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Abstract

In wireless communications, research in the area of advanced detection techniques and
adaptive filter algorithms for CDMA and MIMO systems in Rayleigh fading channels has
been of a great interest in the past several years. On one hand, most detection algorithms
can acquire satisfactory performance. On the other hand, however, the performance
improvement can be achieved at the cost of an increase in computational complexity. In
this thesis, we present a reduced complexity detection technique based on adaptive
Least-mean-square (LMS) filtering for CDMA/MIMO systems using permutation
spreading in slowly varying Rayleigh fading channels. By simulating and comparing the
BER performance of 27 different models related to 4 different detections techniques
(Wiener, Maximum likelihood detection (MLD), LMS, conventional method) in different
Rayleigh fading channels and by analyzing and evaluating the computational complexity of
Wiener, MLD, and LMS tracking detection solutions, it is not difficult to find that the
proposed LMS tracking detection algorithm for CDMA/MIMO systems with permutation
spreading has shown its outstanding advantages: lower complexity, without sacrificing too
much BER performance, and dynamic tracking of frequency non-selective Rayleigh fading

channels.
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Chapter 1 Introduction

1.1 Background

Wireless communications has become one of the most active fields of technology
development in recent years. With the rapid development of wireless communications, a
great many advanced wireless networks and techniques have been developed: wireless local
area network (WLAN)[1][2][3], wireless metropolitan area network (WMAN)[1, 4, 5, and
6], wireless local loop (WLL) systems, multiple input multiple output (MIMO), wideband
code division multiple access (WCDMA), and universal mobile telecommunications system
(UMTS), etc. Accordingly, some important access or support technologies, such as
time-division multiple access (TDMA), code-division multiple access (CDMA), orthogonal
frequency-division multiplexing (OFDM), and MIMO techniques have been widely
researched and applied in modemn wireless systems.

In wireless systems, using direct sequence CDMA (DS-CDMA), different users can
share the same time slot and/or the same bandwidth. As a result, the communication
resources can be exploited in a more efficient way.

Also, in wireless communications, MIMO technology has been developed to provide
better coverage and improved performance in multipath wireless fading channels by using
multiple antennas at the transmitter and receiver. A typical feature of MIMO systems is the
ability to turn multipath propagation into a benefit for the user. Actually, MIMO can
effectively take advantage of random fading [7 - 9] and, when available, multipath delay
spread [10, 11] can be used for linear combination of the inputs with partially corrupted bits.
It is shown in [12, 13] that there are other advantages in using multiple antennas. For
instance, the capacity of a MIMO system increases linearly with the number of transmit and
receive antennas without adding additional energy. Also, it has been shown that the use of

MIMO systems can improve systems capacity and spectral efficiency in wireless channels
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[14 - 16]. Clearly, MIMO has recently emerged as one of the most significant technical
breakthroughs in modem wireless communications.

In order to take full advantage of benefits of CDMA and MIMO techniques, in this
thesis, we will combine CDMA and MIMO systems. In wireless systems, a common
phenomenon, multipath means that multiple copies of a transmitted signal are received at the
receiver, due to the presence of multiple radio paths/channels between the transmitter and
receiver. These multiple paths arise owing to reflections from objects in the radio channels.
Multipath from scattering, which is spaced pretty close together, will cause a random change
of in the amplitude of the received signal. Due to the central-limit theory, the resulting fading
process is often modeled as being a complex Gaussian random variable. As a result, the
envelope of the received signal has a Rayleigh distribution, and this phenomenon is thus
called Rayleigh fading. Other fading distributions might also arise, depending on the
physical configuration. There exists a very useful Rayleigh fading model. That is, the fading
process related to fading rate and the data rate, can be categorized as flat, slow (frequency
nonselective) fading where the fading process is assumed to remain constant over one
symbol interval and to vary from symbol to symbol. As we know, wireless CDMA/MIMO
communications for narrowband voice and data can be modeled as signaling over flat, i.e.
frequency nonselective, Rayleigh fading channels. Thus, in this thesis, we will focus on
slowly varying /flat Rayleigh fading channels.

The development of wireless communications is being driven primarily by the medium
transformation techniques from supporting traditional voice to carrying other services, such
as data, images, and video. Accordingly, one solution to the demand for enlarging data
capacity can be acquired by increasing frequency power and channel bandwidth. However,
the two resources are among the most severely limited in the development of wireless
networks: bandwidth because of the limitation with regard to useful radio spectrum, and
transmitter power because mobile and other portable services need the use of battery power.
On the other hand, the development of novel advanced received signal processing methods
and effective detection schemes allow for significant increases in wireless capacity without
requiring increases in bandwidth or power requirements. In particular, many new
technologies, such as WCDMA and 3G have also spurred considerable research in

2
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detection techniques for wireless communications.

In wireless systems, the application of advanced detection techniques and adaptive
filters algorithms can not only provide a significant performance improvement but also
offer new signal processing capabilities over the use of conventional methods. Hence,
adaptive filters have been widely employed in diverse fields such as adaptive beamforming,
channel equalization, signal enhancement, noise cancel, and other aspects. For various
detection techniques and filters schemes, two important aspects always need to be involved:
facilitate BER performance and reduce complexity. Among the popular detection solutions,
maximum likelihood detection (MLD) has attracted many researchers due to its better BER
performance feature. Nevertheless, the BER performance improvement of most of MLD
detection algorithms for CDMA/MIMO systems can be only achieved at the expense of an
increase in computational complexity. Thus, in this thesis, we will try to find a lower
computational complexity detection algorithm without sacrificing too much BER
performance for CDMA/MIMO systems in frequency non-selective Rayleigh fading

channels.
1.2 Motivation

In CDMA systems, CDMA assigris a different code to each user. This allows multiple
users access to the same frequency band and time slot by encoding their transmissions. This
works well because all other users look like noise to everyone else. However, this basic
type of CDMA system is difficult to support high data rates and high capacity. In order to
increase capacity, we need to combine MIMO and CDMA techniques. Actually, MIMO
technology is essential to achieve high spectrum efficiency, enlarge system coverage, and
support high data rates. Thus, CDMA/MIMO systems will be one of the focuses in this
thesis. Note that we assume that the number of CDMA users will not go well beyond the
number of virtual users/antennas in a single MIMO link in this thesis.

Meanwhile, based on CDMA/MIMO systems, in order to obtain additional diversity,
increase performance and acquire more power gain, we need to further consider

CDMA/MIMO systems with permutation spreading techniques [17]. However, many
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traditional detection algorithms such as popular MLD with permutation spreading for
CDMA/MIMO systems involve higher computational complexity. Accordingly, in
CDMA/MIMO systems, as demands for increased data rate and reliability grow, lower
computational complexity detection technique for exploiting CDMA/MIMO systems with
permutation spreading over fading channels need to be developed.

In particular, most advanced detection schemes for system operating in wireless
channels employ signal processing techniques. Researchers still need to focus on low
complexity algorithm for ease of practical implementation. Hence, it is anticipated that the
detection techniques with lower complexity can be readily applied in real wireless
communication systems.

On the other hand, adaptive filter techniques constitute an important part of detection
and signal processing in CDMA/MIMO systems. Particularly, as an optimum linear filter
for a stationary environment, Wiener filter provides a framework and reference for the
other linear adaptive filters. As well, adaptive Least-mean-square (LMS) filters are based
upon a transversal structure with simpler design and highly effective in performance, which
has made it greatly popular in various applications.

Overall, in order to develop promising detection techniques, not only performance but
also computational complexity needs to be considered. To make detection algorithms
employing for CDMA/MIMO systems more effective, simpler computations, better BER
performance, and the tracking of fading channels are desired. As stated in previous section,
a great number of detection algorithms for CDMA/MIMO systems in Rayleigh fading
channels have been developed in recent years. Most of them can acquire better BER
performance gains. However, the performance improvement of most detection techniques
such as MLD can be achieved at the cost of an increase of computational complexity.
Therefore, in this thesis, we will focus on to develop a reduced complexity detection
algorithm with reasonable performance and tracking function based on LMS adaptive
filtering for CDMA/MIMO systems with permutation spreading in slowly varying
Rayleigh fading channels.
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1.3 Thesis Contributions

This thesis provides the following contributions to the field of wireless CDMA/MIMO
systems in Rayleigh fading channels with, including:

The primary contribution is that applying adaptive filters techniques to produce
decision variables for CDMA/MIMO systems employing permutation spreading.
Compared to MLD, the proposed LMS tracking solution is a reduced complexity detection
technique especially for CDMA/MIMO systems since it does not need channel estimation
and channel transform matrix while simpler linear computations are involved.

Meanwhile, the comparison of BER simulation of 27 different application models
related to 4 different detection algorithms, 3 different Rayleigh fading channels, 3 different
LMS weight step-size parameters, and 4 different number of receive antennas for
CDMA/MIMO systems in slowly varying Rayleigh fading channels can provides the users
with very valuable references on BER performance comparison of the four detection
solutions in different Rayleigh fading environments.

Also, the analysis of computational complexity of three detection techniques (MLD,
Wiener filters, LMS tracking) can provide the users with useful reference in the future

research.
1.4 Thesis Organization

The thesis is organized as follows:

Chapter 2 starts with a literature survey on various detection techniques for
CDMA/MIMO systems in fading Channels. In this chapter, several typical detection
algorithms are analyzed and discussed with respect to the key techniques and
computational complexity.

In Chapter 3, we design and analyze a detection algorithm using Wiener filters with
permutation spreading technique for CDMA/MIMO systems in slow Rayleigh fading
channels, including its algorithm implementation, weight calculation, along with its
complexity.

In Chapter 4, in order to reduce computational complexly and ease of implementation
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without sacrificing BER performance, a reduced complexity detection algorithm employing
adaptive LMS filters for CDMA/MIMO systems with permutation spreading technique in
slowly varying Rayleigh fading channels, is proposed, including its algorithm, weight
iteration, tracking technique, and other related details.

In chapter 5, we examine the BER simulation performance of 4 different detection
algorithms (Wiener algorithm, MLD, conventional approach, and the proposed LMS
tracking algorithm), which are related to 27 different application models. Also, we compare
the complexity of 3 different detection algorithms (Wiener algorithm, MLD, and the
proposed LMS tracking algorithm). Related results are also presented.

Chapter 6 concludes the thesis and discusses future research directions.
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Chapter 2 Literature Review on Detection Techniques for

CDMA/MIMO Systems

With the striking development of wireless communications, the very rapid pace of
improvements in detection and signal processing applications had led to the justifiable view
of advanced detection and signal processing as a key, which can aggressively enhance
systems reliability and escalate capacity demands in emerging wireless systems.
Accordingly, more and more researchers have put a very widespread effort to develop
various novel detection techniques and signal processing algorithms that can fulfill this
promise. Next, a brief literature survey on a variety of detections techniques for

CDMA/MIMO systems will be presented in the following.

2.1 MLD for CDMA/MIMO Systems with Permutation Spreading in Frequency

Nonselective Rayleigh Fading Channels

Recently a lot of attention has been paid to MLD algorithms and CDMA/MIMO
systems. In this section a detailed look is taken at the solution employing maximum
likelihood detection (MLD) with permutation spreading for CDMA/MIMO systems in
frequency nonselective Rayleigh fading channels [17]. The MIMO channel model will be
introduced first. And then the typical model of CDMA/MIMO transmitter and receiver will

be shown in Figure 2.1.
2.1.1 MIMO Channel Model

A typical MIMO channel model can be defined below. In MIMO wireless systems
with N, transmit antennas and N, receive antennas, the signals collected at the receiver are
related to the signals outgoing from the transmitter through the following relation:

y=Hx+n (2.1)
where p is the N, x 1 signal vector at the receiver array, x is the N, x 1 signal vector at the
transmit antenna array, » is the N, x 1 complex additive white Gaussian noise (AWGN)

7
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vector and H is the N, x N, channel transfer matrix.

2.1.2 Typical CDMA/MIMO Transmitter and Receiver Network Architecture

Information
Data
input

N, transmit N, receive - Uy,
antennas antennas Filter >
matched to C,(t) Py
01
) u
b Filter 2 5
matched to C,(t)
Serial W, "(t) . Combiner {——b:
; Filter Un o
L matched to Cy(t) -
to b, And
‘ Uy |
Parallel W t) Bank of ¢ | Decision
m2 matched filters U
Converter Device
Unes |
by ° Bank of :
‘ matched filters | Unm | 5,
met(")(t)

Figure 2.1 Typical CDMA/MIMO transmitter and receiver

In Figure 2.1, several major parameters are specified below:

e b™ =[6" b, , bs™, ..., bu™ ] = 2*m™ -1; where m® = [m,™, m,™ ,

m3™ , ..., mn™] is the transmitted message on signaling interval n, m;™ = 0 or

1 with equal probability and independence of each other;

% oy is the complex channel gain on the link between transmit antenna i and

receive antenna j;

< wn™(t) is the spreading waveform used to spread the data transmitted by

antenna i on the interval n;
% ¢ (1) is a set of mutually orthogonal spreading waveforms;
% Uy denotes the ith matched filter output on the jth receive antenna;
< N, is the number of transmit antenna and N, is the # of receive antenna;

< B0 denotes the receive estimate of message b™;
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The typical transmit and receive model for MIMO-CDMA systems with permutation
spreading is shown in Figure 2.1. After being grouped and mapped/modulated, the input
message bits with bit rate R;, become input symbols and then are converted into parallel
data streams through a serial to parallel converter. The input information (b,”, b,” ,
bs™ , ..., by™) is multiplied by the spreading waveforms (wy;"”(2)) before accessing the
transmit antennas. That is, different orthogonal spreading sequences Wi ™ V) - W™ (1))
will be assigned to different transmitters at a given time interval n. The ith data stream of
user m is conveyed by spreading waveform w,,(¢), which is an antipodal signal and is
selected from a set of mutually orthogonal spreading waveforms {wui(?), wm(?), ...,
wmni(t)}. Secondly, at the transmitter, on signaling interval n, the message is transmitted
through using Binary Phase Shift Keying (BPSK) or antipodal modulation, so we have b®™
=[6,", b, ..., ba™] =2m™-1. Also, at the receiver, the output of each receive antenna is
related to different spreading waveforms. The data on different antennas are spread by a

unique permutation of spreading waveform. After passing through transmit diversity and

wireless channels, the related decision variables (Uj) at the receiver will be generated.

Finally, the receive estimate (§¢) will be acquired by using the corresponding MLD rules.

2.1.3 Permutation Spreading Scheme

In [17], the MLD detection solution is employed for CDMA/MIMO systems with
permutation spreading (PS) technique. Let’s take 4 transmit antennas and 1 through 4
receive antennas as an example. In the system, each permutation employs 4 of the N
spreading waveforms and each permutation has one or two in common. Meanwhile, each
spreading waveform can be used only once by arbitrary given antenna i in different
permutations. In other words, when a spreading waveform is used by antenna j in certain
permutation, it cannot be applied by antenna j in any other permutation. In fact, the design
scheme of the different spreading permutations is based on t-designs [18]. Let M be the sets
of all possible message vectors, M; be a subset of M which is closed under modulo-2
addition, and let My, M, ..., Mz be the cosets of M. Also, let w™ (1) be the spreading
waveform used to convey the data streams transmitted by antenna i on the time interval n.

For more details of permutation spreading technique, see [17]. In this thesis, we will
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directly use the spreading permutations for CDMA/MIMO systems with 4 transmitters

given in Table 2.1 [17].

Table 2.1 Spreading permutations for CDMA/MIMO system with 4 transmit antennas

Coset Message ' W™ (1) wand™ (1) wns™ () Wind™ (1)
Vectors | v
M, | 0000,1111 Ci(t-nT) Cs(t-nT) Cs(t-nT) Co(t-nT)
M, | o001, 1110 Cs(t-nT) C(t-nT) Cyt-nT) Cs(t-nT)
M; | 0010, 1101 Caft-nT) Coft-nT) Cs(t-nT) Cs(t-nT)
M, |0011,1100 Cs(t-nT) C(t-nT) Cs(t-nT) Cs(t-nT)
Ms | 0100, 1011 Cs(t-nT) Cr(t-nT) Cy(t-nT) Cy(t-nT)
Ms | 0101, 1010 Cs(t-nT) Cs(t-nT) Cy(t-nT) Ci(t-nT)
M; | 0110, 1001 Co(t-nT) Cy(t-nT) Cat-nT) Cs(t-nT)
My | 0111, 1000 Coft-nT) Cs(t-nT) Cr(t-nT) Ct-nT)

The advantage to applying permutation spreading is mainly that the different spreading
patterns can not only generate dependence between the parallel data systems but also keep

orthogonal between the streams.

2.1.4 The Decision Variables

The decision variables of MLD solution [17] are expressed below:

12 e PYAY . y .
ATH, ™, ™) 4 ng @, i €, (t — nT) is used |
Uy ™= (2.2)
nu if C,, (t — nT) is notused
where 4 is the carrier amplitude, a,j(") is the complex channel gain on the link between
transmit antenna 7/ and receive antenna j over the time interval n, njk(") is the response of the

Jjth receive antenna’s kth matched filter to the input noise. C,(t-nT) is a set of mutually

orthogonal spreading waveforms. More details can be found in [17].

2.1.5 MLD Detection Rules

The maximum likelihood detection rule [17] is:
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Ne
b = mikﬁzgug - b;ﬁ'}hf“} +ll&l*)
beB
i=31

2.3)

where B™ denotes the receive estimate of message b™, u is viewed as the vector consisted

of decision variables corresponding to the spreading waveform used by vector b, @ is made up

of all of the rest of decision variables not in u. To take 4 receivers as an example, u; =[u;), u;, t;3,

w4, it is the vector including all of the decision variables not in u,, uy, us and uy, and h® is

the ith row vector of H™ which is N;xN, channel matrix on the nth signaling interval [17].

(ny _{u} (s}
Gy @y ey
H" = : W (2.4)
e a(.r:z I
N1 Fngz NeNe

where a;; is the complex channel gain on the link between transmit antennas i and receive
antenna .

The maximum likely detection rule is used to estimate b™. That is, the receive information

estimate b © can be obtained by using maximum likely detection at the receiver.

11
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2.1.6 The Simulation Results of MLD for CDMA/MIMO with Permutation Spreading

10°
107}
Q
&
13
2
i
]
10
A SN SR N S S S
{ — B — Conwventional method(4T, 4 receive antennas) |- .
sl L ¢ -~ MLD with permutation spreading (4T,4 receive antennas)
10" T T T T T

4 5 6 7 8 9 10 11 12 13 14
Eb/No (in dB)

Figure 2.2 BER of MLD/Conventional method for CDMA/MIMO Systems with
N&4 and N~=4.

Figure 2.2 shows the BER simulation results of conventional method and MLD with
permutation spreading for CDMA/MIMO with 4 transmit antennas and 4 receive antennas. At a
BER of 107, the MLD detection for CDMA/MIMO with permutation spreading can acquire
about 4.5 dB gain improvement over conventional method. Clearly, the MLD with permutation
spreading technique can achieve outstanding BER performance improvement over conventional

approach.

2.1.7 Comment on the MLD Detection for CDMA/MIMO Systems with Permutation
Spreading

As shown in Figure 2.1, the combination of CDMA and MIMO systems can achieve spatial

multiplexing and larger capacity gains. With the permutation spreading, additional diversity can

be obtained. Also, the MLD detection algorithm for CDMA/MIMO systems with permutation
spreading can markedly improve and facilitate the BER performance. In other words, its BER

12
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performance is dominated over many detection algorithms for CDMA/MIMO systems. On the
other hand, however, this technique has higher computational complexity compared to the
conventional method. It will be more and more complicated with the number increase of receive

antennas.

2.2 Multiuser Detection for CDMA/MIMO Systems in Slow Fading Channels

In fading channels, two typical statistical modeling are: frequency nonselective and
frequency selective fading channels. A considerable amount of recent research has addressed the
problem of data detection in slow/flat Rayleigh fading channels. Specially, various MLD
techniques {19, 20, and 21] in slowly varying fading channels have been developed. However

most of them can acquire desired performance at the cost of pretty high complexity.

2.3 Blind Multiuser Detection for CDMA/MIMO Systems

There are two primary approaches to blind multiuser detection: the direct matrix inversion
(DMI) method and the subspace approach. 3 main blind multiuser detections based on direct
methods are: LMS [22], Recursive Least-squares (RLS) [22], and QR-RLS algorithm [22 -25].
3 typical subspace tracking algorithms could be: PASTd algorithm, NAHJ subspace tracking
algorithm, and QR-Jacobi methods [26 -32]. Although most of them can achieve promising

performance, they involve lots of complicated computations.
2.4 Group-Blind Multiuser Detection for CDMA systems

There are several main group-blind multiuser detections: Linear and nonlinear group-blind
multiuser detection for synchronous CDMA, Group-Blind Multiuser Detection for uplink
CDMA systems, and Group-blind multiuser detection in multipath channels. In [33], although
the group-blind linear multiuser detection techniques offer substantial performance gains over

the blind linear multiuser detection methods in a CDMA uplink, it generates higher complexity.

2.5 Robust Multiuser Detection for CDMA systems

In this detection, there are two typical robust regression techniques. One is Least-squares

regression and linear decorrelator. The other is robust multiuser detection via M-regression. In

13
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[34], although the proposed robust blind multiuser detection approach has a comparable
computational complexity over the traditional blind multiuser detection algorithms, its higher

computational complexity is stilled involved.

2.6 Space-time Multiuser Detection for CDMA systems

In wireless systems, various space-time multiuser detection techniques have been widely
focused. For example, based on sufficient statistic, the optimal space-time detection adopts
maximum-likelihood multiuser sequence detection, which has been used in many cases [19, 20,
21, 35, and 36]. As we investigate, most of space-time multiuser detections for CDMA/MIMO

systems are not very efficient due to their high complexity.

2.7 Turbo Multiuser Detection for CDMA Systems

Recently, many multiuser detection schemes have been derived from Turbo technique. In
[37], Turbo multiuser detection with unknown interferers is depicted. Also, Turbd multiuser
receiver can be used for Turbo-coded CDMA in multipath fading channels [38]. Besides, typical
examples of space-time turbo multiuser detection for coded MC-CDMA can be found in [39,

40]. Nevertheless, most of them are lack of efficiency due to involving huge computations.

2.8 CDMA-SIC Multiuser Detection for CDMA/MIMO Systems

In [41], the CDMA-SIC (successive interference canceling) multiuser detection is proposed
for CDMA systems employing the iterative nulling and canceling approach. The detection
technique seems to be useful because it can be extended to MIMO systems if the input of the

MIMO systems is seen as virtual users. However, its complexity is pretty high.

2.9 Joint Antenna Multiuser Detection for MIMO Systems

In [42], a joint antenna multiuser detection using the Krylov subspace method for MIMO
systems in time varying channels is proposed. In the detection, the LMMSE filters, the Krylov
subspace algorithm, and the inverse operation are involved at each of iteration. In other words,

the joint antenna multiuser detection for MIMO systems has still expensive complexity.
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2.10 Soft Detection for MIMO Systems

Recently, the optimum soft-input soft-output detector for MIMO wireless systems has been
researched. In [43], a suboptimal soft detection schemes still has no outstanding improvement in
reducing complexity since its computational complexity is exponential in the number of bits

transmitted simultaneously on each of symbol interval.

2.11 Chapter Summary

In this chapter, we systematically reviewed related literature on various detection
techniques for CDMA/MIMO systems in fading Channels: MLD detection techniques with
permutation spreading, blind multiuser detection, group-blind multiuser detection, robust
multiuser detection, space-time multiuser detection, Turbo multiuser detection, as well as
soft multiuser detection, etc. It is easy to see that most of the detection algorithms discussed in
this chapter can achieve promising performance. However, the improvement of performance is
achieved at the expense of an increase in computational complexity. Therefore, in the following
two chapters, we will explore a low complexity detection algorithm for CDMA/MIMO systems

with permutation spreading technique in slow varying Rayleigh fading channels.
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Chapter 3 A Novel Detection Algorithm Employing Wiener Filters for
CDMA/MIMO Systems Using Permutation Spreading in Slowly Varying

Rayleigh Fading Channels

As we will notice, in general, Wiener filter can be used as an important framework and
reference for other adaptive filters, such as traditional LMS filters in a stationary and
wide-sense stationary (WSS) environment. Accordingly, in this thesis, the proposed LMS
filters weight vectors can converge to the Wiener filter solution in slowly varying Rayleigh

fading channels.

To determine the training/pilot sequence bound of LMS tracking detection, we need to
take advantage of the important feature of Wiener filter along with some particular
adjustments for employing in frequency non-selective Rayleigh fading channels
environment. Besides, we also need to compare the computational complexity between
derived Wiener algorithm described in this Chapter and proposed LMS tracking solution,
which will be deliberated in Chapter 4. So this chapter will focus on a novel Wiener filter
detection algorithm with permutation spreading technique for CDMA/MIMO systems in
slow Rayleigh fading channels.

3.1 Network Architecture of the Detection Algorithm Employing Wiener Filters
for CDMA/MIMO Systems Using Permutation Spreading

Derived from MLD with permutation spreading solution, the Wiener filter with
permutation spreading solution is an improved detection technique. The proposed 4
networking models using for CDMA/MIMO systems with 1 to 4 receive antennas are
shown in Figure 3.1 and Figure 3.2, respectively. As we will see below, the new Wiener
filter solution with permutation spreading will bring about several different adjustments,

which can be employed in slowly varying Rayleigh fading channels.
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Figure 3.1 A Networking Model Employing Wiener Filters of CDMA/MIMO with
Permutation Spreading in Slowly Varying Rayleigh Fading Channels (N;=4, N,
=1, and N=8)

In Figure 3.1 and Figure 3.2, several major parameters are notes below:

% ™ =[5, b, bs™, ..., by™ 1 =2*m™ -1; where m® = [m,, m,™ ,
ms™ , ..., mn/™] is the transmitted message on signaling interval n, m,™ = 0 or

1 with equal probability and keeping independent each other;

% ay 1s the complex channel gain on the link between transmit antenna i and

receive antenna j;

/7

< wn™(t) is the spreading waveform used to spread the data transmitted by
antenna i on the interval »;
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¢i™(¥) is a set of mutually orthogonal spreading waveforms;

7
o

*,

% W;(n) is the Wiener filter weight coefficients;

/)
°ne

Ui (U_Wj) is initial decision variable, and U_W,j is the final decision variable;

R/
0’0

N is the number of transmit antenna and N, is the # of receive antenna;

> 2,3, or 4-receiver case
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Fiter |} @ . m
N . 11 H
N transmit N, receive +mat(c:h(et;1 to Wiener | —3hecision 5w
antennas | antennas 1 00 E Filer | 5 |device
» Filter  |*2 W 1
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Fiter | Un” ; vl |
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E a - NN
\ Uyy® 0_W,®
> Bank of UN'Z(n) H ﬁ W12(n
Y;matcsgd(f)illers : ' fener| = Pecision| b, @
U T lFiker | i |device —»
| N
T Wy
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Figure 3.2 A Networking Model Employing Wiener Filters of CDMA/MIMO with
Permutation Spreading in Slowly Varying Rayleigh Fading Channels (N;= 4, N,
=2 to 4, and N=8*N))

3.2 Summary of the Detection Algorithm Using Wiener Filters for CDMA/MIMO

Systems with Permutation Spreading

The main steps of Wiener filter algorithm using for CDMA/MIMO systems with
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permutation spreading in slow varying fading channels is described below:

Table 3.1 Summary of Wiener filter algorithm with PS for CDMA/MIMO systems

e  Determine permutation spreading scheme used;

e  Generate slowing varying complex channel gains;

e  Generate complex noise variables;

] Calculate initial decision variables;

¢  Find out correlation matrix of decision variables;

e  Find out cross-matrix of decision variables and desire response;
e  Compute the dynamic Wiener weight coefficients;

e  Update the final decision variables;

e  Apply new Wiener detection rules

Next, we will introduce these basic steps in the following sections.
3.3 Spreading Permutation Scheme

The spreading permutation scheme of Wiener filter algorithm is the same as that of
MLD detection algorithm (see Table 2.1) using for CDMA/MIMO systems with 1 to 4

transmit antennas in slowing varying Rayleigh fading channels.
3.4 Rayleigh Channel Gain Variables
In the Wiener filter detection algorithm, the channel gains (a;) will be slowing varying

circularly complex Gaussian random variables.

For each iteration, the dynamic complex channel gains consist of 4*Nr slowing
varying channel gain sub vectors. For instance, in CDMA/MIMO systems with 1 receive

antenna, there are 4 slowing varying channel gain sub vectors each of time-varying
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iteration. For more details about how to generate Rayleigh channel gain variables, please

see Section 4.6.
3.5 Noise Variables

In the new slow time-varying CDMA/MIMO systems, the noise variables are white

complex random variables.
3.6 The Initial Decision Variables

For the Wiener filter detection model, the initial decision variables (U_Wj) before

inputting Wiener filters are formulated below:

f ATb,Ma W + 5, ifC, (t —nT) is used

U W= l (3.1)

7, ™, if ifC,,, (t —nT) is not used

where A is the carrier amplitude, a,-,-(") is the complex channel gain on the link between
transit antenna i and receive antenna j over the time interval n, n;™ is the response of the
Jth receive antenna’s kth matched filter to the input noise. Cp(?-n7) is a set of mutually

orthogonal spreading waveforms.
Accordingly, we obtain:

< 1 receiver case

U;=[Ui;, U, Us, ..., Unl" (where N =8): (3.2)
For coset M, bi=b,=b3=b4, which is related to 0000/1111;
For coset M», by=b,=b3=-b4 (related to 0001/1110);
Similarly, for coset M3, by=by=-b3=b4 (related to 0010/1101), and so forth.

So, all of the initial decision variables related to 1 receiver with permutation spreading

are listed in Table 3.2.
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Table 3.2 The initial decision variables related to 1 receive antenna

Ui | U; |Decision |Ui |U; |Decision |Ui | U; |Decision | Ui | U; | Decision
variab]es variables variables variables
U, Uy | bi*ay+ny U, Uy | bo*as+ny, U, Usy { ny U, Usgy | ny
Uz | ny Uz | By Usz | bi*aytny Ug | b2¥az+ny
Upis | ba*ax+ny, Uy | ny Uss | bs*az+ns Ug | by*aytns;
Uy | nyg Uy | bs*az+ny Uss | bo*astny Uy | g
Uss | bs*as;+ng,; Uss | bs*ay+ns, Uss | ns; Uss | br*ay+ns;
Uss | ne; U | ns Uss | ng; Uss | bs*as;tng;
Uiy | by*aytng, Uy | nn Us; | ny Uy | By
Ui | ng U | bi*ay+ng Uss | by*ag+ng Usg | ng
U, Us; | bs*asz;+ny, U, Usi | ba*agu+ny U, Up | nu U Usi | nu
Us; | ny Us; | ny U | bs*as;tny Us: | by*ay+ny
Uss | n3y Uss | bi*a;+ns Up | n3 Uss { n3y
Use | by*ay+ny Uss | ny U | ny Uss | br*an+ny
Uss | ns; Uss ns; Urs | ns; Uss | bo*az+ns;
Uss | bi*a;tng Uss | b2*axtng Uss | be*aqtng Uss | nei
Us7 | by*az+ny, Us; | ny Uy | by*a;+ny,; Usy b3*a3,+n71
Uss | nai Uss | bs*as;tng Uz | ba*axtng Uss | nai
Note:

o U, related to Coset M, (by=b,=b3=b4, 0000/ 1111);

e U, related to Coset M, (by=by=by=-b4, 0001/ 1110);

21




A Detection Algorithm Using Wiener Filters with PS Techniques

e Ujrelated to Coset Ms (by=by=-b3=b4, 0010/ 1101);
e U, related to Coset My (by=b,=-b3=-bs4, 0011/ 1100);
e Usrelated to Coset Ms (by=-b,=b3=b,, 0100/ 1011);

e  Ugrelated to Coset Mg (b,=-b,=b;=-b,, 0101/ 1010);
e Ujrelated to Coset M; (by=-b,=-by=b,, 0110/ 1001);

o Ugrelated to Coset Mg (by=-b,=-bs=-b4, 0111/ 1000);

< 2-receiver case

Ui=[Uy, Uy, Us, ..., Un]" (where N =16) (3.3)
For coset M;, bj=b,=b3=b,, which is related to 0000/1111;

Similarly, for coset M,, by=b,=b3=-b4 (related to 0001/1110), and so forth.
So, all of the initial decision variables related to 2 receivers with permutation

spreading are listed in Table 3.3.

*

% 3-receiver case
Ui=[Uy, Uz Us, ... Un]" (where N =24) (3.4)
Similar to 1 or 2-receiver case, the initial decision variables related to 3

receive antennas can be obtained.

/

% 4-receiver case
Ui=[Uy, Uy, Us, ..., Un]l" (where N =32) (3.5)
Similar to 1 or 2-receiver case, the initial decision variables related to 4

receive antennas can also be derived.
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Table 3.3 The initial decision variables related to 2 receive antennas

Ui U,, Decision Ui | U; | Decision Ui | Uy | Decision Ui | U; | Decision
variables variables -variables variables
U, Usor | bi*a+ny v, Usor | b2¥az+ngy; U, Usgr | non v, Ugor | Bous
U2 | 1o Uzpz | Boxt Uso: | bi*aytngsy; Ujgoz | bo*az+ngy
U, | ba*az+nys; Uz oz | nox Us s | bs*asz+nps; Uqos | be*aqitngs
Uros | noqi Usos | bs™as;tng, Usos | bo*az+npy Ujos | our
Usos | bs*as;+nys Usos | ba*astngs; Us s | nos; Usos | bi*an+nys,
Uios | noss Usos | Nosi Us.06 | noss Usos | bs*azi+tnps
Usor | bs*as+ny, Uso7 | nont Us o7 | no7s Uo7 | nozs
Uos | nos Usus | bi*ay+ngs Usos | bs*as+nos; Usos | nos:
Ui | br*a2tng; Usos | b2¥aztngg, Us oo | ngor Uspe | nos:
Ui | nior Uzio | mion Usjo | bi*ajtngg, Usio | ba%az+ngg,
Ui | bo*as+nyy, Uzii | nn Usui | bs*aztnyy, Ugir | be*agtnyy,
Uiz | niz Uz | bs*aztngsy Usiz | ba*asntngs, Uiz | ny2
Uiz | bs*as:tnys Uiz | be*agtngs Usis | mysy Ugss | br*agatngs;
Uit { n14 Uzia | M1 Usia | ngy Usts | bs*astnyy
Upis | bs*astns; Usss | nusy Usys | niss Ugis | nusi
Usis | nisi Usis | bi*aitngg Usis | ba*astnis; Ui | nus
Us Usor | bs*az;+ngy U, Usoi | by*aq+ngy, U, Uror | non U, Usor | Bon
Uson | 2 Uson | 702 Uso: | bs*az;+ngz Usoz | by*aytng:;
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Ui | U; | Decision Ui | U; | Decision Ui | U; | Decision Ui | U; | Decision
variables variables variables variables
Uzos | no3y Usos | np3;
Usos | npsy Usos | bi*aj+ngs
Usos | Roq Usos | br*aitngg
Uss | by*asi+ng Usoa | noas ’
Usps | nos Usgs | b2*azi+nps,
Usos | nos; Usos | nosi
Uszas | ba*aq+ngs Usos | nosi
Usos | bi*aj+ngs; Usos | ba*azi+ns '
* Uzor | br*an+ngs, Usor | bs*asitng;
Usor | ba*azi+npn Usor | noy
Uros | ba*aztngs; Us s | nos
Uss | nos: Usos | bs*azitngs ' c '
U9 | nooi Uso9 | Moo
Usgy | bs™azs+ngy Usos | by*astngg; ' '
Uy | bs*asztnyg, Usio | be*aptng
Usjo | mios Usio | nio;
Urit | mun Usi | nin
Usit | mi Usii | br*a;tny ' '
Uria | ny Usiz | bi*ajatngsy
Usi2 | by*agtngs, Usiz | m12; ' } o
Uriz | nys Usis | b2¥az+ny,
Usys | nys; Usis | nisi
Usie | be*agptny, Usis | g
Usis | bi*atngg Usi4 | bo*astnyy ) ) '
Usis | br*apatngs Usis | bs*as:tngs,
Usis | ba*aztnys; Usis | nis; ' i '
Uy | bo*asntng Us.is | nie
Us.i6 | nusi Usss | bs*astng ' -

3.7 Wiener Weight Coefficients

3.7.1 Correlation Matrix of Decision Variables

Step 1: Compute all of sub correlation matrix of decision variables related to different

cosets M; for different number of receive antenna cases;

RMJ= E[Ul * (j}H], Wherej=1, 29 teey 8’

(3.6)

Step 2: Compute final correlation matrix of decision variables for different number of
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E 1

i=t

receive antenna cases;

3.7

Next we take 1 receiver and 2 receiver cases as 2 examples to deduce the algorithm.

Accordingly, we deduce the following expressions:

< 1 receiver case

For 1 receiver case, the sub correlation matrix of decision variables related to coset M;,

R1yjcan be expressed as:

Rly;= E[U; * U]; where j =1, 2, ..., 8; (3.8)

So, for 1 receiver with coset M), related message vectors are 0000 or 1111, and the sub

correlation matrix of decision variables related to coset M, R1y can be given below:

e Rly; =E[U*U M=

[lay* +6* 0 Cy * Ay 0 @y % gy 0 @y *ay 0
| o o 0 0 0 0 0 0
jag, = ay, 0 laylP+c © Gpy * €5y 0 Ty * Xy 0
0 0 0 o’ 0 0 0
| @31 * @y o @y ¥y 0 ez, 1? + o a3 %@y 0
0 0 0 0 0 o’ 0 0
{ @y »aiy 0 Cay * gy 0 Gy * Ay 0 Jayl*+d® 0
Lo 0 0 0 0 0 0 -
(3.9)

where o’ corresponds the variance of the noise sample values in 1 receiver case and a; (i, j

=1, 2, 3, 4) are slowing varying complex random variables and R1y is a 8*8 matrix;
Similarly, for 1 receiver with coset M,, related message vectors are 0001 or 1110, and

the sub correlation matrix of decision variables related to coset M>, R1yz can be computed

as below:
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e  Rly=E[U*U,M =

ley 1P +6 O 0 oy * @5y —Gy * Ay 0 0 Gy ®aly
0 o 2 0 o 0 0 0
0 o0 o 0 0 0 0 ]
Agq * 05y o 0 laylP+06° —aycay, ] o G3q * €14
gy vy O —o ety laylt+ o0 i —fgy POy 8]
o b} ¢ ¢ 0 g’ Y +
g 0 0 0 o 0 g e
tyy * uly 0 ] Uy ® U3 g * UL ¢ 0 leegq |7+ 07
(3.10)

where 67 corresponds the variance of the noise sample values in 1 receiver case;

Likewise, we can deduce the expressions of Rlys through R1ys. Then we can figure
out the following correlation matrix expression of decision variables used for 1 receiver.

Accordingly, the final correlation matrix of decision variables in 1 receiver case can

be expressed as:

R1 can be given in Table 3.4.

R1y,
R1,,
R13.
R13,
R1%
R13,
R1:,
Rl

R1;;
Rl
o
RE;,
RIS,
R1%,

R1%,
RIZ,
Ri;,
R1,

R1,.
R1,;
R,
R1,.
Ri_;
R1
R1:,
R1,

R1%,
R1;

R1,,
R1,,
Rly,
Rl
Rig;
Rl
R1,,
Rig;

R1,c17
R1,,
R1;;
Rl
R1_;
Rl
Rl.,

RISS—

(3.11)

(3.12)

where ~ denotes complex conjugate and related sub vector mapping value of
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Sub vectors mapping value of R1

2 2
R1|| =R122=R133= =R183= |0.1]|2+ l(lz]l + |(X.31|2 + |(l41| + 8var

R1|2=O

* *
Rliz=ai*az - oqr*oy;

* *
R1is= o103 + o310

* *
Rljs=o*as - axr*os

* E]
Rlig= a3y + osa*ay

* *
Rlp7=oui*o4r - az*oy

£
Rlig= o *o; - agr*asz

* *
Rl =-ap*03; - az*as

* *
Rl =y %o - og*oy

* *
Rlys=0g1*a; + o410z

* "
Rlys=-ap*a3 - o310

* *
Rly7=-a3*oy + o41*a3)

* »
Rl =op*os +os3i*an

*
R134=-031*ay

* *
R13s=oz1*03; - aar*ay

* *
Rl36=o41*a3; - ooy

*
R137=ap*o4

* *
Rl3s=-a31%a41 + a*os

* *
Rlys=-031*ae; - an*oy

Rly= ag*oy; ;

* *
Rl =-0u*az; - an*as

w *
Rl =az*o +oz1*o4

* * *
R1s6=-a1*a3; Rls7=o031*a4 +a1*03;

* * *
R1sg=-041%ay) Rle7=-01*021 - o41*ay

* * *
Rleg = -0a1*03; - og1*ay; Rlg= -0y *ay

*» 2 receivers
Similarly, we can use similar method used in 1 receiver to compute the correlation
matrix of initial decision variables in 2-receive case. That is, for 2-receiver case, the sub
correlation matrix of decision variables related to coset M;, R2y; can be expressed as:
R2y; = E[U; * U/']; wherej =1, 2, ..., 8; (3.13)
So, for 2-receiver case with coset M1, related message vectors are 0000 or 1111, and
the sub correlation matrix of decision variables related to coset Mj, R2y; can be calculated

as below:
R2u; = E[U;*U;"}; where it is a 16*16 matrix; (3.14)

Likewise, we can deduce the expressions of R2y, through R2ys. Then we can figure
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out the following correlation matrix expression of decision variables used for 2 receivers.
Accordingly, the final correlation matrix of decision variables in 2-receiver case can

be expressed as:

E 1 -
=0
% 3 receivers
R3w= E[U*U]; (3.16)

where it is a 24*24 matrixand j =1, 2, 3, ... ,8;

Similar to 1 or 2-receiver case, we can deduce the expressions of R3y through R3s.
Then we can figure out the following correlation matrix expression of decision variables

used for 3 receivers:

Accordingly, the final correlation matrix of decision variables in 3-receiver case can

va
.
R3 = s *R3y (3.17)

Rév=E[U*U}"; (3.18)

be expressed as:

< 4 receivers

where it is a 32*32 matrixandj =1, 2, 3, ... ,§;

Likewise, we can deduce the expressions of R4y through R4y;s. Then we can figure

out the following correlation matrix expression of decision variables used for 4 receivers:

Accordingly, the final correlation matrix of decision variables in 4-receiver case can

1 |
RE= ) —=Ray, (3.19)
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3.7.2 Correlation Matrix of Decision Variables and Desire Variables

Pb; = E[U;*d"] = E[U;*b]; (3.20)
Specifically,

Pby = X}%; 1/16 * Pby;; (3.21)
Pb, = X2, 1/16 * Phy; (3.22)
Pb; = X}Z, 1/16 * Pby; (3.23)
Pb, = 1%, 1/16 * Pby; (3.24)

Accordingly, we can compute the correlation matrix of decision variables and desire

values for 1 through 4 receive antennas.

3.7.3 Wiener Filter Weight Coefficients
wo=R" * Pb; (3.25)
where:
e R denotes the inverse matrix of correlation matrix R; For example, for 1
receiver case, it is Rl", and for 2-receiver case, it is R2", and so forth;
* wy is Wiener filter weight coefficients, which consists of 4 sub vectors: woi,
W02, W03, and woq4.

And the sub vectors can be computes as below:

wor =R * Pby; (3.26)
woz =R * Pby; (3.27)
wo3 =R * Pby; (3.28)
wos =R * Pby; (3.29)

3.8 Final Decision Variables

The final decision variables after passing through Wiener filters can be expressed

in the following:
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U_Wy(l,i)= (wor) ' *U_Wy;

U_Wy(2,i)= (Wo) ™ U_Wj;

U_W3(3,1)=(wo3) ¥ U_W;;

U_Wi(4,)=(woa) ™ U_Wj;

where:

e U_W;; is initial decision variable stated in Section 3.6;
e | is the iteration number;
¢ i denotes complex conjugate, and
o U_Wj;is final decision variables.

® Wo1, Wo2, Wo3, and wy4 can be computed in Eq.3.26 — Eq.3.29.

(3.30)
(3.31)
(3.32)
(3.33)

Next, let’s take b= [-1 -1 -1 -1] as an example to compute the final decision

variables in 1 to 4 receiver antennas cases, respectively.
** 1 receiver case
U01;i=[U01 1.5, U012, U013, ..., U015
where:
e s the iteration number;
e U015 denotes initial decision variables related to 1 receiver case;

e U0l is the jth sub variable of U01y;

e T denotes the transpose of a matrix;

(3.34)

Accordingly, the final decision variables for 1 receiver case can be computed

as follows:
U01_newy. = (wo)'*U01;
UO1_new, ;) = (wo2)"*U01;
U01_news, y = (Wo3)™*U01;;;
UO1_newq, ) = (Woa) ' *U01;;;

where: i is the iteration number;

(3.35)
(3.36)
(3.37)
(3.38)

o UOI_newy, is the jth sub variable of the final decision variable withj = 1,

2, 3, or 4, related to 1 receiver case;
e H denotes complex conjugate of a matrix;

® Wy, Wo2, Wo3, and wo4 can be obtained in Eq.3.26 — Eq.3.29.
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*  2-receiver case
UV02i=[U021,4), U020, U023,5), ..., U02016)1; (3.39)
where: ¢ is the iteration number;
e T denotes the transpose of a matrix;
e  U02;; denotes initial decision variables related to 2-receiver case;
e U02;, is the jth sub variable of U02;;

Accordingly, the final decision variables for 2-receiver case can be derived as:

U02_new, 5 = (Wor)*U02;; (3.40)
U02_new, ) = (Wo2) ¥ U025 (3.41)
U02_newgs. 4 = (Wo3) *U02; (3.42)
U02_newy, 5 = (Woa) *U02;; (3.43)

where: q is total iteration number;

e  H denotes complex conjugate of a matrix;

e U02 _new(j,i) is the jth sub variable of the final decision variable with j =
1, 2, 3, or 4, related to 2-receiver case;

® W, Wp2, Wo3, and wy4 can be obtained in Eq.3.26 — Eq.3.29.

*»* 3 or 4-receiver case
Similarly, we can deduce all of final decision variables corresponding to 3 or

4-receiver case, respectively.

3.9 Detection Rules of Wiener Filter Solution

by  =sgn(real(U_Wy(1,i)); (3.44)
h; "= sgn(real(U_W;(2,1)); (3.45)
b3 ™= sgn(real(U_W;(3,0)); (3.46)
b, ™= sgn(real(U_W;(4,1))); (3.47)

where:

oby, ) B, ™ by ™ and b, ®) are the estimated receive bits;
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e i is the loop number on the time interval »;

o U _W;(j,i) denotes the jth variable of final decision variables which can be
calculated by Eq.3.30 to Eq.3.33.

Next, let us continue the previous example stated in Section 3.8 (b =[-1 -1 -1 -1]).

/)

* 1 receiver case

5:(;3 = sign(real(U0! _new; »)); (3.48)
b, ¢ =sign(real(U01_new,)); (3.49)
b, ¥ = sign(real(U0I_news,)); (3.50)
b, "' =sign(real(U0I_new)); (3.51)

where:

e U0I_newy, denotes the jth sub variable of the final decision variable
related to 1 receiver case, which can be computed from Eq.3.35 to Eq.3.38.

) i denotes the ith iteration;

———

° b} @ with j=1,2,3, or 4 is the jth estimated receive sub vector

filtered by Wiener filters in 1 receiver case;

<  2-receiver case

b, (& =sign(real(U02_new;,))); (3.52)
b, (¥ = sign(real(U02_newz,))); (3.53)
b, ‘9= sign(real(U02_newg)); (3.54)
b, ‘Y= sign(real(U02_new)); (3.55)

where:

e U02_newy; denotes the jth sub vector of the final decision variable

related to 2-receiver case, which can be computed from Eq.3.41 to Eq.3.44.

e g denotes the gth iteration;
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° 5;'((;} with j = 1, 2, 3, or 4 are the jth estimated receive sub vectors

filtered by Wiener filters in 2-receiver case;

And so forth to deduce the relate results in 3 or 4 receive antennas cases.

3.10 Integrated Analysis of Wiener Filter Solution

3.10.1 Computation Complexity Analysis of Wiener Filter Solution

Clearly, the computational complexity of Wiener filters detection scheme with
permutation spreading technique for CDMA-MIMO systems with 1 receiver in slowing
varying Rayleigh Fading Channels is not too bigger. However, as the number of receive
antennas increase, the computational complexity of the Wiener filter solution will be very
high because the correlation matrix of decision variables and cross-correlation vectors
between the decision variables and desire response as well as their inversion need to be

recomputed at each time slot no matter how complex the matrix structure might be.

3.10.2 BER Performance Analysis

On the whole, Wiener filter solution has better BER performance. And related contents

will be stated in Chapter 5.

3.11 Chapter Summary.

In chapter 3, we design and analyze the implementation of Wiener filters with
permutation spreading technique for CDMA/MIMO systems in slow Rayleigh fading
channels. Although the BER performance is promising, which will be shown in Chapter 5,
the new Wiener filter algorithm with permutation spreading is still limited by its high
complexity, because it involves huge complexity with matrix inversion operation each of

iteration with the increase of multiple receiver (for the number of receive antennas > 1).
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Chapter 4 Proposed Solution — a Reduced Complexity Detection
Algorithm Employing LMS Filters for CDMA/MIMO Systems Using

Permutation Spreading in Slowly Varying Rayleigh Fading Channels

In order to reduce computational complexity of detection algorithm used for
CDMA/MIMO systems and to obtain fewer current sample errors, least mean squares
algorithms draw our great attention. Specifically, the simplicity of LMS algorithm is
neither requiring the measurement of the pertinent correlation and cross-matrix nor needing
to compute matrix inversion. Also, as it will be seen, when the fading statistics are
unknown, they are usually estimated from the data in a training-assisted mode or decision
mode. Thus, with related adjustments, a low complexity detection algorithm employing
adaptive LMS filters for CDMA/MIMO systems using permutation spreading in slowly

varying Rayleigh fading channels will be proposed and represented in this Chapter.
4.1 Proposed LMS Tracking Detection Network Architecture

The proposed detection solution employing adaptive LMS filters and permutation
spreading technique is an improved and reduced computational complexity detection
algorithm. The proposed 4 network models corresponding 1 to 4 receive antennas are used
for CDMA/MIMO systems in slowing varying Rayleigh fading channels and are shown in
Figure 4.1, Figure 4.2, and Figure 4.3, respectively. As we will see, the new proposed LMS
solution will bring about some important adjustments, which can dramatically reduce the
computational complexity. Also, Least-Mean Square adaptive filters, which consist of
174 ,1*(n) through WN,.N*(n), are employed at the receivers to greatly reduce the sample signal
error probability. That is, it does not sacrifice too much BER performance due to the nature

advantage of LMS adaptive filter tracking with permutation spreading technique.
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In Figure 4.1 to Figure 4.3, several major parameters are specified in the following:

< b =[5" b, bs™, ..., by™] = 2*m™ -1; where m™ = [m;,™, m;™ , ms™, ...

Figure 4.1 Proposed networking model based on LMS tracking detection for

CDMA/MIMO with Permutation Spreading in slowly varying Rayleigh fading

my™] is the transmitted message on signaling interval n, m;

probability and keeping independent each other;

channels (N; = 4, N, =1, and N=8)

(n

»

=0 or 1 with equal

% 0y is the complex channel gain on the link between transmit antenna i and receive

antenna j;

% wn(1) is the spreading waveform used to spread the data transmitted by antenna i
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Figure 4.2 Proposed networking model based on LMS tracking detection for

CDMA/MIMO with Permutation Spreading in slowly varying Rayleigh fading

channels (N; = 4, N, =2, and N=16)
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Figure 4.3 Proposed network model employing LMS detection for
CDMA/MIMO with Permutation Spreading in slowly varying Rayleigh fading
channels (N, = 4, N, =3 or 4, and N=8*N))

4.2 Summary of Proposed Detection Algorithm Using LMS Filters with
Permutation Spreading Techniques for CDMA/MIMO Systems

The main steps of proposed LMS adaptive filter algorithm for CDMA/MIMO systems

in slowing varying fading channels is outline as follows:
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Table 4.1 Summary of proposed LMS tracking algorithm for CDMA/MIMO systems

e Determine permutation spreading scheme used,;

e Set proper parameters: number of taps and weight step-size parameter
e Initialization of tap-weight vectors;

e Generate slowing varying complex channel gains;

s Generate complex noise variables;

e Calculate initial decision variables;

¢ Find out the training (pilot) bound of LMS tracking filters;

e Figure out desire response and timely tracking variables;

e Compute error difference between desire response / tracking variables and

output variables;
¢ Dynamically update LMS weight estimate per iteration;
o Generate the final decision variables;

e Apply new LMS tracking detection rules

Next, we will state the steps in details in the following sections.
4.3 Spreading Permutation Scheme

In this thesis, we will take advantage of the spreading permutation scheme employed
in MLD detection algorithm (see Table 2.1) for CDMA/MIMO systems with 1, 2, 3 or 4

transmit antennas in slowly varying Rayleigh fading channels.
4.4 Parameters

(1) Number of taps: the number of taps L relates to how many tap-input vectors at
time ». For instance, take =8 for 1 receiver.

(2) Step-size parameter:
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Step-size parameter u can be suitably chosen in the range of
0 < <2/ Amax (4.1)
where 4,4, is the largest eigenvalue of the correlation matrix R.
4.5 Initialization of Tap-weight Vectors

At the beginning, set initial tap-weight vectors of adaptive LMS filters as: wlms(n) = [0,

4.6 Rayleigh Channel Gain Variables
4.6.1 Rayleigh Fading

Rayleigh fading is a typical statistical model for the effect of a propagation
environment on a radio signal, such as that used by wireless systems devices. In modern
wireless networks, Rayleigh fading is viewed as a reasonable model especially for signal
propagation as well as the effect of urban environments on radio signals [44][45]. In
general, Rayleigh fading is most applicable when there is no dominant propagation along a
light of sight (LOS) between the transmitters and receivers. If there is a dominant line of
sight, Rician fading or other related fading models might be more applicable.

For CDMA/MIMO systems, Rayleigh fading can be viewed as a very reasonable and
useful channel model when there are a lot of objects in the fading environment that scatter
the radio signal before it arrives at the receiver, especially in city centers where there is no
LOS between the transmitter and receiver and a number of buildings and other objects
might attenuate, reflect, refract, and diffract the signal.

As it will be seen below, a Rayleigh fading channel itself can be modeled by generating
the real and imaginary parts of a complex number according to independent normal
Gaussian variables. In this thesis, the aim of our approach is to produce a signal, which has

the Doppler power spectrum and the equivalent autocorrelation properties.

4.6.2 Doppler Power Spectrum

A possible way to generate a signal with the required Doppler power spectrum is to
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pass a white Gaussian noise signal through a filter with a frequency response equal to the
square-root of the Doppler spectrum required.

The Doppler power spectral density of fading channels describers how much spectral
broadening it causes. This shows how an impulse in the frequency domain, which is spread
out across frequency when it passes through the fading channel. For Rayleigh fading with

equal sensitivity receive antenna in all directions, this can be expressed below [45]:

DS(v) = ————— (4.2)

Where DS is Doppler power spectral density of fading channels, v is the frequency

shift relative to the carrier frequency. This equation is only valid for values of v between

+f4; outside this range the spectrum will be zero.

4.6.3 Autocorrelation Function of Rayleigh Fading Channels

The normalized autocorrelation function of a Rayleigh fading channel with motion at a

constant velocity is a zeroth-order Bessel function of the first kind [46]:
R(t)y= [.(27nf,T) “4.3)

at delay T when the maximﬁm Doppler shift is fz. It is periodic in delay and its envelope

decays slowly after the initial zero-crossing.
4.6.4 Zeroth-order Bessel Function of the First Kind

Here, we will simply introduce zeroth-order Bessel function of the first kind, Jy. Bessel
functions of the first kind, denoted as Jy(x), are solutions of Bessel's differential equation
that are finite at the origin (x = 0) for non-negative integer a, and diverge as x approaches
zero for negative non-integer a. It is possible to define the function by its Taylor series

expansion around x = 0 [47].
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T Y — (- 1}k 5 Skt |
Jal) = Z kKIl(k+a+1) (5) (a4

£=0

where I(z) is the gamma function, a generalization of the factorial function to

non-integer values.
4.6.3 Channel Gain Model used in the thesis

In this thesis we use a first order autoregressive model to generate the complex fading

coefficients. This is done for simplicity if the model is given the following equation:

a(t) = J(2mB4)* a(t-1) + /1 — jE(2aB,T)* x 4.5)

where:

e o(7) is Rayleigh fading channel gain generated;

o Jy(x) is Bessel function of the first kind stated in Section 4.6.2;

e B, is the Doppler shift in Rayleigh fading channels;

e x is a complex Gaussian random variable with 0 mean and variance 1;

However, the simpler generating approach seems to be non-deterministic and bring out

some implementation issue. That is, it presents some implementation questions related to
needing high-order filters to approximate the irrational square-root function in the response
and sampling the Gaussian waveform at an appropriate rate. Thus, to simplify, we introduce

Raleigh fading factor Ryas:

Rr=/3(2nB,7); (4.6)
Please note that Ry termed as Raleigh factor or Rayleigh fading parameter will be used

or mentioned hereafter in this thesis.

Accordingly, we get:

a(t) = Re* a(r-1) + ﬂi —RE x; 4.7)

In this thesis, for the proposed LMS filter tracking detection, the channel gains (a;) are
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slowing varying circularly complex Gaussian random variables.

For each iteration, the complex channel gains consists of 4*N, slowing varying channel
gain sub vectors. For example, in CDMA/MIMO systems with 4-receive antennas, there
are 16 slowly varying channel gain sub vectors corresponding to each of time-varying

iteration.

4.7 Noise Variables
In the new time varying CDMA/MIMO systems, the noise variables are white complex

random variables.

4.8 The Initial Decision Variables

The initial decision variables of LMS solution are expressed below:

AT ™, + n, @, i€, (t—nT)isused
U _LMSy = (4.8)

n; ™, if if C,p (t — nT) is not used

Accordingly, the related initial decision variables expresses of LMS tracking solution
used for CDMA-MIMO systems with 1 to 4 receivers will be same as the expressions

stated in Section 3.6.

4.9 LMS Pilot/Training Sequence Bound

The channel measurements can be acquired by sending out known pilot/training
symbols periodically from the transmitter to the receiver. The receiver can then use these
pilot/training symbols to estimate the channels at different time intervals. This can be called
pilot symbol—éssisted modulation (PSAM) [48 - 50], and it is a very promising technique
for both slowly varying Rayleigh channels and rapidly fading environments.

As the receiver acquires information about the channel, it calculates which LMS
adaptive filter weight vector matches the channel the best. The receiver then sends back the
index of that latest LMS weight vector for updating in order to accomplish better adaption

at each of iteration. By measuring the channel, the proposed adaptive LMS tracking
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technique can mitigate error estimate per iteration and then increase performance in
wireless CDMA/MIMO systems.

In the slow varying fading channels, the Wiener filters can be adequate as the
framework and reference of LMS filters. That is, the Wiener filters built on the same
tapped-delay structure that is used in the LMS filters provide a meaningful training/pilot
bound on the performance of the LMS filters. Before reaching the training/pilot sequence
bound, the transmitted pilot bits will be used as required desire bits. After passing by the
pilot bound, the decision variables passing through LMS filters will be used as
corresponding desire variables. Based on the desire variables, the corresponding difference

errors and varying LMS tracking weights will be timely updated and derived.

According to the rules, we will generate the training/pilot bounds of these LMS
filtered applied in the 1 to 4 receive antennas cases by comparing and observing the timely
varying weights of Wiener filters and LMS filters, respectively. In order to simplify the
processing of training/pilot bounds, we mainly concentrate on three important SNR values:
5 dB, 10 dB, and 15 dB. When SNR < 5 dB, the training/pilot bound value corresponding
SNR = 5 dB will add certain amount, which can be estimated by observing the training
varying trend. Then the new values will be used as the related training/pilot bound points,
respectively. When 5 dB < SNR < 10 dB, the training/pilot bound value corresponding to
SNR = 5 dB will be used as their training bounds. Similarly, when 10 dB < SNR < 15 dB,
the training/pilot bound value corresponding to SNR = 10 dB will be used as their training
value bounds. Likewise, when SNR > 15 dB, the training/pilot bound value corresponding
to SNR = 15 dB will be used as their training sequence bounds. Next, we will take some of

them to observe and obtain the related training/pilot bound points.

4.9.1 LMS Tracking Training Bound with Middle-scale Step-size Parameter

For LMS weight step-size parameter 1 =0.05 and fixed Rayleigh fading factor Rr= 0.99,

the LMS tracking training/pilot bound is measured in the following:

% 1 receiver

In this case, LMS adaptive filters weight coefficients include 4 sub vectors: woi, W2,
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Wwo3, and wo4, and each of them insists of 8 sub vectors. For instance, wo1 = [wo7;, wor2, Wors,
Woi4, Wois, Wois, Woir W()]g]H. Then let us measure the training bound points related to SNR
=5dB, SNR = 10 dB, and SNR = 15 dB, respectively.
e SNR=5dBcase
> Wy
For wy;, 8 slowly varying LMS weight figures will be generated at each of
iteration. To simplify them, we will only take one of them as examples to compare

and analyze.

0.6 T : T T
—-%-— Wiener, 5 dB
LMS, 5dB

tap weight(1R, w012)

06 i ' Pilot bound

1 1 i 1
500 1000 1500 2000 2500
Number of iterations

Figure 4.4 Weight varying of LMS and Wiener (wy2, SNR=5 dB, 1R, y=0.05)

In Figure 4.4, by observation, it is easy to see that the LMS tracking training bound
point value of wq2, 1, will be about 700. Here the “w012” shown in Figure 4.4 is the same
as wo2. Please note that thereafter “w0ij” shown in the following Figures located in Section

4.9 will be viewed as woj;.
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Similarly, the training bound points of the rest of wq; sub vectors can also be measured
and acquired. Then we take the maximum training/pilot bound value from all of the
sub-vectors (Woii, Woi2, Woi3, Woid4, Wois, Wole, Wo17, Woig) as the final wy, training/pilot
bond value of corresponding SNR = 5 dB case. That is, the training sequence bound of wy,

can be maximized as:
bpoint_wy; = max(bpoint_w,;) 4.9)

where bpoint_wy; is the training/pilot bound value of the LMS wy, vector, and j=1,2,...,8.

Similarly, the training bound value of wq, wo3 and wos can be also obtained by
observing. Then the final training/pilot bound values corresponding to the slowing varying

fading channels case (1 receiver, SNR = 5 dB) will be:
bpoint_IR_5dB = max(bpoint_wy;) (4.10)

where bpoint _IR_5dB is the final training/pilot bound value corresponding to the case,

j=1,2,3...8, and i=1, 2, 3, 4.

Likewise, we can determine all the training bound of three different SNR values
(SNR=5dB, SNR=10dB, SNR=15dB) related to CDMA/MIMO with 4 transit antennas and

1 receiver antenna.

e Summary of training/pilot bound values for 1 receiver and 3 different SNR

values (SNR=5dB, SNR=10dB, and SNR=15dB)

Ideally, for certain dB value, the maximum value will be taken from all of training
sequence bound values of weight sub-vectors and be used as the training bound value of the
weight vector. Let us take 15 dB as an example, the biggest one will be taken from woo) to
Wwoaos and will be used as the training/pilot bound value (1250). In practical wireless
communication network, bigger values than the ideal bound values need to be considered
and employed due to smaller observation difference as well as minor weight varying
volatility. Accordingly, we will use 1360 instead of 1250 as the new training sequence

bound value.

45



Proposed Detection Algorithm Employing LMS Tracking with PS Technique

Table 4.2 Training bound point distribution for 1 receiver and middle scale step-size

Weight # SNR = I5dB
Woror 800 700 700
Woro2 700 1300 1100
Wor03 700 800 1000
Woaos 900 1350 750
Training/Pilot bound »
values (Ideal) 1400 1350 1250

e other dB cases

As such, we consider other different SNR values related to the 1 receiver case. When
SNR < 5 dB, their related pilot bound values are based on the pilot bound value
corresponding SNR = 5 dB adds certain different amount, which can be estimated by
observing the varying trend of the training/pilot bound curve. So the new values
corresponding to SNR < 5dB will be used as their related training/pilot bound points,

respectively.

For example, the pilot bound value of SNR = 5 dB, SNR =10 dB, and SNR = 15 dB for
1 receiver is 1520, 1440, and 1360, respectively. By viewing, it is readily to estimate that
the adjusted bound varying value for 1 dB scale will be about A =16. Accordingly, in this
case, the training bound value of SNR = 4 could be 1520+16, and the one of SNR=3dB is
1520+32, and so forth.

In this case, when 5 dB <= SNR < 10 dB, the training/pilot bound value corresponding
to SNR=5dB (4=1520) will be used as their reference pilot bound values. Additionally, we

can also add certain step-size varying pilot bound values by observing in order to more
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exactly link the different SNR cases respectively. Similarly, when 10 dB <= SNR < 15 dB,

the training bound value corresponding to SNR = 10dB will be taken as their training bound

values. And so forth.

< 2 receivers

In 2 receive antennas cases, the LMS adaptive filter weight wy consists of 4 vectors,
that is wo = [wos, woz, wo3, wos]”, and each of them includes 16 sub vectors. For instance,

Wo = [Wom/. Wo102, W0103, Woi04 Woios, Woioss Wo107, Wo108 Woi09 Worio, Woill, Woii2, Woiis,

H
Woii4, Woiis, Woiis) -

Next, let us take one of them to examine the training bound corresponding to

SNR=10dB for 2-receiver cases.
e SNR=10dB

As mentioned in 2-receiver case and SNR = 10 dB case, there are 16 LMS filter tap
weight varying figures linked to 4 weight vectors (Wo;, Wo2, Wo3, and wos). Next, we will

take one of them, to observe and analyze their pilot bound varying.

47



Proposed Detection Algorithm Employing LMS Tracking with PS Technique

> Wo2

0-6 ¥ T ¥ T ' T T T T
% - Wiener, 10 dB

0.4

©
N
[~=]
E3
4 , '
S £ A
= L% ¢
o w o
.g ﬁ@‘g i
8 £
0.4} N ]
i 4
E I ! Pilot bound
06} i -
i
i

. 8 1 1 A 1 11 1 1] 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Number of iterations

Figure 4.5 Weight varying of LMS and Wiener filters (wg16, SNR=10 dB, 2R,
4=0.05)

From Figure 4.5, it is very easy to observe that the training/Pilot bound points of Wo216
related to SNR=10 dB is 980. Then we can compare and acquire all of these training/pilot
bound values of wyg1 to Wo416 and take the maximum as the training/pilot bound values of

wy; through wo4 corresponding to SNR = 10 dB and 2 receivers case.

Similarly, we can get all of training/pilot bound values of wg;, Wo2, Wo3, and wo4 applied

in 2 receivers at SNR = 5 dB, 10 dB, and 15 dB slowing varying fading channels case.

e Summary of training/pilot bound values for 2-receiver and 3 different SNR

values (SNR=5dB, SNR=10dB, and SNR=15dB, 4=0.05)
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Table 4.3 Training bound point distribution for 2 receivers and middle scale step-size

Training/Pﬂot T L i ‘ _ .

bound | SNR=5dB | - '-;vSNR-’—v—lde . SNR=15dB
bound values | v | _» '

(Ideal) | 1100 1050 950

s 3 or 4 receivers

As presented previously, the LMS weight coefficient wy insists of 4 weight vectors:
Wo1, Wo2, Wo3, and wos. Each of the four weight vectors includes 24 sub weight vectors in 3
receive antennas cases while 32 sub weight vectors in 4 receivers cases. Accordingly, each
of sub weight vector relates to a different tap weight varying figure for certain SNR value.

Using similar measurement rule mentioned in 1 or 2 receivers cases, we can further
examine and obtain all of corresponding training/pilot bound values of LMS weight vectors,
Wo1, Wo2, Wo3, and wos applied in CDMA/MIMO systems with 3 or 4 receivers related to

SNR=5 dB, 10 dB, and 15 dB cases, respectively.

% Summary of training/pilot bound values of tap weight varying for 1 to 4 receivers
Next, with middle scale step-size 4 =0.05, we summarize all of the estimation of LMS

training/pilot bound points stated in Table 4-4.

In Table 4.4, it is not difficult to find one important feature: with the increasing of
number of receive antennas or / and SNR values, the pilot bound values estimated will be

smaller.
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Table 4.4 Pilot bound point distribution for 1 to 4 receivers, 4 = 0.05, R,= 0.99 cases

5dB 1400 1520
10 dB 1350 1440
IR 15dB 1250 1360
5dB 1100 1200
10 dB 1050 1120
2R 15 dB 950 1040
5dB 800 880
10 dB 750 800
3R 15 dB 650 720
5dB 500 560
10 dB 400 480
4R 15dB 350 400

As we notice, in Table 4-4, all of estimate of LMS weight varying pilot bound value is
based upon one basic condition: LMS weight step-size parameter 4 =0.05 and Rayleigh

fading factor Ry=0.99.

In Rayleigh fading channel, generally speaking, the Rayleigh fading factor used in
measurement might be adjusted with a very smaller scale. However, for LMS adaptive
filter algorithm, the weight step-size parameter is often switched with a bigger degree
between 0 and 1 as per different requirement, such as convergence rate and misadjustment

expectation.

So, if we fix the Rayleigh fading factor (Ry= 0.99) and reduce LMS weight step-size
parameter, then how will the weight pilot bound value estimation of LMS filter using for
CDMA/MIMO with 1 to 4 receive antennas vary? Next, we will examine the question in

the following section.
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4.9.2 LMS Tracking Pilot Bound with Small-scale Step-size Parameter

Now we turn to consider the training bound varying by using smaller step-size
parameter ¢4 =0.005. For LMS weight smaller step-size parameter 4 =0.005 given fixed
Rayleigh fading factor R,= 0.99, the LMS tracking training/pilot bound is then measured in

the following. Next, let’s view the 2-receiver case first.
* 2 receivers

Due to similar measurement method and rule elaborated in Section 4.9.1, we will take
some typical pilot bound figures to analyze and compare. Specifically, to simplify the

analysis, in the following cases, we will mainly consider the following several constraints:
»  Focus on 3 typical SNR values: SNR = 5 dB, SNR = 10 dB, SNR = 15dB.
> Only take and show some of LMS weight training bound varying figures;

>  Basic condition: the smaller LMS weight step-size 4 =0.005 and fixed
Rayleigh fading factor Ry= 0.99.

e SNR=15dB case
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> Woi

To simplify them, we take one weight figure from all of 16 ones of wy; sub

vectors and show in Figure 4.6.

0-5 T T T T T T T T T
Wiener, 5 dB
~—E-~ LMS, 5dB
04} -
' Pilot bound
0.3} .

tap weight(2R, w0109)

_02 | 1 I | 1 1 B I |
0O 200 400 600 800 1000 1200 1400 1600 1800 2000

Number of iterations

Figure 4.6 Weight varying of LMS and Wiener filter (w;09, SNR=5dB, 2R,
1=0.005)

From Figure 4.6, we see that the training bound points of wy;g9 related to SNR = 5 dB
and 2 receivers under new constraint is 700.
Similarly, using same constraint, we can measure the training bound value of the rest

weight sub vectors of wy;. Then take the maximum one as the pilot bound point of wg;.

52



Proposed Detection Algorithm Employing LMS Tracking with PS Technique

> Wo3

Next, with new same constraint, we continue the cases related to wgs.
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Figure 4.7 Weight varying of LMS and Wiener filter (wy300, SNR=5dB, 2R,
p=0.005)

From Figure 4.7, we see that the training/pilot bound points of wy3gg related to SNR = 5
dB and 2 receivers under new constraint is 550.

53



Proposed Detection Algorithm Employing LMS Tracking with PS Technique

> W4
Next, with new same constraint, we examine the cases related to wy,.
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Figure 4.8 Weight varying of LMS and Wiener filter (w416, SNR=5dB, 2R,
4=0.005)

From Figure 4.8, it is clear to observe that the training/pilot bound points of Woa4i6

related to SNR = 5 dB and 2 receivers under new constraint is 590.

Similarly, the training/pilot bound points of other weight sub vector of wo;, Wo2, Wo3,
and wo4 can be measured by same rule. Then compare all of them and take the maximum
one as the final pilot bound point corresponding to SNR = 5 dB, 2 receivers, and smaller

weight step-size 4=0.005.

Likewise, with the new same training, the training/pilot bound points related to SNR
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= 10 dB or SNR =15 dB and 2 receivers cases can be measured.

e Summary of training/pilot bound values for 2 receiver and 3 different SNR

values (SNR=5dB, SNR=10dB, and SNR=15dB, 1¢=0.005)

Table 4.5 Pilot bound point distribution for 2 receivers and small scale step-size u

Training/Pilot bound SNR = 5dB SNR = 10dB SNR = 15dB
bound values (Ideal) 1300 1200 1120
bound values (Real) 1400 1320 1240

% 1 receiver

Apply the new same constraint for 1-receiver case, and related measurement is

depicted below:

e Summary of training/pilot bound values for 1 receiver and 3 different SNR values

(SNR=5dB, SNR=10dB, and SNR=15dB, 11=0.005)

Table 4.6 Training bound distribution for 1 receiver and small scale step-size u

Training/Pilot  value]

bound SNR = 5dB SNR = 10dB SNR = 15dB
bound values (Ideal) 1600 1520 1450

bound values (Real) 1720 1640 1560

* 3 or 4 receivers
Likewise, with new same constraint, adopting similar measurement method depicted in
1 or 2 receivers cases, we can further examine and obtain all of corresponding training/pilot

bound values of LMS weight vectors (wg;, Wo2, Wo3, and wy4) applied in CDMA/MIMO
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systems with 3 or 4 receivers related to SNR=5 dB, 10 dB, and 15 dB cases, respectively.

¢ Summary of training/pilot bound values of tap weight varying for 1 to 4 receivers
With smaller scale step-size u =0.005, all of pilot bound points estimation of LMS tap

weight varying is summarized in Table 4-7.

Table 4.7 Pilot bound point distribution for 1 to 4 receivers, u = 0.005, R,= 0.99 cases

5dB 1600 1720 |
10dB 1520 1640
IR 15dB 1450 1560
5dB 1300 1400
10 dB 1200 1320
2R 15dB 1120 1240
5dB 980 1080
10dB 900 1000
3R 15dB 800 920
5dB 680 760
10dB 600 680
4R 15dB 500 600

4.9.3 The Comparison and Analysis of Training Bound Estimation of LMS Algorithm

< Direct conclusion of comparison and analysis

Clearly, it is not difficult to find several important features on training bound

distribution by comparing and analyzing them.
From Table 4.4 and Table 4.7, it is easy to see several apparent features:
> As SNR values increase, less training sequences are needed;
» As the number of receivers increase, less training sequences are needed;

» As step size increases, less training sequences are needed;
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Compare to the training bound points estimated in Table 4.4, the corresponding values
measured in Table 4.7 are relatively bigger. As we know, smaller LMS weight varying can
generate smaller misadjustment, which can achieve better BER performance. However, the
weight rate of convergence will be relatively bigger. As for this point, the simulation BER
performance shown in Chapter 5 will provide us many typical examples and demonstration.
Consequently, we need to adjust and acquire the relatively ideal weight step-size parameter
according to related real requirement in actual CDMA/MIMO systems.

Also, in this thesis, we should realize that the new proposed LMS tracking detection
technique might not be very easy by observing to determine the exact training/pilot bound
points corresponding to the LMS weight vectors due to slight weight varying volatility and
minor bound point deviation by observing and estimating. A better solution can be adopted
is that taking bigger close bound values with some redundancy instead of the smaller
values observed and estimated to deploy in practical LMS tracking filters. Then the
training/pilot bound points difference could be reduced and controlled within a minor

scope.

++ Indirect conclusion of comparison and analysis

From Table 4.4 and Table 4.7, we further examine and analyze them and explore two

very valuable aspects in the following:

e Based on same fading channels with same LMS step-size and same number of
receiver, with the 5 dBs increase of SNR, the training bound value will reduce
about 80. For example, in Table 4.7, for same constraints (¢ = 0.005, Rs= 0.99,
4R), the pilot bound value at SNR =5dB is 760, that at SNR=10dB is 680, and
that at SNR=15dB is 600. As another example, in Table 4.4, for same
constraints (u = 0.05, Ry= 0.99, 4R), the pilot bound value at SNR =5dB is 560,
that at SNR=10dB is 480, and that at SNR=15dB is 400. That is, we can see that
with the increase of 1 dB, the training bound will be estimated to reduce
roughly 16. As such, we can estimate what the training bound related to same

constraints except for different SNR values could be.
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e Based on same fading channels with same LMS step-size while different
number of receiver, with the increase of 1 receiver, the pilot bound value will
decrease roughly 320. Let’s take SNR=10dB as an example. In Table 4.7, for
same constraints (# = 0.005, Ry= 0.99, SNR=10 dB), the pilot bound value for 1
receiver is 1640, that for 2 receivers is 1320, that for 3 receivers is 1000, and
that for 4 receivers is 680. One more example, in Table 4.4, for same
constraints (4 = 0.05, Ry = 0.99, SNR=10 dB), the pilot bound value for 1
receiver is 1440, that for 2 receivers is 1120, that for 3 receivers is 800, and that
for 4 receivers is 480. Consequently, as such, we can also estimate what the
training bound related to same constraints except for different number of

receive antennas might be.

According to the two very useful estimate conclusions above, it is not difficult to find
a very important fact that we can roughly estimate the LMS tracking training /pilot bound
without further using Wiener filters, which can dramatically reduce the complexity of

proposed LMS tracking algorithm.

4.10 Updated Decision Variables Filtered by LMS Filters

U_LMS;i(n) = W;"(n) * U_LMS;;(n) (4.11)
where:
e U_LMSji(n) is initial decision variable at time #;
e U_LMS;i(n) is updated decision variables;

i WiiH(n) denotes the Hermitian transpose of Wji(n);

Next, let’s take b= [-1 -1 -1 -1] as an example to compute the final decision

variables in 1 to 4 receiver antennas cases, respectively.

¢ 1 receiver case

ylms01; ;= (wimsg; ;)" *U01; ; (4.12)
yIms012,;= (Wimsor2)" *UOL; (4.13)
ylms01 3,5= (wimsg;3)" *U01,; (4.14)
ylms01 4= (wihmsg4)" *¥UO1; (4.15)
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where:
e ylms01 is updated decision variable at time n after passing through
LMS filters in 1 receiver case;
e  wlmsg;;, wimsy;>, wlmsg;3, and wlmsg;4 are LMS weight sub vectors
at time # relate to 1 receiver case;
e jdenotes total iteration number;
e H denotes complex conjugate operation;

e U01; is initial decision variables related to 1 receiver at time », with
U01;=[U01;,,U01,, U013, ..., UOI (8_,-)]T; (4.16)

where:

e Ully; is the jth sub vectors of the decision variables UQ1;; related to
1 receiver case;

e | denotes total iteration number;

e T denotes transpose operation of a matrix;

O/

¢ 2-receiver case
The updated decision variables expression related to 2-receiver case is the

same as that of 1 receiver case except for the initial decision variable U02;;. And
U02;=[U02(1.5, U022, U023, ..., U02061]"; (4.17)

where U02;, is the jth sub vectors of the decision variables U02; related to

2-receiver case;

¢ 3-receiver case
The updated decision variables expression related to 3-receiver case is the

same as that of 1 receiver case except for different initial decision variable U03;;.
U03i=[U031.5) U032.», U033, ..., U03(24_,-)]T; (4.18)

where U03;; is the jth sub vectors of the decision variables U03;; related to

3-receiver case;
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¢ 4-receiver case
The updated decision variables expression related to 4-receiver case is the

same as that of 1 receiver case except for the initial decision variable U04;;
U04ji=[U04(/,,'), U04(2,,'), U04(3_,'), cery U04(3z'i)] T; (4. 1 9)

where U4, is the jth sub vectors of the decision variables U04;; related to

4-receiver case;

4.11 Difference Error of Decision Variables

The difference error of decision variables refers to difference between the

desired and the actual signal.
err_Imsj(n) = d;; - WiH(n) * U_LMS;i(n); (4.20)

where:
e d;denotes the desired information variables;
. Wji(n) is the LMS weight variables at time #;
e U_LMS;i(n) denotes the initial decision variables before passing through
LMS filters at time n;
e err_Ims;i(n) denotes the different error between the desired variables and

actual message variables

pind ifiteration n < pilot bound; .
(4.21)

5t sgn(real({W, jH( n}= U, (n}))), ifiteration n = pilot bound;
where:
e b™=[b" b ..,k by™] denotes the desire

e  The training (pilot) bound has been introduced in Section 4.9;

4.12 LMS Weight Update Algorithm

Win+1) = Wj(n) + ¢ *U_LMS;i *(err_Imsji(n)); (4.22)
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where:
. Wji(n) is the LMS weight variables at time #;
e U_LMS; denotes the initial decision variables before passing through
LMS filters
e err_Ims;(n) denotes the different error between the desired variables and
actual message variables (see Eq.4.20)

e *denotes the complex conjugate operation;

More specifically, we have

Wity = Wiy + 4 *U_LMS;; *(err_Ims )7 (4.23)
Wiy = Wy + 4 *U_LMS;; *(err_Ims)"; (4.24)
W(3,i+|) = W(}J) +u *U_LMS; *(err_lms(g,;))H; 4.25)
Wairy= Wi + 1 *U_LMS;; *(err_Imsey)?, (4.26)

where:

) W(x_m) denotes the estimate of LMS tap-weight vector at time i+1, and

x=1,2,3,4;

e u is the step-size parameter, which can be suitably chosen as per the
related practical requirement; Note that when step size u is small enough,
the estimated weights can tend to the optimal weights. However, if 4 is too
small, the adaptive estimated weights apparently lag behind the optimal

weights required. In general, step size 4 will be in the range of

0 < <2/ Amayx , as stated before.
4.13 Detection Rules of LMS Filter Tracking Solution
5= sgn(real(W;;"(n)*U_LMS;(n))); 4.27

where 5™ is the final received bits after passing by LMS filters at time 7.

Next, let us continue the previous example (b =[-1 -1 -1 -1]).
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<% 1 receiver

5(1.1) = sgn(real(ylms01,)); (4.28)
5(2.¢) = sgn(real(ylms01,)); (4.29)
5(3.1) = sgn(real(yims01,)); (4.30)
5(4,1) = sgn(real(ylms014,)); 4.31)

where:
. 'E{},i) is the estimated jth sub receive vectors at time i;

e ylmsOl;; denotes the final decision variables at time i, which can

computed in Eq.4.12 — Eq.4.15.

Likewise, we can compute and obtain all of estimated receive bits in the 2 or 3 or

4-receiver case, respectively.
4.14 Chapter Summary

In this chapter, a reduced complexity detection algorithm employing adaptive LMS
filters with permutation spreading technique for CDMA/MIMO systems with 1 to 4 receive
antennas in slowly varying Rayleigh fading channels is presented and proposed. In
particular, based upon the further investigating of LMS tracking weight pilot bound varying,
we acquire a very valuable insight, that is, the LMS tracking training /pilot bound can be
roughly estimated without further use of Wiener filters. As a result, the proposed LMS
tracking algorithm can not only provide reasonable BER performance but also reduce
dramatically computational complexity as well as provides with tracking of fading channels.
For more details about the BER performance comparison and computation complexity

analysis of the proposed LMS tracking detection technique, please see Chapter 5.
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Chapter 5 Simulation Results and Complexity Analysis of the

Proposed LMS Tracking Detection Algorithm

5.1 Related Assumptions of Simulation BER Performance

The performed simulations of bit error rate (BER) performance of MLD Solution,
Wiener filters detection, LMS tracking solution, as well as conventional approach are stated
in this section. The considered systems are CDMA/MIMO with 4 transmit antennas and 1
through 4 receive antennas. These simulation models are based on the following

assumptions:
(1) The slowly varying Rayleigh fading channels are applied,;

(2) The channel gains are modeled as slowly varying complex Gaussian random

variables;

(3) There is no cross-correlation between different receive antenna links due to

different and independent transmit antennas.

Next, the BER performance of MLD detection, Wiener filter detection, conventional
method, and proposed LMS filter tracking detection schemes with different fading factors
and LMS step-size parameter p over slowing varying Rayleigh fading channels for
CDMA/MIMO systems with 1 to 4 receive antennas are shown and analyzed in the

following, respectively.

5.2 The BER Performance Comparison of Four Detection Algorithms (MLD,
Wiener, LMS tracking, Conventional method) for CDMA/MIMO Systems

First of all, we will examine the BER performance of the four different detection
techniques using for CDMA/MIMO systems with 1 to 4 receive antennas over same
channels environments. The conventional approach for CDMA/MIMO system can be
found in [5]. And several different simulation situations are depicted below.

63



Simulation Comparison and Complexity Analysis

5.2.1 The BER Performance Comparison of the Four Detection Algorithms for

CDMA/MIMO System with 1 Receive Antenna

e Case 1 - 1 receiver with fading factor R,= 0.99 and LMS weight step-size u = 0.05

Bit Error Rate

___________

- -B3- - Permutation-Wiener(4T,1 receive antenna)
1 ~-&-~ Permutation-MLD (4T,1 receive antenna)

L — B>~ ~ Permutation-LMS tracking(4T,1 receiver)

10' T T T
0 2 4 6 8 10 12 14 16 18 20

Eb/NO (in dB)

Figure 5.1 BER performance comparison of MLD, Wiener, Conventional
method, and LMS solution (4 transmitters, 1 receiver, R;= 0.99, LMS step-size

M =0.05)

In Figure 5.1, we plot the BER of MLD detection, Wiener filter detection,
Conventional method, and proposed LMS tracking detection schemes with fading factor R,
=0.99, LMS step-size x =0.05 for CDMA/MIMO systems with 1 receiver. In the figure, we
demonstrate the simulation results of the four detection schemes. From the figure, we

observe the following four features.

(a) The BER performance of proposed LMS tracking detection is in between
that of Conventional method and MLD;
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(b) The BER performance of proposed LMS tracking is much better than that
of conventional method. For instance, for CDMA/MIMO systems with 4
transmitters and 1 receiver, at a BER of 10, LMS scheme provides roughly 7 dB
improvements over conventional method, while provides about 10 dB improvement

over conventional method at a BER of 107;

(c) The BER performance of proposed LMS tracking detection is less than
that of Wiener or MLD detection scheme but not sacrificing too much. Specifically,
at a BER of 103, LMS tracking scheme for 1 receiver system produces roughly 5.5
dB and 3 dB losses over MLD and Wiener filter scheme, respectively. Relatively,
comparing with MLLD and conventional method, the performance of proposed LMS
tracking is closer to the MLD detection solution while offers outstanding BER gain

over conventional method;

(d) For LMS tracking detection scheme, the bit error rate at SNR = 14.5 dB is
around 107, which can be still reasonable in actual CDMA/MIMO systems over

slowly varying Rayleigh fading channels.
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e Case 2 - 1 receiver with fading factor = 0.99 and LMS weight step-size # = 0.005

10°
10°
10°

10°

Bit Error Rate

| -~ ©  Conventional method(4T,1R) -
10°L| — ‘8- - Permutation-Wiener(4T, 1 receive antenna) | _
F| - -<- - Permutation-MLD (4T,1 receive antenna)
| B~ - Permutation-LMS tracking(4T,1 receiver)
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Eb/NO (in dB)

Figure 5.2 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (1 receiver, Ry= 0.99, LMS step-size y =0.005)

In Figure 5.2, we plot the BER of MLD detection, Wiener filter detection,
Conventional method, and proposed LMS tracking detection schemes with fading factor R,
= 0.99, LMS step-size y =0.005 for CDMA/MIMO systems with 1 receiver. Compare to
Figure 5.1, based on same parameter and conditions except for small LMS weight tap-size
1 =0.005 along with fixed fading factor, we see that the better BER improvement can be
achieved by using smaller LMS weight tap-size parameter. And more detailed measurement

on LMS tracking will be introduced in Section 5.3 to Section 5.5.

66



Simulation Comparison and Complexity Analysis

e Case 3 - 1 receiver with fading factor = 0.99 and LMS weight step-size x = 0.001
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- Conventional method(4T,1R) -
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Figure 5.3 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (1 receiver, R;= 0.99, LMS step-size y =0.001)

In Figure 5.3, we plot the BER of MLD detection, Wiener filter detection,
Conventional method, and proposed LMS tracking detection schemes with fading factor =
0.99, LMS step-size ¢ =0.001 for CDMA/MIMO systems with 1 receiver. Compare to
Figure 5.1 and Figure 5.2, based on same parameter and conditions except for small LMS
weight tap-size 1 =0.001 along with fixed fading factor, we see that the better BER
improvement can be achieved by employing smaller LMS weight tap-size parameter. And

more measurement on LMS tracking detection will be presented in Section 5.3 to Section

5.5.
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e Case 4 - 1 receiver with fading factor = 0.995 and LMS weight step-size u = 0.05

Bit Error Rate
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Figure 5.4 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (1 receiver, R;= 0.995, LMS step-size u =0.05).

In Figure 5.4, we demonstrate the BER simulation results of MLD detection,
Wiener filter detection, conventional method, and proposed LMS tracking detection
schemes with fading factor R, = 0.995 and LMS step-size 4 =0.05 for CDMA/MIMO
systems with 1 receiver. Compare to Figure 5.1, their condition and parameters are same
except for fading factor =0.995 along with fixed LMS weight tap-size parameter .

Clearly, we observe that the BER performance of LMS tracking detection, which is
employed in slower varying Rayleigh fading channels (fading factor R, = 0.995), can
acquire apparent BER performance improvement. As for this point, more detailed

performance comparison on LMS tracking will be discussed in Section 5.3 to Section 5.5.
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e Case 5 - 1 receiver with fading factor = 0.998 and LMS weight step-size u = 0.05

Bit Error Rate

- Conventional method(4T,1R) N
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Figure 5.5 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (1 receiver, R;= 0.998, LMS step-size y =0.05).

In Figure 5.5, we plot the BER simulation of MLD detection, Wiener filter detection,
conventional method, and proposed LMS tracking detection schemes with fading factor =
0.998 and LMS step-size x4 =0.05 for CDMA/MIMO systems with 1 receiver. Compare to
Figure 5.1 and Figure 5.4, their condition and parameters are same except for fading factor
R;=0.998 along with fixed LMS weight tap-size parameter u.

From Figure 5.5, we see that the BER performance of LMS tracking detection, which
is employed in slower varying Rayleigh fading channels (fading factor R,= 0.998), is better

than that of the cases related to fading factor R,= 0.99 or 0.995.
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e Case 6 - 1 receiver with fading factor = 0.998 and LMS weight step-size x = 0.001

Bit Error Rate
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Figure 5.6 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (1 receiver, R;= 0.998, LMS step-size y =0.001)

In Figure 5.6, we demonstrate of the BER simulation result of MLLD detection, Wiener
filter detection, Conventional method, and proposed LMS tracking detection schemes with
fading factor R, = 0.998, LMS step-size 4 =0.001 for CDMA/MIMO systems with 1
receiver.

Compare to Figure 5.5, based on same parameter and conditions except for smaller
LMS weight tap-size x4 =0.001 along with fixed fading factor R, = 0.998, we see that the
better BER improvement can be achieved by employing smaller LMS weight tap-size
parameter. And more measurement on LMS tracking detection will be further discussed in

Section 5.3 to Section 5.5.
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5.2.2 The BER Performance Comparison of the Four Detection Algorithms for

CDMA/MIMO System with 2 Receive Antennas

e Case 7: 2-receiver with fading factor R,= 0.99 and LMS weight step-size 4 = 0.05

Bit Error Rate

Hoa Conventional method(4T,2R)
10'6 - -B- - Permutation-Wiener(4T,2 receive antenna) | .
F-| -~ -~ Permutation-MLD (4T,2 receive antenna)
[} — b — Permutation-LMS tracking(4T,2 receiver) [----

10 I 1 T
0 2 4 6 8 10 12 14 16 18 20

Eb/NO (in dB)

Figure 5.7 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (2 receivers, R,= 0.99, LMS step-size py =0.05)

In Figure 5.7, we plot the BER of the four schemes (MLD detection, Wiener filter
detection, Conventional approach, and proposed LMS tracking detection schemes) with
fading factor R, = 0.99 and LMS step-size u =0.05 for CDMA/MIMO systems with 2
receivers.

Compare to Figure 5.1, their condition and parameters are same except for different
number of receive antenna. Clearly, we observe that the BER performance of the three

detection schemes with 2 receive antennas are apparently better than that with 1 receiver.
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e Case 8: 2-receiver with fading factor = 0.99 and LMS weight step-size u = 0.005
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Figure 5.8 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (2 receivers, Ry= 0.99, LMS step-size p =0.005)

In Figure 5.8, we demonstrate the BER simulation results of the MLD detection,
Wiener filter detection, Conventional method, and proposed LMS tracking detection
schemes with fading factor R, = 0.99 and LMS step-size y =0.005 for CDMA/MIMO
systems with 2 receivers. Compare to Figure 5.2, their parameters along with related
condition are same except for different number of receive antennas.

Clearly, compare with Figure 5.2, we see that the BER performance of the four
detection solutions with 2 receive antennas are apparently better than that with 1 receiver
based upon same parameter and fading channel. Also, compare with Figure 5.7, it is
observed that the LMS scheme with smaller weight tap-size parameter can achieve better

BER performance improvement.
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e Case 9: 2-receiver with fading factor = 0.99 and LMS weight step-size ¢ = 0.001
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Figure 5.9 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (2 receivers, R;= 0.99, LMS step-size i =0.001)

In Figure 5.9, we demonstrate the BER simulation results of the MLD detection,
Wiener filter detection, Conventional method, and proposed LMS tracking detection
schemes with fading factor R, = 0.99 and LMS step-size u =0.001 for CDMA/MIMO
systems with 2 receivers. Compare with Figure 5.3, their parameters along with related
condition are same except for different number of receive antennas.

Similarly, in comparison with Figure 5.3, we see that the BER performance of the four
detection solutions with 2 receive antennas are clearly better than that with 1 receiver based
upon same parameter and fading channel. Also, compare with Figure 5.7 and Figure 5.8, it
is observed that the LMS scheme with smaller weight tap-size parameter can achieve better

BER performance gain.
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e Case 10: 2-receiver with fading factor = 0.995 and LMS weight step-size u = 0.05
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Figure 5.10 BER performance comparison of MLD, Wiener, and LMS solution

(2 receivers, R;= 0.995, LMS step-size y =0.05)

In Figure 5.10, we plot the BER of the MLD detection, Wiener filter detection,
Conventional approach, and proposed LMS tracking detection schemes with fading factor
R,=0.995 and LMS step-size x =0.05 for CDMA/MIMO systems with 2 receivers.

Compare with Figure 5.4, they are in the same parameters and condition except for
different number of receiver. Clearly, we observe that same feature: the BER performance
results of the four detection solutions with 2 receive antennas are obviously better than that

with 1 receiver based upon same parameters and fading channels.
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e Case 11: 2-receiver with fading factor = 0.998 and LMS weight step-size £ = 0.05
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Figure 5.11 BER performance comparison of MLD, Wiener, and LMS solution

(2 receivers, R;= 0.998, LMS step-size py =0.05)

In Figure 5.11, we show the BER simulation result of the MLD detection, Wiener filter
detection, Conventional approach, and proposed LMS tracking detection schemes with
fading factor R, = 0.998 and LMS step-size u =0.05 for CDMA/MIMO systems with 2
receivers.

In comparison with Figure S.5, they are in the same parameters and condition except
for different number of receiver. Apparently, we see that same feature: the BER
performance results of the four detection solutions with 2 receive antennas are better than

that with 1 receiver based upon same parameters and fading channels.
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e Case 12: 2-receiver with fading factor = 0.998 and LMS weight step-size uy =

0.001
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Figure 5.12 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (2 receivers, R;= 0.998, LMS step-size y =0.001)

In Figure 5.12, we demonstrate the BER simulation results of the MLD detection,
Wiener filter detection, Conventional method, and proposed LMS tracking detection
schemes with fading factor R, = 0.998 and LMS step-size y# =0.001 for CDMA/MIMO
systems with 2 receivers.

Compare with Figure 5.6, their parameters along with related condition are same
except for different number of receive antennas. Similarly, in comparison with Figure 5.6,
we see that the BER performance of the four detection solutions with 2 receive antennas
are apparently better than that with 1 receiver based upon same parameter and fading
channel. Also, compare with Figure 5.11, it is observed that the LMS scheme with smaller

weight tap-size parameter can achieve better BER performance gain.

76



Simulation Comparison and Complexity Analysis

5.2.3 The BER Performance Comparison of the Four Detection Algorithms for

CDMA/MIMO System with 3 Receive Antennas

In this section, similar to Section 5.2.1 and Section 5.2.2, we show the BER simulation
results of the four detections (MLD detection, Wiener filter detection, Conventional method,
and proposed LMS tracking detection schemes) with different fading factors and different
LMS step-size y for CDMA/MIMO systems with 3 receivers.

As will be seen from Figure 5.13 to Figure 5.18, an apparent feature is outlined
below:

Based upon same fading channels and same related conditions, the BER performance
of the four detection algorithms using for CDMA/MIMO systems with 3 receivers is
clearly better than that for CDMA/MIMO with 1 or 2 receiver cases.

For example, in Figure 5.18, we demonstrate the BER simulation results of the four
detections (MLD detection, Wiener filter detection, and proposed LMS tracking detection
schemes) with fading factor R, = 0.998 and LMS step-size u =0.001 for CDMA/MIMO
systems with 3 receivers. Compare to Figure 5.6 and Figure 5.12, their parameters along
with related condition are same except for different number of receive antenna. Apparently,
it is easy to observe that the BER performance of the four detection schemes with 3 receive
antennas are much better than that with 1 receiver or 2 receivers based upon same

parameter and fading channels.
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e Case 13: 3-receiver with fading factor = 0.99 and LMS weight step-size 4 = 0.05
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Figure 5.13 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, R;= 0.99, LMS step-size y =0.05)
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e Case 14: 3-receiver with fading factor = 0.99 and LMS weight step-size u = 0.005
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Figure 5.14 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, R;= 0.99, LMS step-size y =0.005)
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e Case 15: 3-receiver with fading factor = 0.99 and LMS weight step-size u = 0.001

Bit Error Rate

- -4, - Conventional method(4T,3R)

6 ;
10" —-B- - Permutation-Wiener(4T,3R)
-« %+ - Permutation-MLD (4T,3R) i ) G
1 - b~ — Permutation-LMS tracking(4T,3R) f--------- B R Al el ]
10-7 T T T— T g(l ) i i : i i

0 2 4 6 8 10 12 14 16 18 20
Eb/NO (in dB)

Figure 5.15 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, R;= 0.99, LMS step-size i =0.001)
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e Case 16: 3-receiver case with fading factor = 0.995 and LMS weight step-size u =

0.05
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Figure 5.16 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, R;= 0.995, LMS step-size y =0.05)
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e Case 17: 3-receiver case with fading factor = 0.998 and LMS weight step-size y =

0.05
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Figure 5.17 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, Ry = 0.998, LMS step-size y =0.05)
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e Case 18: 3-receiver case with fading factor = 0.998 and LMS weight step-size u =
0.001
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Figure 5.18 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (3 receivers, R;= 0.998, LMS step-size ¢ =0.001)

5.2.4 The BER Performance Comparison of the Four Detection Algorithms for

CDMA/MIMO System with 4 Receive Antennas

In this section, again, we demonstrate the BER simulation results of the four
detections (MLD detection, Wiener filter detection, Conventional method, and proposed
LMS tracking detection schemes) with different fading factors and different LMS step-size
u for CDMA/MIMO systems with 4 receive antennas.

As will be seen from Figure 5.19 to Figure 5.24, again, we see the same feature
mentioned in Section 5.2.3. That is, when the four detection algorithms with same
parameter and conditions are employed for CDMA/MIMO systems with different number

of receive antennas in same fading channels, the BER performance related to 4 receivers is

83



Simulation Comparison and Complexity Analysis

better than that related to 1, 2, or 3 receive antennas.

e Case 19: 4-receiver with fading factor = 0.99 and LMS weight step-size u = 0.05
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Figure 5.19 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.99, LMS step-size y =0.05)
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e Case 20: 4-receiver with fading factor = 0.99 and LMS weight step-size x = 0.005
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Figure 5.20 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.99, LMS step-size y =0.005)
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e Case 21: 4-receiver with fading factor = 0.99 and LMS weight step-size u = 0.001
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Figure 5.21 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.99, LMS step-size 11=0.001)
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e Case 22: 4-receiver case with fading factor = 0.995 and LMS weight step-size y =
0.05
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Figure 5.22 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.995, LMS step-size y =0.05)
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e Case 23: 4-receiver case with fading factor = 0.998 and LMS weight step-size y =

0.05
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Figure 5.23 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.998, LMS step-size y =0.05)
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e Case 24: 4-receiver case with fading factor = 0.998 and LMS weight step-size u =

0.001
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Figure 5.24 BER performance comparison of MLD, Wiener, Conventional

method, and LMS solution (4 receivers, R;= 0.998, LMS step-size p =0.001)

5.3 The BER Performance Comparison of LMS Tracking Detection Algorithm
with Different Step-size for CDMA/MIMO Systems in the same Rayleigh Fading

Channels

In this section, we will examine the BER performance comparison of proposed tracking
detection algorithm with three different step-size (u; = 0.05, u; = 0.005, u3 = 0.001) over

same Rayleigh fading channels. Here, we take fading factor R,= 0.99 and 1 receiver as an

example.
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Figure 5.25 BER performance comparison of proposed LMS tracking
detection with different step-size over same fading channels (4T, 1R, R;= 0.99,

s =0.05, 1, =0.005, andy; =0.001)

In Figure 5.25, we demonstrate the BER simulation results of proposed LMS tracking
detection schemes with different LMS step-size u; =0.05, u; =0.005, and u3 =0.001 for
CDMA/MIMO systems with 1 receive antenna in the same Rayleigh fading channels.

From this figure, we see that the proposed LMS tracking detection algorithm with
smaller step-size parameter can achieve minor BER improvement. For example, at a BER
of 10®, the LMS tracking scheme with step-size 3 =0.001 for CDMA/MIMO with 1
receiver can generate about 0.4 dB improvement over that with 4, =0.005 while about 1 dB

gain improvement over that with y; =0.05.
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5.4 The BER Performance Comparison of LMS Tracking Detection Algorithm
with Same Step-size for CDMA/MIMO Systems in Different Rayleigh Fading

Channels

Next, we will compare the BER performance of proposed tracking detection algorithm
with same step-size parameter (¢ = 0.05) over different Rayleigh fading channels. Here, we
take 1 receiver, fading factor 1 = 0.99, fading factor 2 = 0.995, and fading factor 3 = 0.998

as an example.
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Figure 5.26 BER performance comparison of proposed LMS tracking
detection with same step-size over different fading channels (4T, 1R, y =0.05,

R = 0.99, R, = 0.995, and R = 0.998)

In Figure 5.26, we plot the BER performance of proposed LMS tracking detection
schemes with same LMS step-size 4 =0.05 for CDMA/MIMO systems with 1 receive
antenna in the different Rayleigh fading channels. Note that the fading parameter is the
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fading factor (R)).

From this figure, we view that the BER performance of proposed LMS tracking
detection algorithm with same LMS step-size parameter in slower varying Rayleigh fading
channels is better than that in faster varying Rayleigh fading channels. For instance, at a
BER of 10™, the LMS tracking scheme with same step-size is employed for CDMA/MIMO
with 1 receiver in Rayleigh fading factor Rz = 0.998 can generate about 1 dB improvement
over that in fading factor R, = 0.995 while about 3 dB gain improvement over that in

fading factor R; = 0.99.

5.5 The BER Performance Comparison of LMS Tracking Detection with Same
Step-size for CDMA/MIMO Systems with Different Number of Receive Antennas in

Same Rayleigh Fading Channels

Finally, we will compare the BER performance of proposed tracking detection
algorithm with same step-size parameter (u = 0.05) for CDMA/MIMO systems in the same
Rayleigh fading channels. Here, we take step-size parameter u = 0.05, R,=0.99, and 1, 2, 3,
or 4 receive antennas as an example. '

Figure 5.27 shows the BER simulation results of proposed LMS tracking detection
schemes with same LMS step-size 4 =0.05 for CDMA/MIMO systems with 1 to 4 receive
antennas in the same varying Rayleigh fading channels (R,= 0.99).

From this figure, it is readily to observe that the BER performance of proposed LMS
tracking detection algorithm with same LMS step-size parameter for CDMA/MIMO with 4
receivers in same slow varying Rayleigh fading channels is much better than that for 1, 2,
or 3 receivers.

For instance, at a BER of 10™, the LMS tracking scheme with same step-size (u =0.05)
is used for CDMA/MIMO with 4 receivers in same Rayleigh fading channels (R, = 0.99)
can acquire about 3 dB gain improvement over that for 3 receivers, roughly 6 dB

improvement for 2 receivers, or about 9 dB gain improvement for 1 receive antenna case.
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Figure 5.27 BER performance comparison of proposed LMS tracking
detection with same step-size over different fading channels (4T, 1 to 4R, y =

0.05, R;= 0.99)

In brief, based on same fading channels and same LMS step-size, the more the number

of receive antennas are, the better the BER performance achieved will be.

5.6 BER Simulation Results Summary

As discussed in Section 5.2 to Section 5.5, we summarize several typical features of

BER simulation results as follows:

(a) The BER performance of proposed LMS tracking detection scheme is in
between Conventional approach and MLD detection algorithm. Relatively speaking,
the BER performance of proposed LMS tracking detection is closer to that of MLD
and Wiener filter scheme, especially for CDMA/MIMO systems with 4 receivers in

slower varying Rayleigh fading channels. For example, in Figure 5.24, at a BER of
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10*, the BER performance of proposed LMS tracking detection algorithm with
step-size u =0.001 for CDMA/MIMO systems with 4 receivers in same slow varying
Rayleigh fading channels generate only roughly 0.8 dB loss over Wiener filter scheme,
about 2 dB loss over MLD detection solution, while acquires roughly 3.4 dB gain

improvement over Conventional method.

(b) Although the BER performance of proposed LMS tracking detection scheme
seems to be less than that of Wiener filter or MLLD detection algorithm, the BER
simulation results of proposed LMS tracking solution can be reasonable and be used in
CDMA/MIMO systems in practical wireless CDMA/MIMO systems. For instance,
from Figure 5.1 to Figure 5.24, for LMS tracking detection scheme, the bit error rate at
SNR = 16 dB shown is less than or much less than 10~. More specifically, in Figure
5.23, when SNR >10.5 dB, the bit error rate will be less or much less than 10, which
is a satisfaction BER performance result. Hence it is readily to see that the BER
performance of proposed LMS tracking detection algorithm is reasonable and can be
employed in actual CDMA/MIMO systems especially in slowly varying Rayleigh

fading channels.

(c) Based upon same fading channels and parameters except for different number
of receive antennas, the BER performance of the four detection solutions (MLD
detection, Wiener filter detection, conventional method, and proposed LMS tracking
detection scheme) will be better and better with the number increase of receive

antennas.

(d) Based on same Rayleigh fading channels along with same parameters except
for different LMS weight step-size parameter, the smaller the LMS step-size parameter
is, the better BER performance gain improvement of proposed LMS tracking detection

algorithm with slower rate of convergence can acquire.

(e) Compare to adjusting LMS weight tap-size parameter, the Rayleigh fading
rate affects BER performance more apparently. However, as for this point, it is a little

bit hard to reduce Rayleigh fading rate in real CDMA/MIMO systems.
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Thus, based on the BER comparing and analysis of four detection schemes, we can
draw a clear conclusion. The four detection algorithms can be employed for COMA/MIMO
systems over slow Rayleigh fading environment because their BER performance can be
reasonable at middle or higher SNR such as SNR>10 dB although MLD detection can
achieve relatively better BER performance improvement over the Wiener or LMS tracking
detection scheme. In other words, it is pretty useful to employ proposed LMS tracking
detection with relatively ideal weight tap-size factor as well as the other related parameters
for actual CDMA/MIMO systems with 4 or more receive antennas in slowly varying
Rayleigh fading channels because of its reasonable BER performance and its lower

computational complexity. As for this point, it will be represented next.

5.7. Discussion of Computational Complexity of Proposed Solution

Next let us examine the computational complexity of the three solutions (MLD,
Wiener, and proposed LMS tracking algorithm). First of all, look into the MLD detection
solution. On one hand, for the system with fewer receivers (i.e. not more than 4 receive
antennas) using simpler modulation such as BPSK, the maximum likelihood detection rule
(Eq. 2.3) has relatively reasonable computational complexity compare to conventional
method or proposed LMS solution. On the other hand, however, for the system with more
receivers (more than 4 receivers) using high order modulation such as 32 QAM and 64
QAM, the MLD algorithm will involve larger or prohibitive computational complexity.
There are two main reasons. One is that it always needs channel transfer matrix and
channel estimation at each time slot. The other reason is that it also involves complex
matrix and vectors calculations each time. More specifically, for the maximum likelihood

detection rule, in Eq.2.3, at each of iteration it needs to compute two complex parts:

2
M. {ny 4 in} - . .. . - .
T du— b R™ | and |||, (where u consisted of MLD decision variables, and 7 is

made up of all of the rest of MLD decision variables not in &), and brings about a great deal of
second power calculation and comparing. For instance, if we consider b from M in Eq. 2.3,

-and take N, = 4, then wi=[u3, u3, u33, uasl, w=[ure, usze, s, tae), W=[u1s, s, u3g, ag),
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wi={u11, w21, usi, uar}, and @=[urz, u, usz, Usz, s, Uga, U34, Uas, U1s, Uas, Uss, Uss, U17, Uz7, U37,
u47], which causes much matrix operation and calculations as per the MLD rule. As such,
we further consider high order modulation such as 64 QAM, and corresponding
computational complexity of the MLD rule will be quite high. As a result, the nonlinear
growing high computational complexity of the MLD rule will become an apparent defect
especially for the system with more receivers using high order modulation.

As for the Wiener filter solution, it is unnecessary to check its computational
complexity due to the following two reasons. First of all, it is not practical to apply Wiener
filter solution in real CDMA/MIMO systems. Also, should the Wiener filter algorithm be
used, it would involve huge matrix computations at each time slot for more receive
antennas case. To take N, = 4 as an example, the correlation matrix R of input vectors will
be a 64*64 matrix and the correlation matrix and its inversion will be recomputed at each
time slot, which would get very complex.

Eventually, let’s evaluate the computational complexity of the proposed LMS
detection technique. Clearly, a significant feature of the proposed LMS tracking detection
algorithm with permutation spreading technique is its computation simplicity. Actually, it
does not need to measure the pertinent correlation matrix and matrix inversion, nor does it
require channel transfer matrix and channel estimate at each time slot. More exactly, the
proposed LMS tracking detection solution requires only 2Z+1 complex multiplications and
2L complex additions each time, where L is the number of the LMS tap weight used.
Accordingly, the computational complexity of the permutation spreading and LMS tracking
detection algorithm is O(L). Basically, the LMS detection algorithm only requires fewer
and simpler linear computations even though the number of the receiver is increasing more
and more. Also, as investigated in Section 4.9.3, the LMS tracking training/pilot bound can
be roughly estimated without further using Wiener filters, which can dramatically reduce
the complexity of Proposed LMS tracking algorithm. Meanwhile, when the LMS algorithm
is employed for the systems using higher order modulation, it requires only simpler linear
computations, which makes its computational complexity small in this case.

Hence, compare to MLD and Wiener filter solution, the proposed LMS detection
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algorithm is dominated with respect to lower computational complexity especially for the

systems with more receivers using high order modulation.

5.8. Integrated Analysis of Proposed Solutions

As discussed above, we prefer to employ the proposed LMS tracking scheme with
permutation spreading technique for CDMA/MIMO systems with 1 to 4 receivers in slowly
varying Rayleigh fading channels because proposed LMS tracking algorithm can not only
generate reasonable BER performance but also has lower computational complexity.

On one hand, all of the three detection schemes (MLD, Wiener filters, and LMS
tracking detection algorithms) can achieve reasonable or better BER performance results
for practical CDMA/MIMO systems with 1 through 4 receive antennas in
frequency-nonselective fading channels although the BER performance of MLD solution
apparently outperforms Wiener adaptive filers and the proposed LMS tracking algorithm.
Moreover, more exactly, the BER performance of proposed LMS tracking detection is
actually closer to that of MLD and Wiener filter scheme, especially for CDMA/MIMO
systems with 4 receivers in slower Rayleigh fading channels. For instance, in Figure 5.24,
at a BER of 10, the BER performance of proposed LMS tracking detection algorithm with
step-size u =0.001 for CDMA/MIMO systems with 4 receivers generate only roughly 2 dB
loss over MLD detection solution in same slowly varying Rayleigh fading channels.

On the other hand, LMS tracking detection technique requires much fewer
computations than Wiener filter algorithm and MLD detection solution especially for the
systems with more receive antennas using high order modulation. In other words, and LMS
tracking algorithm with permutation spreading technique has outstanding advantage over
MLD algorithm and Wiener filter detection solution with respect to low computational
complexity. Moreover, in particular, the LMS tracking training /pilot bounds can be
roughly estimated without the use of Wiener filters, which further simplify the complexity
of the LMS tracking scheme. Besides, the proposed LMS detection algorithm also allows
the dynamic tracking of fading channels at each of time variations, which can be fully
employed for CDMA/MIMO systems with more receivers in frequency nonselective
Rayleigh fading channels.
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Therefore, on the whole, the proposed LMS tracking algorithm will be viewed as a
better choice over MLD and Wiener filters detection algorithms to be used for
CDMA/MIMO systems with more receivers using high order modulation in slowly varying
Rayleigh fading channels due to its outstanding advantages, such as lower computational
complexity, not sacrificing too much BER performance, as well as dynamic tracking of

Rayleigh fading channels.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

In this thesis, first of all, we briefly review related literature on various detection
techniques for CDMA and MIMO systems in fading channels. In particular, we introduce
maximum likelihood detection algorithm with permutation spreading technique for
CDMA/MIMO systems in respect to its BER performance along with its computational
complexity. Then, we state a novel detection technique using Wiener filter for
CDMA/MIMO systems with permutation spreading technique. We see that most of the
detection techniques and the designed Wiener detection algorithm have higher complexity.

In order to reduce the computational complexity, a lower complexity detection
algorithm employing adaptive LMS filters with permutation spreading technique for
CDMA/MIMO systems in slowly varying Rayleigh fading channels is represented and
proposed in Chapter 4.

We further examined the BER performance of the proposed LMS tracking detection
algorithm in Chapter 5. By simulating and comparing 27 different models related to 4
different detection schemes (MLD, Wiener, Conventional method, and the proposed LMS
tracking detection), 3 different fading channels, 3 different LMS weight step-size, and 4
different number of receive antennas, we observed that the BER performance of the
proposed LMS tracking algorithm does not sacrifice too much over that of MLD while its
BER performance apparently outperforms that of conventional approach especially using
for CDMA/MIMO systems with more receive antennas.

Furthermore, we compared and analyzed the computational complexity of the
proposed LMS tracking detection technique, the Wiener filter algorithm with permutation
spreading, and MLD with permutation spreading technique. Compared with MLD, LMS
tracking algorithm does not require channel transform matrix and channel estimation, and
only requires simpler linear computations instead of second power calculations used in

MLD algorithm. Moreover, the computational complexity of the proposed LMS algorithm
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is intuitively lower than that of MLD for the system with fnore receivers using high order
modulation, such as 64 QAM. As for the computational complexity of Wiener filter
algorithm, it will not be further considered in this thesis due to its non practical application
and its huge matrix calculations involved at each time slot. As the number of receive
antennas increase and higher order modulation is adopted, the proposed LMS algorithm
only required lower linear computations. In particular, the tracking training /pilot sequence
bound of LMS detection algorithm can be roughly estimated without the further presence
of Wiener filters, which dramatically reduce the complexity of the proposed LMS detection
solution. Consequently, it is easy to see that the proposed LMS detection algorithm needs
much less computations than MLD and Wiener filter solution for the systems with more
receive antennas using higher order modulation.

Also, the LMS filters with permutation spreading technique allows to process the
dynamic tracking of fading channels each of iterations, which can be effectively employed
for frequency non-selective CDMA/MIMO systems with many receivers environment.

Therefore, as discussed and analyzed above, it is not difficult to see that the proposed
lower complexity detection algorithm using adaptive LMS filters with permutation
spreading can be employed for practical CDMA/MIMO systems with 1 to 4 receive
antennas or more receivers in slowly varying Rayleigh fading channels, due to its
outstanding advantages: lower computational complexity, not sacrificing too much BER
performance, as well as dynamic tracking of Rayleigh fading channels.

Last but not least, please note that the proposed LMS tracking algorithm has some
application scope limitation. More specifically, on one hand, the proposed LMS tracking
detection is very useful to transmit longer information streams such as voice and image
messages in CDMA/MIMO systems over slow Rayleigh fading channels. On the other
hand, it might not be very effective to convey shorter data packages such as short message
and other shorter data bits since in LMS tracking detection, a training period with slower

convergence is required in order to achieve satisfaction BER performance at the receivers.

6.2 Future Work

(1) The proposed LMS tracking scheme using for CDMA/MIMO systems with more
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transit and receive antennas (above 4 receivers) in slowly varying Rayleigh fading channels
need to be further examined especially in computational complexity, BER performance as
well as dynamic tracking of Rayleigh fading channels;

(2) Another interesting proposition is to use the convergence of mean square error
curve of the proposed LMS algorithm to determine the training sequence bounds instead of
comparing the convergence point between the LMS sub vectors and corresponding Wiener
sub vectors.

(3) An interesting proposition is to combine other optimal techniques, such as antenna
selection technique, with the proposed LMS tracking detection algorithm. A research will
be condﬁcted in order to further reduce computational complexity and improve BER
performance while still maintaining better dynamic tracking of fading channels;

(4) So far we are assuming perfect channel knowledge at the detector before reaching
the training/pilot sequence bound required by proposed LMS tracking scheme. The next
step of our work will be to investigate Recursive Least-square (RLS) technique to shorten
the training sequence symbols. In this scheme, time varying step-size will be replied to the
transmitter via a reliable feedback channel at the receiver. And the transmitter iteratively
will use this feedback information to estimate the channel weights.

(5) Finally, in a wideband wireless communication system, there is the existence of
multipath channel, as a result, ISI is subjected to the receive signals. Consequently, the next
step of our work is to expand the proposed LMS tracking scheme to adapt the application,

especially in correlated faster Rayleigh fading channels.
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