Step S: Choose the final decision b that can satisfy a cost function

2
argmin . (2.36)

Beelby. b,

lr—Hﬁk‘

The detection procedure of the B-Chase detector is similar to the Chase algorithm for

soft decoding. The Chase algorithm in decoder begins by identifying the |_d / 2_] least

reliable bits of a received codeword and creating the test patterns. This is analogous to

Step 1, except in Step 1, only one symbol is identified instead of |_d/ 2_' and there is no

test pattern. And then, the Chase algorithm creates 21//?) candidate codewords, which is
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similar to Step 2. Finally, the Chase algorithm chooses a codeword among the candidate

set, which is analogue to the Steps 3,4 and 5.

2.3.3.2 L-Chase Detector

Ji1 6
(—v Sub-detector | ! =
A [ =]
: ~ b, b e .
= Candidate " Sub-detector 2 Il ] b
k> » list for i ———%: >
A symbot j ' g 2
bj ,ql bq S ‘“i
Sub-detector ¢ 8

L_T_J l—l'—_‘ ‘ l__,_l

Step 1 Step 2 Step 3 Step 4

Figure 2.14 The block diagram of the L-Chase detector

The block diagram of the L-Chase detector [12] is shown in Fig. 2.14. The L-Chase

detector only has two differences from the B-Chase detector. The first one is that there is
no Step 3 of B-Chase in L-Chase, i.e. the candidate values {1; j,,,-w,l; I } are sent to sub-

detectors directly. The second one is the sub-detector’s operation of L-Chase focuses on
estimating and cancelling the noise terms, which is quite different from the operation of
the B-Chase sub-detector. The reason with the name of L-Chase is that the sub-detector
here is so-called linear detector. The detailed description of the operation of the L-Chase
sub-detector is shown below.

Let

c=H'r=H"(Hb+n)=1,,b+n’, (2.37)
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where I, denotes a MxM identity matrix and c¢=[c,...,c,],

n'=H'n=[n,,n, ] arethelength M vectors.
In the L-Chase detector, inside each sub-detector, the noise term of the first detected

jth symbol is

~

n=c,~b,, kefl,q} (2.38)
Assume that the index of other symbolsis i and i=1,---,j-1,7+1,---,M . The idea of
the L-Chase detector is to estimate the noise term n; in (2.37) by using (2.38) and

subtract the estimated n; from ¢;. After that, better decision of the ith symbol could be

made.

The decision of other symbols inside one sub-detector is

A

b, , =dec{c, ~p,.‘kn;'k} =dec{c, - p,(c; —=b; )}, (2.39)
where p,, is the prediction coefficient. When b i« 18 correct, the noise variance of the
ith symbol is
] ! 2
E[lni,k "pi,knj.kl ]
2

:E[lwin - pi,kwjnl ]
=E[(wn- pi,kwjn)(win - pi,lcwjn)H ]
=E[(w, - pi,kwj)nnH (w, - pi,kwj)H]

=(w, - pi,kwj)UZIP(wi - pi‘kwj)H

2
3

=0’|w, = p,,w)| (2.40)
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where the P -length row vector w, is the ith row of H", the superscript A denotes
Hermitian. When p, ,w, is the projection of w, onto w,, the noise variance is
minimized. Therefore the i th prediction coefficient is
% 2
p=wow, *w | (2.41)

here, the notation “*” is the conjugate sign. Substitute (2.41) into (2.39), the hard

decision values for other symbols within the kth sub-detector are

b, = decle, ~w,w, *(c, =, ) /|w [} (2.42)

2.4 Summary

In this chapter, multiuser detection, the Chase algorithm and MIMO communication
systems are reviewed. Among the presented well-known multiuser detectors, the
multistage PIC detector is a good candidate for real-world implementation because it has
less processing delay than the SIC detector and involves a simpler structure compared to
the linear detectors. In Chapter 3, further research is carried out for multistage PIC
detector. The Chase algorithm was originally proposed for decoding of block codes.
This algorithm takes advantage of the channel measurement information and has the
ability to correct the error of the less reliable symbols. In the rest of my thesis, the
application of the Chase algorithm will be studied further. In MIMO systems, V-BLAST
and two Chase based detectors for enhancing the performance of V-BLAST were

introduced.
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CHAPTER 3

CHASE BASED MULTISTAGE PIC DETECTORS

3.1 Introduction

As mentioned in Chapter two, multiuser detection (MUD) is an effective technique to
mitigate multiple access interference (MAI) and ameliorate the performance of direct-
sequence code division multiple access (DS-CDMA) systems. The optimum detector
obtained superior performance improvement over conventional matched filters (MFs)
detector, but its application was prohibited by the exponential complexity. Among the
sub-optimum detectors which were proposed to alleviate the complexity, the multistage
parallel interference cancellation (PIC) detector is a good candidate for the real-world
implementation due to the fact that it has shorter processing delay than SIC and simpler
structure than the linear detectors.

A key issue in multistage PIC scheme is to improve the hard decision accuracy after
MFs. This objective basically can be achieved in two ways: One method is to keep the

hard decision values after MFs intact and focuses on choosing the suitable weight for
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each user in current stage such that the interference can be cancelled and the hard
decision accuracy be improved in the next stage as much as possible. So far, most PIC
schemes including partial PIC [23] and adaptive normalized least-mean-square PIC
(NLMS-PIC) [11] belong to this class. Another method focuses on optimizing the hard
decision values in current stage. Rather than directly using the hard decision values after
MFs to do the interference cancellation, this approach reviews the possible hard decision
combinations and selects the one minimizing a cost function as the final hard decision
result to do the interference cancellation. The conventional optimum detector [3, 33] that
considers all possible hard decision combinations at the expense of exponentially high
complexity is one typical scheme in this class. However, in the second PIC scheme, it is
not necessary to try all the hard decision combinations of all active users since the hard
decision values after MFs do not have the same reliability. Using the Chase algorithm
[10], we can keep the hard decision values with high reliabilities intact but try different
hard decision combinations for the least reliable user data, and then select the final hard
decision values based on a smaller set. In this chapter, a new multistage PIC scheme
using NLMS algorithm in the earlier stages and the Chase algorithm in the later stages is
proposed, which can achieve a better performance than multistage NLMS-PIC but with
lower complexity. Our discussions are based on synchronous and asynchronous Rayleigh
fading channels. For synchronous situation, we first introduce the model of Chase-PIC.
And then, performance and complexity comparisons are executed among Chase-PIC,
NLMS-PIC and their variants. After that, we make a conclusion that the proposed
scheme can achieve better trade-off between performance and complexity compared to
others. Subsequently, the proposed scheme is extended to asynchronous situation.
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This chapter is organized as follows. In Section 3.2, we will discuss the Chase based
multistage PIC detectors over synchronous channels. The application of Chase based
multistage PIC detector over asynchronous channels is demonstrated in Section 3.3 and a

summary is shown in Section 3.4.

3.2 Chase Based Multistage PIC Detectors over Synchronous

Channels

As mentioned at the beginning of this chapter, the partial PIC and NLMS-PIC schemes
could be considered as one category, which keeps the hard decision values after MFs
intact and focuses on choosing the suitable weight for each user in current stage such that
the interference can be cancelled and the hard decision accuracy be improved in the next
stage as much as possible. In this section, We will discuss a new approach of PIC
detector. Rather than directly using the hard decision values after MFs to do the
interference cancellation, this approach uses the Chase algorithm to review the possible
hard decision combinations and select the one minimizing a cost function as the final
hard decision result to do the interference cancellation. A new multistage PIC scheme
using NLMS algorithm in the earlier stages and the Chase algorithm in the later stages is
proposed, which can achieve a better performance than multistage NLMS-PIC but with
lower complexity. For explaining why this scheme is adopted, we first introduce the
system model and Chase-PIC, and then performance and complexity comparisons are

executed among Chase-PIC, NLMS-PIC and their variants. After that, we make a
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conclusion that the proposed scheme can achieve a better trade-off between performance

and complexity compared to others.

3.2.1 Synchronous System Model

Consider a synchronous DS-CDMA system in which K users communicate with the same
rate over an uncorrelated flat Rayleigh fading channels corrupted by additive white
Gaussian noise (AWGN). Binary phase-shift keying (BPSK) modulation is assumed for

each user bit. The baseband received signal can be written as

r(t) = isi(t) +2(1)

il

zK: Aac,(t)+2(t). 3.1)

If we consider sampling the continuous received signal at the chip rate N, (3.1) can be

rewritten as
K
r(m) = ZA,.a,.c,.(m) +z(m). (3.2)
i=l

Here, A4; is a complex variable whose real and imaginary components are independent
Gaussian random variables with zero-mean and variance 0.5 respectively. a; is the ith
user’s data bit and a;e{1,-1}. c{f) is the signature waveform and its amplitude
c,(m)e{l/ JN ~1/ JN }, where N is the processing gain. z(f) is a complex AWGN with
zero-mean and two-sided power spectral density (PSD) of N, /2 watts per hertz for each

of the real and imaginary parts. Assuming perfect synchronization, after the conventional

matched filter bank, the output can be written as
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Vi = Jon r(4, ¢, (ar
To K . .
- -[0 [;Afafcj(t)ﬂ(t)]/li ¢, (r)dt

K
=4[ a, +Z}:A1Ai*ajpj‘,.+n,, (3.3)
=

J#i
where the notation “*” is the conjugate sign, p,;is a correlation coefficient and n;is the
noise term after dispreading. p;, and n, are expressed as

' *
P, = jo ¢, (O, ()dt

c,(myc; (m), (3.4)

tqu

3
1

and

Ts £ *
n = jo 20A, ¢ (t)dt

=S e’ ) (3.5)

m=0

The right-hand side of (3.3) consists of three parts: the desired signal |A,.l2a,., multiple

K
access interference (MAI) ZA jA,.'a ;P,;, and the noise n;. The conventional single-

j=1
J#i

user detector treats MAI as another noise and the estimated data 4, for a; is

a;=sgn{Re{y;}}. , (3.6)
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3.2.2 Multistage Chase-PIC Detector

For a K-user synchronous CDMA system, the output of the optimum detector is the

vector 4 =[4,, ..., 4, | that minimizes the cost function [3], [33].

Th
e= |
0

Assuming the received signal is sampled at the chip rate after chip-matched filtering, the

2

dt. (3.7)

r(t) — i Aa,c.(t)

cost function (3.7) can be rewritten as

2

N-1

2,

m=0

je{l,2,3,---,2%}, (3.8)

r(m)— ZK: Aic,(m)a,

here, n is the number of users whose data is not known to the detector. The optimum
detector finds the solution by exhaustive search, i.e. by letting n=K, calculating (3.8) for
2" possible bit patterns and choosing the one that minimizes this function. This approach
results in exponential complexity with respect to the number of user K.

This high complexity can be reduced by using Chase algorithm [10] which is used for
decoding block codes with channel measurement information. The principle in Chase
decoder can be used in a PIC multiuser detector. After the single-user MFs, the
reliabilities of hard decisions are not identical. So, we can consider both alternatives (1
and -1) for the » least reliable hard decisions but keep the other K-n more reliable hard
decision values. From this smaller set of 2" patterns, we can select the one that
minimizes (3.8) as the final hard decision and then do parallel interference cancellation.
This method is defined as Chase-PIC and can be extended to multistage situation. The

diagram of two-stage Chase-PIC is illustrated in Fig. 3.1, and the block deciding hard
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decision a=[4,,...,a,]" with the Chase algorithm and doing interference cancellation is

shown in Fig. 3.2.
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Figure 3.1 Two stages Chase-PIC block diagram over synchronous channels
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Figure 3.2 Hard decision value selection using the Chase algorithm and interference

cancellation over synchronous channels

52



Our discussion is based on the condition that the continuous received signal is

sampled at the chip rate R, = NR,, where R, is the bit rate, and the procedure inside one

stage Chase-PIC is illustrated below:

Step 1: Calculate the soft decision values after MFs.

N
'V =Y e mya e m)y  ie{l2, K}, (3.9)
m=1

here, 5{(/(4) (m) is the chip information of user i after interference cancellation in
stage k-1. When k-1=0, £*"(m)=r(m).

Step 2: Select n least reliable users and construct 2” hard decision combinations.
The selection of the number n can be based on the performance of the
conventional single-user MFs detector. The » users with smallest absolute values

of the real part of 5,.("_” are the least reliable users. The possible hard decisions

(k-1) :[dl,j(k_l) 4 ‘(k—l)]T j e {1’2,3’“"211} ]

are the vectors a, seees Ay

Step 3: Respread and estimate the received signals.

The estimate of the received signals in this step can be written as

7, (m) = zK: 44, " Ve (my, jel23,2"}. (3.10)
i=l
Step 4: Select the final hard decision 4% =[a*", .., 4,*") by minimizing the cost
function (3.8).
Step S: Interference cancellation

K
EQmy=rim)y=Y 4, c (m). (3.11)

j=1

J=i
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The interference cancellation results &“ (m) are multiplied by ¢,”(m)4,” and

then sent to the next stage.
The one stage computational complexity comparison between Chase-PIC and NLMS-

PIC [11] is displayed in Table 3.1 and 3.2. The complexity computation is carried out

from the soft output of single-user MFs @™ to getting fi(k)(m) after interference

cancellation. The formulas calculating NLMS-PIC are taken from the reference [11].

Operation
Multiplication | Add/Subtraction | Absolute | Comparison
Steps
After MFs, ﬁnc% possible 0 0 K nK
error user location
Deqlc}e possible hard 0 0 0 K
decision set
3(K-n)N
(3.10) 397N 0 0 0
K
N LR 2[(K-1-m)N
r(m) Z P (m) 0 2NN 0 0
Minimizing (3.8) 4.2 N 2" (N-1) 0 2"
(3.11) 0 2K'N 0 0
3(K-n)N 2N(3K-n-1) "
Total 70N +2"(2n-N+3N-1) K (nt1)K+2

Table 3.1 One stage Chase-PIC complexity computation over synchronous channels
(K active users)
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Operations

Multiplication | Add/Subtraction | Comparison
Steps
Hard decision 0 0 K
5,9 (my=c,(mya,*" KN 0 0
S k k
P m) = s A" (m) 2KN AK-DHN 0
i=l
e®(m) = r(m) - (m) 0 2N 0
s (m) ’ KN (K-1) N 0
MO (m+1)=
26 () + —H [§<k> (m)]' ¢® (m) 2(K+2)N 2K'N 0
2
o m)
gi(k) (m)=
K . 2K'N 2K-N 0
r(m)= Y AP (N -1} (m)
i
Total 8K-N+4N TK-N-N K

Table 3.2 One stage NLMS-PIC complexity computation over synchronous
channels (K active users)
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Number of Number of erroneous bits n
Active User K Mode 1 Mode 2 Mode 3 Mode 4
1 0 0 0
5 2 1 1
10 3 1 1
15 4 1 1
20 4 1 1
25 5 2 1
30 5 2 1
Table 3.3 The mode list of possible error user number
Multiplication | Add/Subtraction | Absolute Comparison

NLMS-PIC 244N 200N 0 30

Chase-PIC 190N 346N-16 30 166

(mod 1)

Chase-PIC 299N 484N-32 30 212

(mod 2)

Chase-PIC 112N 202N-4 30 94

(mod 3)

Chase-PIC 101N 186N-2 30 62

(mod 4)

Chase(mod 4)-NLMS- 434N 495N-16 30 196

PIC

Table 3.4 The complexity comparison of different schemes over synchronous
channels (30 active users)
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Figure 3.3 Performance comparison over synchronous channels : Chase-PIC vs.
NLMS-PIC (E, / N,=20dB, processing gain N =32)

Fig. 3.3 compares the performances of 1, 2, 3 stages Chase-PIC and NLMS-PIC. The
step sizes for 1%, 2™, and 3™ stage NLMS-PIC are 0.2, 0.03, and 0.01 respectively.
Information bits are spread using randomly generated scrambling sequences with a
processing gain of N =32. Perfect channel estimation is assumed. In this thesis, we
focus on the multiuser interference cancellation, so signal noise ration (SNR) E, /N,
assumed to be 20dB. The mod 1, 2, 3, 4 mean the different possible error user number

models which are listed in Table 3.3. The complexity comparison among different
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schemes for 30 active users is shown in Table 3.4. The Chase-NLMS-PIC scheme in this
table will be discussed in Subsection 3.2.3.

In Fig. 3.3, the performance of the conventional single-user detector is also shown as
a baseline for comparison. This figure shows that the performance of the Chase-PIC
detector can be improved if we increase the number of users that are assumed to be
unreliable. For 30 active users, from Fig. 3.3 and Table 3.4, we observe that Chase-PIC
(mode 2) achieves similar performance as NLMS-PIC with little increase in complexity.
The problem of Chase-PIC is that its complexity is exponential with the number of
selected users even though it can significantly decrease the complexity compared to the
optimum detector,. When the number of active users is high, we have to increase the
number on unreliable user bits in order to obtain a certain performance. This, in turn,
increases the complexity. Therefore, using only Chase algorithm in multistage PIC is not
good enough for a real life implementation compared to some previous developed

schemes like NLMS-PIC.

3.2.3 Multistage Chase-NLMS-PIC Detector

In this section, we discuss the complexity and performance of the Chase-NLMS-PIC
detector which combines the Chase and NLMS algorithms. In each stage, this detector
first uses estimated channel gains and the Chase algorithm to decide hard decision data;
furthermore, the coefficients for each hard decision data are optimized by NLMS; finally,

interference cancellation is carried out.
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The performance comparison between the Chase-NLMS-PIC scheme and the NLMS-
PIC scheme is shown in Fig. 3.4. With two optimal techniques, the system performance
is enhanced. The two-stage Chase-NLMS-PIC scheme can achieve almost the same
performance as three-stage NLMS-PIC scheme but unfortunately the complexity of two-

stage Chase-NLMS-PIC is higher than three-stage NLMS-PIC (Table 3.4).

10. L. T 1 1 1 1

['| —% — NLMS-PIC-1stage ]
- { —<— Chase-NLMS-PIC-1stage-modet | Do SRERRRERANEE
| NMSPC2etages [

| —— Chase-NLMS-PIC-2stages-model | sy o ]
— % — NLMS-PIC-3stages : 1 ' 33

107 b

Average BER

0 5 10 15 20 25 30
Number of users

Figure 3.4 Performance comparison over synchronous channels: Chase-NLMS-PIC
vs. NLMS-PIC (E, / N,=20dB, processing gain N =32)
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3.2.4 Proposed Multistage Chase Based PIC Detector

In general, the number of unreliable bits selected is inversely proportional to the hard
decision accuracy after MFs. This means that if the hard decision accuracy is high, we
can choose smaller number of user bits for reconsideration. On the other hand, we have
to choose more bits when the hard decision accuracy is low. So a better multistage PIC
scheme would be like this: in the earlier stages where the hard decision accuracy is low,
we employ NLMS-PIC scheme; in the later stages where the hard decision accuracy has
improved, we can use the Chase-PIC scheme. Fig. 3.5 displays the performance using
the NLMS algorithm in the first stage and the Chase algorithm in other stages. From
table 3.4 and Fig. 3.5, Using mode 3, 4 of the possible error user number in the second
stage and mode 4 of the possible error user number in the third stage, we can obtain better

performance than two-stage and three-stage NLMS-PIC but with less complexity.
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Figure 3.5 Performance comparison over synchronous channels: the proposed
scheme vs. NLMS-PIC (£, / N,=20dB, processing gain N =32)
3.3 Chase Based Multistage PIC Detector over Asynchronous
Channels

The discussion of the Chase based multistage PIC scheme over synchronous Rayleigh
fading channels was presented in Subsection 3.2.4, which proposed a new multistage PIC
scheme using the NLMS algorithm in the earlier stages and the Chase algorithm in the
later stages. In this section, the proposed scheme is extended to asynchronous channels.

The simulation results show that the advantage achieved using the proposed scheme over
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synchronous channels is still kept, i.e., it has a better performance compared to multistage

NLMS-PIC but with complexity reduction.

3.3.1 Asynchronous System Model

Consider a K users asynchronous CDMA system using BPSK modulation over an
uncorrelated frequency-selective Rayleigh fading channel corrupted by AWGN. For L

resolvable paths, the baseband received signal can be written as

()= Y st—7,)+z()

[
L K
:Z ZAi,laici(t"Ti,l)"'Z(t)' (3.12)

The discrete form of (3.12) can be obtained by sampling the continuous received signal at

the chip rate N and written as

r(m)ZZL: ZK:Ai,laici(m'—mi,l)"'z(m)a (3.13)

I=1 =]

here, 4,,, the Rayleigh fading channel coefficient of the ith user in the /th resolvable

path, is a complex variable whose real and imaginary components are independent
Gaussian random variables with zero-mean and variance 0.5/ L respectively and its value

doesn’t change within a bit interval; a, is the ith user’s data bit and a; € {1,-1}; ¢,(1) 1s
the signature waveform and its amplitude c¢,(m) € {1/«/]7 ,—I/J—]V }, where N is the
processing gain; 7,, denotes the relative delay of the ith user in the /th path and

t,, =m,, T, where T, is the chip interval; z(¢) is a complex AWGN with zero-mean and
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two-sided power spectral density (PSD) of N, /2 watts per hertz for each of the real and
imaginary parts.

For the ith user, the output at each finger of RAKE receiver is

Ty +7: *
yu= [ r@ e =7, e

Tl

ZNer(m)c,'(m =My, (3.14)

where “*” is the conjugate sign. Using maximal ratio combining rule [14], the combining

outputs of these fingers are
L *
Yi=2 A Vi (3.15)
1=1

The estimated data a, for a, after the conventional single-user RAKE receiver is written

as

a,=sgn{Re{y,}}. (3.16)

3.3.2 Proposed Multistage Chase Based PIC Detector over

Asynchronous Channels

In this section, the proposed multistage PIC scheme that adopts the NLMS algorithm in
the earlier stages and the Chase algorithm in the later stages over asynchronous channels

is demonstrated. If we know the Chase-PIC scheme, its combination with NLMS-PIC as

the proposed scheme is just straight forward. Therefore, at the beginning, the Chase-PIC
model over asynchronous channels is presented. And then, the complexity and

performance comparisons between the proposed scheme and NLMS-PIC will be
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illustrated. Simulation and complexity calculation show that the proposed scheme can
also achieve better performance over an asynchronous channel compared to multistage
NLMS-PIC but with less complexity.

In asynchronous channels, the cost function (3.8) can be modified as

my L X
S lrmy=> > A cm—m)a, | . (3.17)
m=my =1 i=l

The range of m in (3.17) is the same transmitted symbol overlap over different path.

The diagram of one stage Chase-PIC is illustrated in Fig. 3.6, and the block deciding hard
decision 4=[d,, ..., d, ]" with the Chase algorithm and doing interference cancellation is

shown in Fig. 3.7.
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k-t . (k) .
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Figure 3.6 One stage Chase-PIC block diagram over asynchronous channels
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Figure 3.7 Hard decision value selection using the Chase algorithm and interference

cancellation over asynchronous channels

Similar to synchronous channels, the procedure inside one stage Chase-PIC is

illustrated below:

Step 1: Calculate the soft decision values after MFs.

o N-1
q;

L
=

1 m=0
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Step 2:

Step 3:

Step 4: Select final hard decision a

Step 5:

here, éi(k'” (m) is the chip information of user i after interference cancellation in
stage k —1. When k —1=0, &% (m)=r(m).

Select n least reliable users and construct 2" hard decision combinations.
The selection of the number # is based on the performance of the conventional

single-user RAKE detector. The n users with smallest absolute values of the

real part of g i(k'” are the least reliable users. The possible hard decisions are the
A (k-1) A (k-1 A (k=l)qT . n
vectors a, =[a,;” 7,...,ag; 1", je{l,2,3,--,2"}.

Respread and estimate the received signals.

The estimate of the received signals in this step can be written as

f,»‘”(m>=i f“,A,.,d.-f"“’c,-(m—m,._n jefl23 2. (3.19)

1=t =l
- A (k-1 ! « . . .
€ —[3,%" ., a,“") minimizing the cost function

(3.17).

Interference cancellation

M

L
‘fi(k)(m) = r(m) - Aj,ldj(k«l)cj (m—m,,). (3.20)
=

#

L

. . k . .
The interference cancellation results éj,.( '(m) are passed into RAKE receiver and

then the hard decision values are sent to the next stage.

As discussed in Subsection 3.2.4, for achieving certain performance, the number of

unreliable bits selected is inversely proportional to the hard decision accuracy after MFs.

The more unreliable bits we select, the better performance we can obtain and the trade-
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off is the exponential increase in complexity. If there are a large number of active users
and Chase-PIC is applied in the earlier stage, its complexity is higher than NLMS-PIC
due to the low decision accuracy after MFs. But in the later stages, the complexity of
Chase-PIC is lower than NLMS-PIC for achieving the same performance due to the high
hard decision accuracy after MFs. So a multistage PIC scheme, which can make use of
the advantages of NLMS-PIC and Chase-PIC, would be like this: in the earlier stages
when the hard decision accuracy is low we employ the NLMS-PIC scheme; in the later
stages when the hard decision accuracy has improved we can use the Chase-PIC scheme.
For simplicity, the comparison between the proposed scheme and NLMS-PIC is
carried on a case with two stages. In the proposed scheme, the first stage utilizes NLMS-
PIC and the second stage adopts Chase-PIC. Two resolvable paths are considered in this

section and the time delay of the second path is one chip interval 7,. The complexity (30

active users) and performance comparisons of multistage NLMS-PIC and the proposed

scheme over asynchronous Rayleigh fading channel are shown in Table 3.5 and Fig. 3.8.

The complexity computation is carried out from soft output of single-user MFs Zi,.(k”') to

getting af,.(k)(m) after interference cancellation. The complexity calculation of NLMS-

PIC is based on the reference [11]. From these comparisons, we know the proposed
scheme can obtain better performance than multistage NLMS-PIC but with less
complexity. Here, the step sizes for .1“, 2™ stage NLMS-PIC are 0.2 and 0.03.
Information bits are spread using randomly generated scrambling sequences with a

processing gain of N =32. Perfect channel estimation and 20dB E, /N, are assumed.
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The mode 3, 4 mean the different possible error user number modes that are listed in

Table 3.3.
Multiplication | Add/Subtraction | Comparison
NLMS-PIC 856N 86N 60
Proposed scheme (mode 4) 622N 169N-4 92
Proposed scheme (mode 3) 636N 185N-8 124

Table 3.5 The complexity comparison over asynchronous channels: proposed
scheme vs. NLMS-PIC (30 active users)
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Figure 3.8 Performance comparison over asynchronous channels: proposed scheme
vs. NLMS-PIC ( £,/ N,=20dB, processing gain N =32, 2 resolvable paths)
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3.4 Summary

In this chapter, a new approach, which uses the Chase algorithm to optimize the hard
decision accuracy, is used in the PIC detectors. After performance and complexity
comparisons, a new PIC scheme that uses the NLMS algorithm in the earlier stages and
the Chase algorithm at the later stages is proposed. Simulation and complexity
calculation show that the proposed scheme can achieve better performance than
multistage NLMS-PIC but with less complexity over synchronous and asynchronous

channels.
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CHAPTER 4

CHASE BASED MIMO-CDMA DTETECTORS

4.1 Introduction

For next generation wireless systems, there is an ever increasing demand for high data
rate and improved reliability. This demand can be met by combining the time-domain
technique of multiuser detection (MUD) [1] with a space-domain technique—the vertical
Bell Laboratories layered space-time (V-BLAST) scheme [29]. The combination of
these two techniques was developed in [34, 35], which proposed the layered space-time
multiuser detetor (LAST-MUD) over the uplink of a multiple-input multiple-output code
division multiple access (MIMO-CDMA) system.

In this chapter, the Chase algorithm is studied to improve the performance of LAST-

MUD. First, we will introduce the MIMO-CDMA system model and LAST-MUD.

After that, the B-Chase and L-Chase detectors, which were originally proposed in [12]
for enhancing the performance of single user V-BLAST system, are discussed in MIMO-

CDMA systems. Finally, after analysing the weakest detected symbol in LAST-MUD, a
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new Chase based scheme is proposed. This proposed scheme has less complexity than
the B-Chase detector and the simulation result shows that the proposed scheme can

achieve a better performance compared to the B-Chase detector at high SNR.

4.2 System Model and Layered Space-Time Multiuser Detector

User |
D U g
by Soreadi
. 1 ;
g VAR | s" e H e
.| Spreading |: / ; !
'; Sy | ! Rich | e
o i T 1. | scattering | . Y ' .
’ . | wireless | . Z Detection .
b $ pmeee e Y i channel Processing | | ;
el | L B e L
: Spreading 5 ".‘ :
o Se) | ! i
< SI v ﬁ
by » | T H
b Spreading |: S ’{HP R
1 Go) | i |
/' ________________ ' g
User G Space-code matched filters

Figure 4.1 MIMO-CDMA Multiuser System Block Diagram

The configuration of a synchronous MIMO-CDMA system is shown in Fig. 4.1. In this
system, there are G users each with M antennas. Each user has a separate spreading
code and uses this code on all its M antennas. The total number of transmitter antennas
in the system is L = Gx M . At the receiver, there are P receive antennas. The channels

between transmitter and receiver are assumed to be uncorrelated flat Rayleigh fading.
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The channel matrix is written as H=|h,,---,h, ]|, where h , is the length L channel
coefficient vector between the pth receive antenna and all L transmit antennas. The
baseband received signal at the pth antenna can be written as

r,=SH,b+n, 4.1)
where r,is a complex column vector of length N where N is the spreading factor. S is
the Nx L random spreading matrix and S={S,, ...,S,.S,.....S,,....S;.....S;]. The
amplitude of each element in S is 1/ JN or —1/ JN. H , denotes the Lx L complex
diagonal channel matrix and its diagonal elements are the entries of vector h,. The

channel coefficient is a complex variable whose real and imaginary components are
independent Gaussian random variables with zero-mean and variance 0.5 respectively.
The vector b=[b,,..., b, " is the length L symbol vector where each element represents

the symbol transmitted from a single antenna. Here, QPSK modulation is assumed and

the transmitted symbol is a complex variable whose real and imaginary components have

magnitude /1/(M x2) respectively. The noise is represented by n ,, a complex-valued

zero-mean Gaussian random vector of length N with the covariance matrix o’I,,, where

I, denotes the N x N identity matrix.

At the receiver side, the space-code matched filters, which are matched to the
spreading codes and the channel coefficients, are constructed. Let Y be the length L
sufficient statistic vector obtained after the space-code matched filters and it can be

written as
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P
Y=Y H/S"r, =Rb+i, (4.2)

p=l

P
here R = Z Xg X, is the Lx L space-code cross-correlation matrix in which X, =SH
p=l

P
and n = Z X;’ n, is the length L noise vector with the covariance matrix o’R.
p=l

The detection procedure of LAST-MUD is similar to V-BLAST. Iteration approach
is utilized in LAST-MUD and the iteration number is equal to the number of the transmit
antennas in the system. At each iteration, the symbol with maximum post-detection
signal-to-noise ratio (SNR) is detected and eliminated from the received signals. The

detailed description of the LAST-MUD algorithm [35] is as follows:

fori=1to L (4.3a)
k, =arg je{{,r}igc,._l}[R(i)+ 1 (4.30)
w, =[R(@)"], (4.3¢)
z, =w]Y() (4.3d)

b, =v(z,) (4.3¢)

if i<L-1 (4.3f)

for p=1to P (4.3g)
r,(i+)=r,()-[X, D], b, (4.3h)

end (4.3i)

obtain X,(i+1) and R( +1) 4.3)
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Y(i+1)=iXp(i+1)”rp(i+l) (4.3k)

p=1
end (4.3)
end. (4.3m)

Here, i denotes the ith iteration, “+” denotes the Moore-Penrose pseudoinverse and (e)
means hard decision. In this case, the pseudoinverse matrix is equal to the inverse

matrix. The notation [R(i)"],, represents the element at the /th row and the jth
column of the matrix [R(7)"]. The operations [R()"], , [X,(¥)], mean taking out the
k;th column from matrix R(i))", X, ({)and form the new column vectors respectively.
Xy(i+1) and R(i+1) are obtained, respectively, by striking out the k,th column of

X,p(7) and the £, th row and column of R().

The LAST-MUD algorithm consists of four steps, namely, determination of the
optimal ordering (4.35), nulling vector computation (4.3¢), signal estimation ((4.3d),
(4.3¢)) and interference cancellation ((4.3f) ~ (4.3])).

Equation (4.3b) shows the selection criterion of the detected symbol in each iteration.
In each iteration, the detected symbol is the one with the highest post-detection signal-to-

noise ratio (SNR), which is the symbol corresponding to the minimum value of the
diagonal line in matrix[R(i)*]. The proof of this statement is shown as follows.

In each iteration, substitute (4.3%) into (4.3d), the soft decision z, can be rewritten as
z, =W, Y()

=w, (R()b+1(7))
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R
=w (R(Ob+D X} ()n )
p=l
P
=w/R@b+w; Y X7 ()n,
p=1

,
=b, +w, Y X, (n,. (4.4)
p=l

The post-detection SNR is

2

Efjp, | |

(4.5)

5.

£ ]

P P
wi > X7 (in, - Elw, Z| X (i)n,]
p=1 b=

Because n, is a complex-valued zero-mean Gaussian random N-length vector, thus

P
E[w,f” ZX;’ (m,j=0. Also E[“bk'_ "2] is a positive constant, so the value of post-
p=l

2

wkﬂiixz](i)np ].

p=l

detection SNR is inverse proportional to the value of E[

2

Ef ]

P
H H /.
wki ZXP (l)np
p=l

P P
= E[(w! Y X (m, )(wi Y. X (m )" ]
p=l p=l

P P
= E[(wi Y. XY 0m W n, "X @)w, )7 ]
p=1 p=1

'—“WZO'ZR(i)WkI
=O'2[R(l')+](khki), (4.6)
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here o’ is a positive constant. Because R(i) is a semi-positive definite hermitian

matrix, so R(i)* is also a semi-positive definite hermitian matrix and its diagonal
components are non-negative real values. Thus, (4.5) and (4.6) show that the maximum

value of the post-detection SNR is obtained when [R()"], ,, has the smallest value,

which proves the detected symbol selection criterion of each iteration in LAST-MUD.

4.3 B-Chase and L-Chase Detectors over MIMO-CDMA

Systems

From Section 4.2, the equation (4.2) Y = Rb +n, which is the sufficient statistic vector,
is similar to the equation (2.28) r = Hb + n, the received signal vector in the V-BLAST
system. Both of them are written as the sum of a noise vector and the product of a matrix
and transmitted signals. The processing operation principle of Y in LAST-MUD is
exactly the same as the received signal in V-BLAST. This similarity motivates the idea
of using some advanced techniques used for improving the performance of V-BLAST to
enhance the performance of LAST-MUD. Among the advanced schemes used to
improve the performance of V-BLAST, one important category consists of Chase based
detectors [12], which include the B-Chase and L-Chase detectors. In this section, we
investigate the use of these two Chase based schemes in MIMO-CDMA systems.

The idea of using the Chase algorithm in MIMO-CDMA system would be like this:
the different detected symbols have different decision reliabilities that are related to the
post-detection SNR. The smaller post-detection SNR one symbol has, the more

unreliable its decision is. Therefore, we can try different values for the least reliable
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symbol and get several candidate hard decision vectors. The number of the candidate

vectors is assumed to be ¢. Among the candidate vectors, the final hard decision vector

will be the one satisfying a cost function

arﬁ‘mi‘r_’l i“rp - Xpﬁk llz 4.7)

bye{by. b, | p=l

4.3.1 B-Chase Detector

Similar to [12], the detailed process of the B-Chase detector of a MIMO-CDMA system
is described below and its block diagram is shown in Fig. 4.2.
Step 1: Decide the first detected symbol.

The index of the first detected symbol is assumed to be‘ jand je {1,~-,L}. For
simplicity, we use the symbol that has the maximum value in the diagonal line of
[R(1)"] as the first detected symbol. This symbol is the least reliable one in the
first iteration,

Step 2: Create the candidate value list {l; j,,,---,l; i }for the jth symbol.
The value ¢ is the size of signal modulation constellation. Here, QPSK
modulation is assumed and g =4.

Step 3: Cancel the contribution of the jth symbol from received symbol 7, (1) and

determine the residual vector T;, ,(2):
r,,.(2)=r,()-b, (X,(1)), (4.8)

here, m € {1,---,P}, ke {1,--~,q}.
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Step 4: Send {r,’k (2), x5, (2)} to its corresponding sub-detector and make the decision

about the left L —1 symbols.

The sub-detector is as same as LAST-MUD. Combine the first detected symbol

A

b, , the output of & th sub-detector is a candidate hard decision vector b, .

Jk?
Step 5: Choose b , satisfying the cost function (4.7) as the final decision b.

r( rp(1)

b * n.(2)
A — -
(X, (D) 5.
. ! b b,
kel . + [ Lol
b, . AN O
il - r P,l( ) i ~
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Figure 4.2 The block diagram of the B-Chase detector in MIMO-CDMA system
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4.3.2 L-Chase Detector
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Figure 4.3 The block diagram of the L-Chase detector in MIMO-CDMA system

The block diagram of the L-Chase detector is shown in Fig. 4.3. Several steps of the L-
Chase detector are exactly the same as the steps of the B-Chase detector. The L-Chase
detector only has two differences from the B-Chase detector. The first one is that there is

no step 3 of the B-Chase detector in the L-Chase detector, i.e. the candidate values
{5 j’,,m,I; J.,q} are sent to sub-detectors directly. The second one is the sub-detector’s
operation of L-Chase focuses on estimating and cancelling the noise terms, which is quite
different from the operation of the B-Chase sub-detector. Similar to [12], [36], the
detailed description of the operation is demonstrated below.
Let

¢=R'Y=R"(Rb+n) =I,b+n’, 4.9)

where 1, denotes the Lx L identity matrix and ¢=[c,...,c, ], @'=R'n=[#,---,7;]

are the length L vectors.
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In the L-Chase detector, inside each sub-detector, the noise term of the first detected
Jjth symbol is
Alp=c; b kefl - q). (4.10)
Assume that the index of other symbols is i and i=1,---,j~1, j+1,---,L. The idea of
the L-Chase detector is to estimate the noise term #; in (4.9) by using (4.10) and subtract
the estimated 7, from c¢,. After that, better decision of the ith symbol could be made.
The decision of other symbols inside one sub-detector is
b,, =declc, — p,, i} =declc, — p,(c, = b, )}, (4.11)

where p, , is the prediction coefficient. When b ;& 18 correct, the noise variance of the

ith symbol is

= BT - p,, F0)(Fi - p F)" ]

=E[(T, - Pi,ij)ﬁﬁH (r, - pi,ij)H ]

=(F - p,¥)o’R( — p,, 7", (4.12)
where the L length vector ¥, is the ith row of R*, the superscript H denotes Hermitian.
When p, T, is the projection of T, onto T,, the noise variance is minimized. Therefore

the ith prediction coefficient is

po=E (4.13)
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here “*” is the conjugate sign. Substitute (4.13) into (4.11), the hard decision values for

other symbols within the kth sub-detector are

b, =decle, ~EF, *(c, b)) [ [ }. (4.14)

4.3.3 Simulation Results

In this section, the simulation of LAST-MUD, the B-Chase detector and the L-Chase
detector is carried out. QPSK modulation, i.e. g =4, is used in all cases. The number of
user groups is G = 12 and the spreading factor N = 32 is assumed. Spreading codes are
generated randomly and perfect channel estimation is assumed. Two cases, the number
of each user’s transmit antennas M is less than and equal to the number of receive
antennas P, are considered for all three detectors. The performance comparisons of
LAST-MUD and the B-Chase detector, LAST-MUD and the L-Chase detector are shown
“in Fig. 4.4, and Fig. 4.5 respectively. From these simulation results, we know the B-
Chase detector can outperform LAST-MUD. When the number of one user transmit
antennas is equal to the number of receive antennas, the performance improvement is
especially significant. But the L-Chase detector, which can achieve better performance
than V-BLAST in single user situation, is inferior to LAST-MUD. Reviewing the
theoretical deduction in Subsection 4.3.2, the problem of the L-Chase detector is caused

by the choice of the prediction coefficient p,,. The prediction coefficient is only one
data: in single user situation, the dimension of vectors T, ¥, is small, the estimation of

noise term has high accuracy; however, in multiuser situation, the dimension of vector T,
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is large, the estimation of noise term has a big error. Therefore, the performance of the

L-Chase detector is even worse than LAST-MUD.
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Figure 4.4 Performance comparison: the B-Chase detector and LAST-MUD (M=4,
G=12, N=32)
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Figure 4.5 Performance comparison: the L-Chase detector and LAST-MUD (M=4,
G=12, N=32)

4.4 Proposed Chase Based MIMO-CDMA Detector

In the B-Chase detector, the symbol that we consider as the weakest one is in fact only
the most unreliable symbol at the first iteration, but it may not be the weakest one in the
whole detection procedure of LAST-MUD. In this section, we first do the performance
analysis of LAST-MUD, which shows the weakest detected symbol among the whole
LAST-MUD procedure. After that, a new Chase based scheme that focuses on

ameliorating the error probability of the weakest symbol is proposed.

83



4.4.1 Performance Analysis of Layered Space-Time Multiuser

Detector

In this subsection, we extend the analysis in [37] to the performance analysis of the

LAST-MUD over a MIMO-CDMA system.

The probability of the decision vector b being different from the transmitted vector b

can be expressed as:

Poisrwon = 2. P(B#b,b) = > P(b=blb)P(b)

= > (1-P(b=bb))P(b), (4.15)

here, Q represents the signal modulation constellation with size ¢; P(b) is the
probability that the symbol vector b =[b,,---,b,]" is transmitted; P(b # blb) , P(b= b]b)

~

are the conditional probability that the decision vector b is incorrect and correct

respectively when b is transmitted. Since P(b = b[b)is independent of the symbol being
transmitted, therefore P(B = blb) is constant and we have
Pysryup =1-P(b=bjb). (4.16)
Using chain rule in P(B = blb) , we have
P(b=blb)

=P((b, =b,,,b, =b,)b)

= P(b, =b, b, =b, ,b)/ P(b)
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=P(b, =b,|bb, =b b, =b, )Pb.b, =b, - b =b, ) Pb)
= P(BkL bkL (b’ bAkn = bkl L ,bAkL—l = b"L-l ))P(l;kl = bkx »h bAkL—I = bk/,-; |b)
= P(Bk/. = bkL (b’gkl = bkl " .’l;kH = bkL-l )) ) 'P(b’\kz = bkz lb’ Bkl = bkl )P(Bkn = bk\ Ib)
L A A ~
=[] P&, =b,|b.b, =b,,.b, =b, ). (4.17)

Substituting (4.17) into (4.16), we have,
1-P(b =blb)

L ~ ~
=1- HP(bki =b, |(b,b,(| =b, ,-,b,  =b, )

i=1

L ~ ~ ~
=1-[Ja-P@, #b,|(b,b, =b, ,--,b, =b, )

i=1
L ~ ”~ "
=Y P(b, #b, |(b,b, =b, ,,b, =b, ), (4.18)
i=l

here, the final result is an approximation that ignores the product terms since the error
probabilities are small at high SNR.

The variable z, in (4.4) has a Gaussian distribution if the interference corresponding
to the detected symbols is cancelled entirely. Consequently, the error probability of

l;k'_ # b, given that the previously detected symbols are correct can be expressed as:

207 457 mup

A ~ ~ d
P =P, #b|0b, =b,, b, =b, )= Q(——-————j (4.19)
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where, d is the minimum distance between any two signal constellation points. Letting

x= _ 4 and using the formula in [38], (4.19) can be approximated as
20 Lysr_mup

£ =)

_ 1 11 ex -4 (4.20)
11/ mx+1/ AW X +27r}~/§f 4°RG) Yy 1)

Due to the fast decay of the exponential function, at high SNR, i.e., when d’ /o’ is

large, P, s;_,up are dominated by a single term

1 1 -d’
ex — . “4.21
[(1 —U/ )x+ (1 oV + 2zz] V2z | 40" max{R() ],
In another word, the symbol corresponding to mkax[R(i)+](k“ki) is the weakest one that

has the highest possibility to be wrongly detected.

4.4.2 Proposed Chase Based Detector

Our proposed Chase based detector concentrates on alleviating the adverse effect of the
weakest symbol in LAST-MUD. The symbols detected before the weakest one are kept
intact and ¢ candidate values for the weakest symbol are created, where ¢q is the size of
modulation signal constellation. Consequently, g subdetectors are established for
deciding the subsequent symbols after the weakest one. Combining the symbols detected

in the subdetectors and the symbols detected before the weakest symbol, g candidate
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vectors are produced. Finally, the vector minimizing the cost function (4.7) is chosen as

the final decision vector.

n(0) rp(i)

i rp(i 8 -
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Figure 4.6 The block diagram of the proposed Chase detector.

The proposed Chase based detector is shown in Fig. 4.6. The detailed description is:

Step 1: Search for the weakest symbol in LAST-MUD.
This symbol corresponds to max[R(i)"], 1k, and its index is denoted as j,
jefly L}

Step 2: Detect the symbols preceding the weakest symbol using LAST-MUD.

Step 3: Create the candidate list {b s 005, } when detecting the weakest symbol.
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Step 4: Cancel the contribution of the weakest symbol from the leftover received symbol

r, (i) and determine the residual vector r, ,: r, (i+1)=r, () -b, (X, (),
me {1, e P}, ke {1, e q}. Send the residual symbols to ¢ subdetectors.

Each subdetector is as same as LAST-MUD. Combining the symbols detected

before the weakest one, the output of the kth subdetector is a candidate hard

decision vector b, .

Step 5. Choose b , satisfying the cost function (4.7) as the final decision.

The B-Chase detector and the proposed scheme have the same cost function and
subdetectors. The different parts of these two approaches are the weakest symbol
selection criterion and the location to detect the weakest symbol. In the B-Chase

detector, the weakest symbol is chosen as the first symbol to be detected and g candidate

values are created for it. The weakest symbol selection criterion in B-Chase is that the

symbol with minimum post-detection SNR in the first iteration, i.e. the symbol with the
maximum value in the diagonal of [R(1)"] is chosen as the weakest one.

Compared to the B-Chase detector, our proposed Chase scheme has the following two

advantages:

e The choice Jof the most unreliable symbol is more in line with the Chase
algorithm. In the B-Chase detector, the symbol that we consider as the weakest
one is in fact only the most unreliable symbol at the first iteration, but it may not
be the weakest one in the whole detection procedure of LAST-MUD. In our
proposed scheme, the weakest symbol, which is represented by a candidate list, is
exactly the weakest one during the whole procedure of LAST-MUD.
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o The proposed scheme has less complexity. The B-Chase detector constructs g

subdetectors at the beginning of the detection process. However, the proposed

scheme constructs ¢ subdetectors after we have detected the weakest symbol.
Compared to the B-Chase detector, the interference cancellation in g -1

subdetectors before detection of the weakest symbol is avoided.

4.4.3 Simulation Results

In this subsection, the simulation of LAST-MUD, the B-Chase detector and our proposed

Chase detector is carried out. QPSK modulation, i.e. g= 4, is used in all cases. The

number of user groups is G = 12 and the spreading factor N = 32 is assumed. Spreading
codes are generated randomly and perfect channel estimation is assumed. The
performance for the condition when the number of each user’s transmit antennas M is
less than the number of receive antennas P is shown in Fig. 4.7. The case for M = P is
shown in Fig. 4.8. In both situations, the proposed scheme and the B-Chase detector
outperform LAST-MUD. The performance improvement is significant when M =P.
From Fig. 4.8, we observe the phenomena: at low SNR, the performance of the proposed
scheme is a little worse than the B-Chase detector; while at high SNR, the proposed
scheme attains better performance compared to the B-Chase detector. These phenomena
are consistent with the performance analysis in Subsection 4.4.1. The higher is the SNR,
it is more likely that the error occurs at the weakest symbol. Since the proposed scheme
exactly concentrates on this weakest symbol, at high SNR, better accuracy can be

attained. In the B-Chase detector, the detection error that we try to correct is not
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necessarily the weakest one, therefore its performance is not as good as the proposed
scheme at high SNR. From a theoretical point of view, this phenomenon should also

exist when M < P. But it is not significant due to the limited performance improvement.

L1 — S — — -
‘(-,'... ...... .::'4:: LAST-MUD =
S ' ; B T | —+ —B-Chase detector |

- ) —&— proposed scheme

...................................................................................
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Average Symbol Error Rate
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Figure 4.7 Performance comparison: LAST-MUD, B-Chase and the proposed
scheme (M=4, P=6, G=12, N=32).
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Figure 4.8 Performance comparison: LAST-MUD, B-Chase and the proposed
scheme(M=4, P=4, G=12, N=32).

4.5 Summary

In this chapter, the approach that uses the Chase algorithm to improve the performance of
MIMO-CDMA multiuser detector is studied. First, the B-Chase and L-Chase detectors,
which are two advanced Chase based detectors and can achieve performance
enhancement in single user V-BLAST systems, are applied to LAST-MUD. The
simulation results show that the B-Chase detector can outperform LAST-MUD but the
performance of the L-Chase detector is worse than LAST-MUD due to the wrong noise

estimation. And then, a new Chase based MIMO-CDMA multiuser detector scheme,
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which focuses on reducing the error decision in detecting the weakest symbol in LAST-
MUD, is proposed. Simulation results and analysis show that the proposed scheme can
achieve a better performance than LAST-MUD. When the number of transmit antennas
of each user is equal to the number of receive antennas, the improvement is especially
significant. Compared to the B-Chase detector, the proposed scheme has less complexity

and has the tendency of achieving a better performance at high SNR.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

In this thesis, we develop some Chase based multiuser detectors in SISO-CDMA and
MIMO-CDMA uplink systems.

In SISO-CDMA systems, we propose a new multistage parallel interference
cancellation (PIC) scheme that uses the normalized least-mean-square (NLMS)
algorithm in the earlier stages and the Chase algorithm in the later stages. The simulation
and complexity analysis, which are carried out over synchronous and asynchronous
Rayleigh fading Channels, show that the proposed scheme can achieve a better
performance than multistage NLMS-PIC but with less complexity.

In MIMO-CDMA systems, we propose a new Chase based multiuser detection
scheme over synchronous Rayleigh fading channels. The proposed approach provides
performance gain by concentrating on improving the detection accuracy of the weakest

symbol. Compared to the layered space-time multiuser detector (LAST-MUD), the
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proposed scheme can achieve substantial performance improvement, especially, when the
number of transmit antennas is equal to the number of receive antennas. As a comparion
to our proposed scheme, we also apply the B-Chase and L-Chase approaches to MIMO-
CDMA systems. The B-Chase and L-Chase detectors were originally proposed for
improving the performance of the vertical Bell Laboratories layered space-time (V-
BLAST) system. The B-Chase detector can achieve better performance than LAST-
MUD, but the performance of L-Chase is even worse than LAST-MUD due to the wrong
noise estimation. The problem existing in the B-Chase detector is the criterion for
selecting the weakest symbol. In our scheme, a more reasonable selection criterion is
proposed. We show that the proposed scheme has less complexity than the B-Chase

detector but with the tendency of achieving better performance at high SNR.

5.2 Future Works

In this section, some topics for future study are presented:

s Applying a layered space-time technique to each group instead of to all users can
significantly reduce the complexity of LAST-MUD. Therefore, for reducing the
complexity, it is worthwhile to study the proposed MIMO-CDMA detection
scheme by using group detection technique.

e For the proposed MIMO-CDMA detector, we only considered the case with
synchronous fading channels. To analyse and simulate the proposed MIMO-

CDMA detector in asynchronous fading channels is one of the future works.
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In this thesis, we showed that the performance of the MIMO-CDMA L-Chase
detector is not as good as LAST-MUD due to the wrong noise estimation.
However, its low complexity makes this approach very attractive in real life
implementation. So modifying the noise estimation criterion on the L-Chase
detector could be a direction.

In an actual system, the implementation of a receiver can be done by digital
signal processors (DSP) or field-programmable gate arrays (FPGA). Therefore
another direction is to work on the implementation of our schemes on DSP and

FPGA.
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