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Abstract

In most commercial wideband code division multiple access (W-CDMA) systems, the trans-
mitted signal in the downlink channel is spread by orthogonal codes to accommodate dif-
ferent users. However, frequency selective fading destroys the orthogonality and causes

multiple access interference (MAI).

The rake receiver has been proposed for a receiver in the downlink channel. Although pro-
viding reasonable performance due to path diversity, the rake receiver does not restore the
orthogonality. As a result, the MAI is still present at the output of the rake receiver and
CDMA system becomes an interference limited system. Thus, a better approach to provide

MAI suppression shall be considered.

The chip level linear equalizer followed by a despreader is an attractive alternative receiver
to restore the orthogonality and to suppress the MAI. However, the performance of the chip
level linear equalizer depends on the spectral characteristic of the channel and may not be
satisfactory for some channels. To overcome this difficulty, the chip level decision feedback

equalizer can be used.

To improve the performance further, multiple-input multiple-output (MIMO) channels by
using multiple antennas can also be employed. Recent research in information theory shows
that multiple antennas can mitigate multipath fading in a wireless channel, increase the infor-
mation capacity of wireless communication systems dramatically, and improve the reliability

of the communications over wireless channel.



In this thesis, the chip level decision feedback equalizer for CDMA downlink channel with
multiple antennas is investigated. The work includes the design of the chip level decision
feedback equalizer when the space time spreading scheme and the Alamouti scheme are
employed at the transmitter. Theoretical and simulation results show significant performance

gains compared to the rake receiver and the chip level linear equalizer.
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Chapter 1

Introduction

In the last few years, there has been a rapidly growing interest in wireless technology. Com-
pared to wired technology, wireless technology gives freedom of movement for the users and
helps eliminate ineffective calls experienced with the fixed telephone service when the user
is away from the terminal. In addition, wireless technology offers more timeliness, afford-
ability, and efficiency. If rivers, freeways or other obstacles stand in the way of a connection,

a wireless solution may be much more economical and feasible than installing physical cable

[1].

In order to provide the wireless services to subscribers over a certain region with limited
spectrum resource, a cellular structure is employed [2]. The cellular structure of wireless
systems requires a base station to be placed in each cell. Moving subscribers can commu-
nicate with other moving subscribers through base stations in any places. Therefore, there
exists communication from the base station to the subscribers, called the downlink (forward
link) and the communication from the subscribers to the base station, called the uplink (re-
verse link). The two directions of communication can be separated in frequency, called fre-
guency division duplexing (FDD), or can be separated in time, called time division duplexing

(TDD).

In both downlink and uplink communications, the limited spectrum resources are shared



among users using multiple access techniques. The basic multiple access techniques are
frequency division multiple access (FDMA), time division multiple access (TDMA) and

code division multiple access (CDMA) [3].

1.1 The Cellular Concept

The cellular concept is the key idea that provides wireless services over regions, countries
or continents with a limited spectrum allocation. It is a major breakthrough in solving the

problem of spectral congestion and user capacity [2].

In a cellular structure, the coverage region is divided into smaller number of geographic
areas called cells, as shown in Fig. 1.1. Each unique cell is assigned with different frequency
bands to avoid any co-channel interference. The base station is placed at each unique cell
for communication between users within the same cell or for communication between base
stations. In each cell, the allocated channel is also divided into many sub-channels and users

in a cell use different sub-channels to avoid interference.

Frequency reuse is a major concept to implement the cellular concept. It is used for measur-
ing the efficiency of the system. The ratio of the number of cells using the same frequency
band over the total number of cells is called the frequency reuse factor. When the frequency
reuse factor reaches unity, the system can provide maximum number of channels. In Fig.
1.1, three cells that are denoted by the same letter use the same frequency band. The cellular

concept can be utilized in FDMA, TDMA and CDMA systems.

The number of users that a system can accommodate must be traded off with the interfer-
ence produced in the system. If the channel cell reuse increases and approaches the unity
frequency reuse factor, the total channel available in the system will increase. Thus, more
users can be accommodated in the system. However, the interference will be more signifi-

cant.



Figure 1.1: lllustration of the cellular frequency reuse concept involving 7 cells

1.2 Multiple Access Principles

In each cell, the available bandwidth is shared among users. The different multiple access
schemes determine the different ways users access the available bandwidth [3]. Fig. 1.2

shows the basic multiple access techniques. Note that each block represents each user within

the same cell.
FDMA TDMA

Frequency Frequency
Code Code

Time Time

CDMA

Frequency
Code

Time

Figure 1.2: Basic multiple access techniques



The first generation of wireless system, advanced mobile phone service (AMPS) uses FDMA
system for accessing the available spectrum resource. In FDMA system, each user within
the same cell operates in an unique frequency channel. As a result, there is no intra-cell

interference.

The second generation system based on global system for mobile communication (GSM)
uses a combination of FDMA and TDMA systems [4]. TDMA system allows each user
within the same cell to operate in an unique time channel. Each frequency in a GSM system

has a bandwidth of 200 kHz and is divided into eight time channels.

In 1995, the first CDMA technology for the second generation wireless system, called In-
terim Standard 95 (1S-95), was commercially launched. CDMA technology has also been
adopted as a standard in the third generation wireless system [2]. Wideband CDMA (W-
CDMA), time division-synchronous CDMA (TD-SCDMA), and CDMA2000 are the three
operating modes in the third generation CDMA system. The direct-sequence CDMA (DS-
CDMA) system is one of the most popular CDMA systems used in IS-95 and W-CDMA [5].

In a CDMA system, each user within the same cell operates in the same frequency and time

channel.

1.3 Benefits of CDMA Systems

CDMA systems offer numerous advantages over FDMA and TDMA systems [6]. The ad-

vantages include:

1. CDMA system provides capacity improvement.
Frequency reuse factor of CDMA system reaches unity. Therefore, it can accommo-

date more users within its cell.

2. CDMA technology provides higher data rate transmission.
The higher data rate transmission can be achieved by spreading information into a

wideband signal.



3. CDMA technology provides better handoff in the system.
CDMA system starts to communicate with a new cell before it crosses the boundary,

without dropping the link with the current (old) cell.

4. CDMA system optimizes the channel resource usage.
For voice transmission, a user is active less than half the time. In FDMA and TDMA
systems, where each user is allocated unique frequency or time channel, this causes a
great loss in capacity. CDMA system operates in the same frequency and time channel.

Thus, this problem does not occur [6].

5. CDMA system suppresses multipath interference more efficiently.
In the scattering environment, the received signal comes from different paths. Since
in a CDMA system each user is assigned with a larger bandwidth than in a FDMA or
TDMA system, the different paths are better isolated. Thus, multipath interference can
be minimized better than in FDMA or TDMA system.

1.4 Receivers for a CDMA System

Improvement of downlink capacity is one challenge facing the effort toward third generation
wireless system. In commercial W-CDMA, the transmitted signal in the downlink channel
is spread by orthogonal codes [5]. In a flat fading channel where the propagation delay of
multipath signal is negligible, a simple despreader is sufficient to suppress multiple access
interference (MAI) resulting from the effects of the interference from other users within a
cell. However, once we have a frequency selective fading channel, the orthogonality cannot
be retained. Therefore, MAI exists at the output of the despreader and the performance

degrades.

One can design a receiver to improve the performance by mitigating multipath fading for the
CDMA downlink channel. For example, the rake receiver can be used to get path diversity
[7]. Although the rake receiver can provide reasonable performance due to path diversity,

its performance is still limited by MAI, the numbers of multipaths, power control in the

5



downlink channel, and channel estimation error. Consequently, better approaches such as

MAI suppression shall be considered.

Many innovative receivers have been proposed to suppress MAI. Multiuser detection tech-
niques that use joint code, timing and channel information can be employed to improve
performance by mitigating MAI [8-11]. Although multiuser detection techniques outper-
form the rake receiver, the complexity is high. Therefore, it is impractical to apply these

techniques in mobile terminals due to computing constraints.

Equalization can be adopted to restore orthogonality without significantly increasing the
complexity. Then, a despreader can suppress MAI from the orthogonal signal. The chip
level linear equalizer (LE) restores the orthogonality of the chip sequence and performs
better than the rake receiver [12—15]. However, if the channel equalization is not perfect,
the performance of the chip level LE is degraded by MAI. Moreover, the performance of

the chip level LE still depends on the spectral characteristic of the channel and may not be

satisfactory for some channels.

When investigating more powerful receiver algorithms, one might consider decision feed-
back equalizer (DFE). The DFE [16] can have better immunity against spectral channel
characteristics, reduce the noise enhancement effect, shorten the length of equalizer tap,
and give the forward linear filter greater flexibility in handling intersymbol interference (I1SI)
resulting from the interference from other symbols at the sampling instant. Thus, the DFE
outperforms the LE. The standard DFE for nonspread signal has been considered in many
papers [17-19]. Chip level DFE for CDMA systems that used short spreading sequences

[20, 21] and long spreading sequences [22] has also been studied.

To improve the performance further, multiple-input multiple-output (MIMO) channels (by
using multiple antennas) can also be employed [23—-25]. MIMO channels can provide addi-
tional diversity gain to the mobile station and thus, can improve the performance. Different
schemes such as space time spreading [26] and space time transmit diversity [27] were de-

veloped to achieve diversity gain in CDMA systems.

Space time spreading (STS) [26] spreads each signal in a balanced way over the transmitter

6



antenna elements to provide maximal path diversity at the receiver. The simplest STS scheme

is when each user is assigned with a different orthogonal code for each transmit antenna.

Space time transmit diversity (STTD) explores the spatial and temporal diversities as well as
coding gain to improve the performance of the MIMO system. STTD can provide diversity
gain over an uncoded system without sacrificing bandwidth and can increase the effective
transmission rate as well as the potential system capacity. Alamouti discovered a remarkable
STTD scheme for transmission with two antennas [27]. This scheme was later generalized
by Tarokhet al. to an arbitrary number of antennas [28]. This generalized scheme is also

able to achieve the full diversity promised by any numbers of transmit and receive antennas.

DFE based on the minimum mean square error (MMSE) criterion [19] for nonspread sig-
nals in multiple antennas has been derived in literatures [29-31]. MMSE-DFE has better
performance when compared to the MMSE-LE, especially with the highly dispersive and

nonminimum phase characteristic channel [30].

These findings have motivated us to design a chip level DFE for CDMA downlink channel
with multiple antennas. The design of the chip level DFE for CDMA downlink channel in
multiple antennas is not straightforward and offers numerous challenges. The first challenge
is to develop a method to provide the chip feedback from the symbol decision. The second
challenge is to find a better way to suppress the interference, both from other users and
other transmit antennas. In the MIMO CDMA system, interferences do not only originate
from past symbols of the desired user, but also from current symbols and past symbols of
other (interfering) users and antennas. The third challenge is to develop a method to detect
signals buried in interchip interference (ICI), in addition to noise. The ICl is defined as the

interference between chips caused by frequency selective fading channels.

Note that the MMSE-LE for CDMA downlink channel in multiple antennas, i.e. the space
time chip level LE, has also been proposed [32, 33]. The space time chip level LE is less
affected by the channel estimation error and thus, can have better performance compared to
the space time rake receiver with estimated channel. However, the space time chip level LE

still has comparable performance to the space time rake receiver with perfect channel state



information (CSI).

It is important to stress that the analysis of the DFE is difficult due to their inherent nonlinear
nature. Only by assuming that past decisions are correct, the problem can be linearized and

MMSE solutions formulated.

This thesis deals with the chip level DFE designs for CDMA downlink channel when multi-

ple antennas are used.

1.5 Outline of the Thesis

This thesis is organized into five chapters. Chapter 2 gives basic concepts about the princi-
pal of communication channel and the model for time-variant multipath signal propagation.
The standard DFE receiver for nonspread signal is discussed, and the optimum equalizer
coefficients and the MMSE solution are derived. This chapter also discusses three adapta-
tion algorithms: least mean square, normalized least mean square, and recursive least square
algorithms. The mathematical description of the spreading operation for the DS-CDMA sys-
tem, including the signal model for DS-CDMA MIMO downlink channel, is presented. The

rake receiver and the chip level LE for a DS-CDMA system are reviewed.

There are two major parts in Chapter 3. In the first part, we develop a new chip level DFE
for CDMA downlink channel when the STS is employed at the transmitter. In the second
part, we present a new chip level DFE design when the Alamouti transmit diversity scheme
is employed at the transmitter. The optimum solution for the Alamouti scheme is derived

and analyzed. In both parts, the adaptive implementation is presented.

Simulation results and performance comparison of different receivers design are presented
in Chapter 4. We investigate the effect of different adaptation algorithms and different trans-

mission schemes on the bit error rate (BER) performance.

Chapter 5 summarizes the main findings and gives some suggestions for further research.
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Chapter 2

Fundamental Concepts

This chapter discusses the fundamental concepts of the communication channel model, the
standard decision feedback equalizer (DFE) for a nonspread signal, and three adaptation
algorithms. In addition, this chapter gives the basic principle of DS-CDMA system, de-
scribes the general signal model for CDMA MIMO downlink channel, and reviews receiver
structures of the rake receiver and the chip level linear equalizer for a DS-CDMA downlink

channel.

2.1 Communication Channel Model

The communication system involves the transmission of information from one place to an-
other through the medium (channel). Fig. 2.1 illustrates the functional diagram and the basic

elements of a communication system [19].

The propagation of the signal on both downlink and uplink is affected by a channel in several
ways. For a multipath channel, the propagation results in the spreading of the signal in three
dimensions. These are the delay (time) spread, Doppler (frequency) spread, and angle spread
[34]. Depending on the amount of the delay spread and the Doppler spread, the various

fading can be categorized as shown in Fig. 2.2.
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Figure 2.1: The basic elements of a communication system
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Figure 2.2: Fading categories based on delay spread and Doppler spread

Delay spread is caused by the multipath because of remote scatterers such as hills or terrains.
As a result, several time-shifted and time-scaled versions of the transmitted signal will ar-

rive at the receiver. Delay spread causes frequency selective fading, and can be measured in
terms of coherence bandwidth. The larger delay spread, the smaller coherence bandwidth.
Depending on the coherence bandwidth, a channel can be categorized into frequency nonse-

lective (flat) fading channel or frequency selective fading channel.

Doppler spread is caused by mobile motion and local scattering near the mobile. Doppler
spread causes time selective fading and can be characterized by the coherence time of the

channel. The larger Doppler spread, the smaller the coherence time, and the faster the chan-

11



nel characteristics vary with time. Thus, from Doppler spread, a channel can be categorized

into fast fading (high Doppler spread) or slow fading channel (low Doppler spread).

Angle spread is the spread of arrival (or departure) angles of the multipath at the antenna
array. The angle of arrival (or departure) of a path can be statistically related to the path delay.
Angle spread results from remote scatterers and local scattering near the base station. Angle
spread causes space selective fading and can be characterized by the coherence distance. The

larger the angle spread, the shorter the coherence distance.

Let h;;(t) denote the continuous time impulse response of the multipath channel from trans-
mit antenna to receive antenna A time-variant multipath signal propagation through the

mobile cellular radio channel can be modelled as:

P—1
hii(t) = > ajip(t)e? 2Dt — 75,(t)) (2.1)
p=0

where P is the number of channel multipathi-) is the Dirac delta function, and;; ,(t),
6,:,(t), andr;; ,(t) are the time-variant attenuation, phase distortion, and propagation delay

of the pth path from transmit antenndo receive antenng, respectively.

Note that the propagation delay ,(¢) characterizes different multipaths (delay spread), and
the time-variant attenuation and the phase distortion characterize the amount of the Doppler

spread.

2.2 Standard Decision Feedback Equalizer (DFE)

We first describe the standard decision feedback equalizer (DFE) receiver for a nonspread
signal, upon which chip level DFE for DS-CDMA system builds. A DFE is a nonlinear
equalizer that employs previous decisions to eliminate the intersymbol interference (ISI)

caused by previously detected symbols on the current symbol to be detected.

The standard DFE for a nonspread signal was first suggested by Austin [16]. Fig. 2.3 shows

a discrete time complex baseband model for the standard DFE.

12
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Figure 2.3: The conventional DFE structure for a nonspread signal

The DFE consists of a feedforward filtepn] and a feedback filteg[m|, wherem is the

symbol index. Because the feedback filter sits in a feedback loop, it must be strictly causal.

The signal propagates through a discrete time-variant frequency selective fading channel
him]. Let P be the number of channel multipath, and the complex channel is assumed time-
invariant, i.e. hlp;m|] = h[p| for p = 1,..., P. The received signal[m]| can be written

as:

fm =3 W lblm ) + ol @2)

whereb[m] is the transmitted symbols informatiofiz[p|} is the discrete channel impulse
responsep|m] is the additive white Gaussian noise with mean zero and varighand* is

the complex conjugate operator.

Let v[m] be the impulse response of the discrete composite system with the channel and

feedforward equalizer. That is,

vlm] =3 h*[plefm — pl. (2.3)

From Fig. 2.3, the output of DFE can be written as:
Nb Nb

oim] = > o [lblm 1 = g*[llb[m — 1] + 7[m)] (2.4)

I=—Ny =1
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whereb|[m] is the detected symbols]; + 1 is the length of feedforward tapa, is the length
of feedback taps, and

0

alm) = > im0, (2.5)

I=—Ny

Assume that no decision errors are made, lijev — 1] = b[m — ] and{g[l]} = {v[]]} for

1 <1< N, (2.4) can be rewritten as:

0

bm] = > v*[l]blm — 1] + qj[m]. (2.6)
I=—N;

From (2.4) and (2.6), the minimum mean square error (MMSE) can be obtained when the
feedforward filter is used to eliminate the ISI from some “future” symbols (precursor ISI),
and minimize the noise. The feedback filter, on the other hand, is used to eliminate the ISI
from past symbols (postcursor ISI). Note that the cancellation of the postcursor ISI using the
feedback filter does not enhance noise, since any noise present is eliminated by the decision
device (assuming no decision errors are made). Therefore, there is no noise at the output of
the feedback filter. Thus, removing only precursor ISI using a feedforward filter does not
enhance noise as much as removing both the precursor and postcursor ISI [35]. The DFE

based on the mean square error (MSE) criterion was first investigated by Salz [17].

From (2.4) and (2.6), the output of DFE can also be written:
0 Ny
bm] = > Hrim =1 =Y g*[l]blm —1]. (2.7)
I=—N; =1
Let c andg be the vector of feedforward and feedback taps, respectively:[kgtandb[m)]

be the received signal vector and past detected symbol vector, respectively. That is,

¢ = <c[—Nf] 0[0])T (2.8)
g = (9[1] g[Nb])T (2.9)
rjm] — (T[m—l—Nf] r[m])T (2.10)
bim] — (b[m—l] b[m—Nb]>T (2.11)



whereT is the transpose operator.
Let w be the complete equalizer vector adez] be the complete received vector. That is,
T
w = (CT gT) (2.12)

djm] — (rffnﬂ -»bffnﬂ> . (2.13)

Thus, (2.7) can be written as:
. r(m)|
b[m] = ( cH gH ) (2.14)
—b[m]
bim] = wd[m] (2.15)
whereH is the Hermitian transpose operator.
The weight vectow is chosen to minimize the mean square error (MSE) as:
MSE:Eme—mmW) (2.16)

Assume that the noise sequence and the symbol sequence are uncorrelated. The optimal

solution for the conventional DFE under the MMSE criterion is

g = Hc (2.17)
c = (H'H+2D) 'n (2.18)
where

h, = (h[Ns] h[N;—1] ... hl0O)T (2.19)

h[Ny + 1] h[2] h[1]
H o : 5 5 (2.20)

0 R[N;) h[Ny — 1]
0 0 h[Ny)
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H = _ _ _ _ (2.21)
h[Ns| h[N;—1] ... h[0]
andl, h[p] are the identity matrix and the discrete time of ile path channel, respectively.

Proof: See Appendix A.

In addition, the MMSE solution is given as:

MMSE =1 —hI(H"H + ¢21)"'h’. (2.22)

Note that the MMSE solution and the optimal equalization vector in terms of matrix formu-

lation are not discussed by Austin and Salz [16, 17].

Although the conventional DFE performs better than the linear equalizer, any decision errors
at the output of the decision device are propagated by the feedback filter. This error propaga-
tion has been explored and the benefit of reduced noise enhancement usually far outweighs

the effect of error propagation [36].

2.3 Adaptation Algorithms

The optimum solution for the tap equalizer in (2.17) and in (2.18) can be found analytically
by solving matrix inversion directly. The solution can also be found iteratively by using
mean square error gradient (MSEG) algorithm. Although both methods are quite straight-
forward, they require the knowledge of the channel property in advance. In addition, to
solve the optimum solution iteratively, the channel must be time-invariant. In most com-
munication systems that employ equalizers, we cannot predict the channel accurately since
the channel characteristics are unknown a priori, and in many cases, the channel response is
time-variant. Therefore, the prediction of the channel is difficult in the fast fading channel

and an adaptation algorithm is needed.
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In any adaptation algorithms, the equalizer can automatically track and modify its equalizer

coefficients to compensate for the time variations in the channel response. The choice of the
adaptation algorithm can greatly influence the system performance. The availability of the

continuous pilot signal in the third generation system [5] enables the continuous updates of
the equalizer coefficients to track the channel variations in a fast fading channel. Since the
equalizer is implemented in the mobile station, any adaptation algorithm used must have low
computational requirement and fast convergence rate. The least mean square (LMS) algo-
rithm, the normalized least mean square (NLMS) algorithm, and the recursive least square

(RLS) algorithm are well suited for such applications.

2.3.1 Least Mean Square Adaptation Algorithm

The least mean square (LMS) adaptive transversal filter or stochastic gradient (SG) algorithm
can track the channel variation and can modify the equalizer coefficients. Transmission of

the pilot signal is needed to adjust the equalizer coefficients.

The SG algorithm [36] takes the form:

Wlm + 1] = W[m] — ng(ye[m”?) (2.23)

w=w[m]

wherey is the step size or adaptation gaW,, is the gradient with respect o, e[m] is the

a posteriori estimation error signat¥,[m] is the equalizer vector, antl[m + 1] is its update.

If |e[m]|? is expanded and differentiated with respect to the equalizer coefficients, we may

obtain the results in the form of three basic relations as follows [37]:

bim] = Ww![m]d[m] (2.24)
elm] = b[m] — bjm] (2.25)
wim+1] = Wm]+ pe*[m]d[m] (2.26)

whereb[m] is the equalizer outpudi[m] is the tap-input vector, aridm] is the desired (pilot)

signal.
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The LMS adaptation algorithm is simple and easy to implement. It requires low computa-
tional complexity and it serves as a basis for the derivation of a number of other algorithms.
From (2.24)-(2.26), we can see that the LMS algorithm requiresnbomplex multiplica-

tions and2x + 1 complex additions per iteration, whetas the number of tap weights used

in the adaptive filter. In other words, the computational complexity of the LMS algorithm is

only O(x). However, the LMS algorithm has a relatively slow convergence rate.

2.3.2 Normalized Least Mean Square Adaptation Algorithm

From the standard LMS algorithm in (2.26), the correction factor of each iteration is directly
proportional to the tap input vectel{m|. Therefore, wherl[m] is large, the LMS algo-
rithm may experience a gradient noise amplification problem. To deal with this problem,
the normalized least mean square (NLMS) adaptation algorithm as a modification of the
LMS algorithm is used. In addition, the NLMS algorithm also provides faster convergence
rate than the LMS algorithm with a relatively small increase in algorithm complexity. The
term “normalized” in the NLMS algorithm refers to the correction factor at each iteration

normalized with respect to the square Euclidean norm of the tap input \etdr

From the same cost function in (2.16), the NLMS algorithm can be written as:

=

wm + 1] = Wim] + *[m]d[m] (2.27)

a+ @m])**

wherea is a positive constant and is the adaptation constant. Note that the adaptation
constaniu for the NLMS algorithm is dimensionless. It must sati8fyc i < 2 in order to

converge in the mean square error [37].

2.3.3 Recursive Least Square Adaptation Algorithm

When faster convergence rate is required, more advanced adaptation algorithms such as the

recursive least square (RLS) algorithm can be used. The RLS algorithm has an order of
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magnitude faster convergence rate and smaller misadjustment than the LMS and the NLMS
algorithms. Therefore, the algorithm can improve the bit error rate (BER) performance. This
improvement, however, is achieved at the expense of increasing computational complexity
and storage requirements. The computation complexity of the RLS algorittiixi%),

wherex is the number of tap weights used in the adaptive filter.

In the RLS algorithm, the computation is started with known initial conditions, and uses
the information contained in new data samples to update the old estimates. As a result, the

length of observable data is a variable.

The RLS algorithm is designed to minimize the exponentially weighted least squares cost

function¢ [37], as:

m

Elm] = Blm,0)|e[i]? (2.28)

=1

wherec[i] is theith of the a priori estimation error signa#, is the duration of the observable

interval, and3(m, i) is the weighting factor.

The commonly used weighting is the exponential weighting factor or forgetting factor de-

fined by

B(m,i) = A" i=1,2,...,m (2.29)

where the forgetting factox is a positive constant close to, but less than

The inverse ofl — )\ can be used for measuring the memory of the algorithm. Wiheguals
1, we have the ordinary method of least squares, and its memory is infinite. With a forgetting
factor incorporated, it ensures that the data input in the distant past is “forgotten”, so that the

algorithm can follow changes in the system and operate in a time-variant environment.

The RLS algorithm [37] can be written as:

B P[m — 1]d[m]
kml = T d P — 1d[m] (2.30)
elm] = bm] — w?[m — 1]d[m] (2.31)
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wim] = Wwim — 1]+ " [mlk[m] (2.32)

Pim] = ] (2.33)

wherek[m] is the gain vectonw|m] is the equalizer vector, arlél[m] is the inverse correla-

tion matrix.

2.4 DS-CDMA System

DS-CDMA system enables each user to spread the information bearing iignaith rate

1/T into a wideband signal(¢) with rate N/T using specific code information [2, 5, 6, 38].

N is the processing gain andis the symbol period. Fig. 2.4 (a) and Fig. 2.4 (b) show the
time domain and frequency domain representations of the DS-CDMA spreading operation,

respectively.

In the time domain, there will b&/ chip sequence transmissions during symbol pefiod
after the spreading operation, as illustrated in Fig. 2.4 (a). All users then transmit their chip
sequence within the same frequency and time channel. Note that the chip feisagven
asT/N.

The power spectral density of the information bearing sighaf) and the wideband signal
S.(f) are also shown in Fig. 2.4 (b).

The spreading operation using the specific code information at the transmitter is straight-
forward. The data symbol is modulated by the code signal. This code signal consists of a
number of code bits called chips. The resulting chip sequence is then modulated by a carrier.

Fig. 2.5 shows the spreading and modulation operation at the transmitter [5].

At the receiver, each data symbol of the desired user is recovered by multiplying the received
chip sequence, with the complex conjugate code sequence of the desired user. This is called
despreading operation. After demodulation, the original data symbol can be recovered. Fig.

2.6 shows the despreading and demodulation operation at the receiver [5].

20



b(t) u(t)

After Spreading
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@ ™ VN
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After Spreading

T2

(b)

Figure 2.4: The DS-CDMA operation: (a) Time domain representation, (b) Frequency do-

main representation

For the ideal downlink communication channel, the orthogonality is preserved during the

transmission. As a result, a simple despreader receiver is able to suppress all MAL.

To illustrate the ability of a simple despreader to suppress all MAI in the ideal CDMA down-
link channel, let us examine an example. Consider the normalized Walsh code with the
processing gaimN = 4. There are 4 users transmitting the single bit symbol synchronously

through an ideal downlink channel.

Chip Signal

Modulator ——

Data Symbol

Code Carrier
Generator Generator

Figure 2.5: The spreading and modulation operation at the transmitter
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Received Data Symbol

Chip Signal for the Desired User
Demodulator ——————»

Complex Conjugate Carrier
of the Desired User's Generator
Code Generator

Figure 2.6: The despreading and demodulation operation at the receiver

The normalized Walsh codg and the bit symbdl,[m| for the 4 users = 1, ...,4), where

m is the symbol index are:

T T

s=[3 5] m=ld

T T

s=[4 4 b 4] om=l b
bim| = 1,by[m] = —1,b3[m] = —1,by[m] = 1.

At the receiver, the received signal vectdn] is [0 0 0 2|7, wheren is the chip index.
If the kth user is the desired user, then by despreading the received signal with respect to
the spreading code of theh user, we can obtain the original information of the bit symbol

transmitted by théth user.

However, the ideal CDMA downlink channel does not exist in practice. A channel intro-
duces noise and a received signal also experiences multipath. Thus, a simple despreader
is unable to suppress all MAI. As a result, CDMA becomes an interference limited system
and the performance is degraded. Therefore, the different receiver structures for CDMA
downlink channel such as the rake receiver and the equalizer are developed to improve the

performance.

22



2.5 Signal Model for a DS-CDMA System

We now develop a general DS-CDMA downlink signal model for multiple antennas. We
assume that there afdransmit antennas anfireceive antennas with each transmit antenna

transmitting a different continuous pilot signal, and therefdresers in the system.

Consider the complex baseband model for a downlink channel of a single cell DS-CDMA
system. Leib,(f) [m] be themth symbol of transmission from transmit antenn@ mobile

stationk.
The kth user spread signal from transmit antenisa

W mN +1) = AP m]sP ImN + 1]

m=—-00,...,0,...,00, [=0,1,....N—1, +=1,2,...,1 (2.34)

where A;, is the amplitude of user, s,(j) [mN + [] is thekth user spreading sequence from
transmit antenna, NV is the processing gainyp is the symbol index, and stands for the

chip index within a symbol period. Note that long codes are used for spreading, and that the
spreading sequences are orthogonal to each other during symbol interval and are normalized
as|s{ [mN +1)| = 1/VN.

The kth user spread waveform from transmit antennan be written as:

o0

()= 3wt —Tn) (2.35)

wheren = mN + [ is the chip indext is time index, andl(¢) is the normalized Nyquist

chip waveform.
The spread signal for the pilot signal for transmit antenisa

@Y [mN + 1] = A [m]59[mN + 1] (2.36)
where 4; is the amplitude of the pilot,)[m] is the pilot symbol, and®[mN + [] is the

pilot spreading sequence for transmit antehna

23



The spread waveform for the pilot symbol for transmit antenisa

) = i a9 [n)T(t — T.n). (2.37)

n=—oo

From (2.35) and (2.37), the total transmitted signal from transmit antesfrihe base station

becomes:
' - ()
X)) =XV + 3 (). (2:38)
The total transmitted signals from each transmit antenna of the base station propagate through
time-variant frequency selective fading (multipath) channels.

Let us recall the multipath channels in (2.1).

P-1
hii(t) = 3 aip(8)e 2D (t — 750, (¢)).
p=0

Thus, the received signal at thith receive antenna can be written as:

P—

YO = 33 ajip(t)evOxO(t — 7 () + ND(t), j=1,2,...,J (2.39)

i=1 p=0

—_

whereN®) js the additive white Gaussian noise (AWGN) of tfté receive antenna with

mean zero and single sided spectral densjty

Note that propagation delay; ,(t) = pT. is assumed for simplicity. In addition, if the
number of channel multipatR = 1, we do not need the equalization. Therefore, we always

assume thaP > 2.

At the mobile station, the received signél’)(t) is sampled. Let?)[n] denote thenth
sampled signal at the chip rate from the output of the matched filter gthhreceive antenna.
That s,

D] = / T UEY Ot = P)dr |, (2.40)

— 00
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Note that from (2.39), we can write the complex attenuation chantig|@st) = c; ,(t)e’i»("),
We assume that the complex attenuation factor opthgath from transmit antenndo re-

ceive antenng, 77, [p; n] is constant over the chip period, that is,

h;fi[p; n| = ozmp(t)eﬁa'iA,p(t)7 nT. <t<(n+1)T.. (2.41)

Then, from (2.40) and (2.41), we can write:
I P-1

=2 il nluln — pl + 90 (2.42)
i=1 p=0
where
un] = Zuk | + @' [n] (2.43)
nW(n] = /_OO U(7)NY (nT, — 7)dr. (2.44)

Note thatn)[n] is the additive white Gaussian random noise sequence oftthesceive

antenna with mean zero and variance

If the complex channel attenuation is assumed time-invariant for all pathsyie; n| =

h;i[p] for all p, then (2.42) can be written as:
I P-1

=33 wlplu?n = pl + nPn). (2.45)

i=1 p=0

Leth;; be the sampled channel response vector from transmitteeceiver; of sizeP x 1.
It can be written as:

We can assemble the; vectors into/ separate matrices of sizex J as follows:

H =y, hy ... hy], i=12...,1 (2.47)
Furthermore,
rln] = (rWn] ... a7 (2.48)
u?n] = @] ... uDn-P+1)" (2.49)
nfn] = (WA ... )" (2.50)



wherer()[n] is the received signal at receive antenirendu® [n] is the baseband transmis-
sion signal from transmit antenaThe J x 1 received signal vectar|n] for the downlink

signal model for multiple antennas can be written as:

rin| = ZHHu(i) [n] + n[n]. (2.51)

7

2.6 Existing Receivers for a DS-CDMA System

2.6.1 The Rake Receiver

The rake receiver is the most popular and conventional receiver in the DS-CDMA system

[7]. It is called the rake receiver since the receiver has the structure of a rake. The rake

receiver based on a single receive antenna is shown in Fig. 2.7.

[

» Despreader
Received Signal
rfmN +1] '
Z—l
' o
: ° » Linear
. » Combiner
°
Z—l
» Despreader

Figure 2.7: The rake receiver

The rake receiver contains a bank of despreaders. Each despreader despreads the received

chip sequence according to the desired user. The resulting outputs are combined using a
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linear combiner. In order to achieve maximum signal to noise ratio (SNR), the maximal ratio

combining (MRC) scheme is used in the linear combiner [38].

Consider the single transmit antenna and single receive antenna case-i.¢.= 1. The

signal model in Section 2.5 becomes:

rlmN +1 = rO[mN +1] (2.52)
ulmN +1 = uY[mN +1] (2.53)
hlmN +1] = hj[mN +1] (2.54)
nmN +1 = nW[mN +1] (2.55)

wherer[mN + [] is the received signal,jmN + [] is the total transmitted spread signal
from the base statioh[m /N + [] is the time-variant discrete channel impulse response, and

n[mN-+l] is the additive white Gaussian random noise sequence with mean zero and variance

2

o

From (2.42), we can write:

P—1
rlmN + 1] = > h*[p;mN + lu[mN + | — p] + nmN +1]. (2.56)
p=0

From Fig. 2.7, the received signal is delayed and despread in the rake receiver. Assume that
userk is the desired user, then thth despread signal,[m,] can be written as:

N-1
dym] = Y r[mN + 1+ p|si[mN +1], p=0,....,P—1 (2.57)

m=0
wheres,[mN + ] is the long spreading sequence for desired iser

Assume that[p; m] is thepth time-variant path of the channel ahép; m] is the channel

estimate ofa[p; m]. The output of the rake receiver at thign finger becomes:

braxEep[m] = dp[m]il[ ;m]. (2.58)
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The channel coefficierit[p; m| forp = 1, ..., P can be estimated using the pilot signal. The
instantaneous channel estimate for phiepath is:
A~ Nil -
hlp;m] = (Z rimN + 1+ p]s*[mN + l]) b*[m] (2.59)
m=0

wheres[m N + 1] andb[m] are the long spreading sequence for the pilot symbol and the pilot

signal, respectively.

The instantaneous channel estimate in (2.59) can be smoothed with zero lag for better esti-

mate as:

hpsm] = = 3 hlpym — g (2.60)

whereB is the size of moving window.

Under the MRC principle, the decision variables can be obtained by summing up all the
combined signals alongas:

P

bRAKE Z bRAKE LM (2.61)

Note that the rake receiver exploits the path diversity and sthdespreaders are used, the

diversity orderP is expected.

There exists a number of modifications of the conventional rake receiver. The linear mini-
mum mean square error criterion was combined with the conventional rake receiver in order
to improve the performance [39]. There also exists the space time rake receiver, that is the
extension of the rake receiver for multiple receive antennas. It consists of a set of banks of
despreaders for the desired user (one bank at each receive antennas), followed by the space
time combiner. Several space time rake schemes, including a low complexity space time
rake, have been proposed [40]. The only requirement for the rake receiver is that the receiver

must know the spreading waveform of the desired user.
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2.6.2 The Chip Level Linear Equalizer for CDMA Downlink Channel

The chip level linear equalizer (LE) is a promising approach for CDMA downlink channel
receiver. The key idea of using the chip level LE followed by a despreader is to equalize
the nonideal downlink channel at the mobile receiver, thus to restore approximately the or-
thogonality. When the orthogonality is restored, a simple despreader is able to suppress all

MAL.

A necessary condition for the receiver to work properly is that the number of users must be
smaller than the length of processing gain. In other words, each user is assigned with specific
orthogonal spreading codes. The chip level LE directly operates on the received sequence
or the different received sequences in order to generate an estimate of the desired user’s data

symbol sequence. Fig. 2.8 shows the adaptive chip level LE for a single antenna.

b[m

L Chip Level Linear u [mN +|] b[m] -
Equalizer > Despreader Y
Received Signal

r[N +1] :

Adaptation e [ m]

Algorithm

Figure 2.8: The adaptive chip level LE for single antenna

There are two kinds of criterion for the chip level LE: zero forcing (ZF) and MMSE. With the
ZF criterion, MAI introduced by multipath can be completely eliminated by full inversion

of the downlink channel. However, noise may also be enhanced. The MMSE equalization
can be used to minimize the noise enhancement associated with the ZF equalization. In
the MMSE equalization, the chip level equalizer measures the error after despreading, and

updates the equalizer coefficients at the symbol rate, as shown in Fig. 2.8.
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The idea of the linear chip level equalization at the downlink channel for the purpose of
restoring the orthogonality of the user spreading sequences was first proposed by Klein [41].
The linear chip level equalization of the downlink for a DS-CDMA system based on the
MMSE and ZF criteria was first independently introduced by Frank [12] and Ghauri [42],
respectively. The linear chip level equalization of the downlink channel has subsequently
been proposed in humerous works [13, 14,43-46]. An adaptive algorithm that does not

require the pilot training sequence has also been proposed [44].

The linear chip level equalization [13] is suitable in the DS-CDMA downlink channel. How-
ever, adaptive implementations of the chip level LE are not straightforward, since no contin-
uous multiple user training chip sequence is available. The presence of a continuous pilot
signal incorporated in the third generation cellular communication systems has motivated the

linear chip level equalization using the continuous pilot channel [5, 14, 46].

Let us consider the linear chip level equalization using the continuous pilot channel for the
single transmit antenna and single receive antenna casé,+el = 1. Let us recall (2.52)

- (2.55). Then, from (2.45), the received signal can be written as:

rfn] = 3 hlplaln — ) + i 2:62)

where{h[p]} is the discrete channel impulse response.

Let Ny, r[n] andw be the finite length of equalizer, the received signal vector and equalizer
vector, respectively.
rln] = (r[n] r[n—1]...7r[n — Ny +1))7 (2.63)
w = (w[0] w1]...w[N;—1])". (2.64)

The estimate of the transmitted signal can be given by the complex inner product:

a[n] = wr[n). (2.65)

The weight vectow is chosen to minimize the MSE:
N-1

MSE = E(u}[m] ~ 3" afmN + 1 + DJ5*[mN + z]ﬁ) (2.66)

m=0
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whereD is the delay and|m] is the continuous pilot signal.

In the latest development, Lees al. developed the generalized pilot-based method, called
the space time chip level LE for multiple antennas [32, 33]. Their methods are based on the
training symbol and semiblind space time chip level LE receivers. Their simulation results

show improvements over a pilot-based rake receiver.

2.7 Conclusion

In this chapter, the principle of DS-CDMA system and the general signal model for CDMA
MIMO downlink channel are presented. The existing receiver structures for CDMA down-
link channel are discussed. We review two receiver structures that can mitigate MAI, and
three adaptation algorithms that can track the variation of channel in the time selective fad-

ing channel.
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Chapter 3

The Chip Level DFE with Multiple

Antennas

When the downlink channel of a MIMO CDMA system uses orthogonal spreading codes,
frequency selective fading destroys the orthogonality and introduces MAI. Chip level DFE
is an attractive method to restore the orthogonality and suppress MAI. Chip level DFE also
exploits the benefit of additional diversity gain in the CDMA MIMO downlink channel.
Furthermore, Chip level DFE is less affected by the spectral characteristic of the channel.
Therefore, it can be expected that the chip level DFE with multiple antennas can improve the

performance.

This chapter investigates the performance of chip level DFE for CDMA downlink channel.
Two different schemes that are employed at the transmitter, i.e. the space time spreading

(STS) scheme and the Alamouti transmit diversity scheme, are investigated.

3.1 The Chip Level DFE with the STS Scheme

This section investigates the performance of chip level DFE for CDMA downlink channel

when the STS scheme is employed at the transmitter. In the STS scheme, a set of different
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orthogonal codes is assigned to multiple transmit antennas for each user. In principle, any
number of transmit antennas can be employed as long as we have a sufficient number of
distinct orthogonal codes. In order to estimate channels, the pilot signals are utilized. It

is assumed that each antenna continuously transmits its pilot signal (i.e., code-multiplexed

pilot is assumed).

3.1.1 Signal Model for DS-CDMA Based on the STS Scheme

Let us consider the previous signal model for DS-CDMA system in Section 2.5. The base
station employs user specific orthogonal Walsh-Hadamard spreading codes and a site specific
base spreading codes. We assume perfect carrier recovery at the receiver site and there are

K users in a CDMA downlink channel.

Let us also considef transmit antennas and receive antennas. Each transmit antenna
transmits different pilot signals using different orthogonal spreading sequences. Each user is
assigned with a different orthogonal spreading codes for each transmit antenna. The block

diagram for the transmitter with the STS scheme is shown in Fig. 3.1.
From Fig. 3.1, fori = 1,2,..., I andk = 1,2, ..., K, we can write:

befm] = b [m] (3.1)
Abm] = A;p9[m] (3.2)

whereb, [m] is the data symbol for theth user,A is the amplitude of the pilot signals, and

b[m] is the pilot symbol.

Let «?[n] be the total baseband transmission signal, transmitted from antextntiae base
station. The received signal at tlih receive antenna is written as:
I P-1

rOln] = 32 3 hlplu®ln — pl + 0[] (3.3)

=1 p=0
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Figure 3.1: Block diagram for the transmitter with the STS scheme using | transmit antennas

where
uDmN +1] = Y u[mN + 1) + @ mN + 1) (3.4)
k=1
W mN +1) = Agbe[m]s? mN + 1] (3.5)
a9 mN +1 = Abm]59[mN +1]. (3.6)

In the vector notation, thé x 1 received signal vector can be written as:
I .
r[n] = > H{u"[n] + nn] 3.7)
i=1
where the channel matrild;, the received signal vectefn|, the transmitted signal vector

u”[n], and the noise vectar[n] are given in (2.47) - (2.50).
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3.1.2 The Receiver Structure of the Chip Level DFE with the STS Scheme

In this section, we propose the chip level DFE based on the STS scheme. The block diagram

of the scheme is shown in Fig. 3.2. We assume that the decision delays are the same for every

data stream, i.el); = D fori = 1,...,I. The chip level DFE consists of a feedforward

filters c;; with a temporal span oW, taps and a feedback filtegs; with a temporal span of

N, taps.
r(l)[n] b[m-DJ > 7MD]
. FeedForward Despreaders . . .
. Filters 8 . DeC|§|on .
. N, x1x] Combiners ‘ Devices )
—>
r[n] - > Ny
oy B[m-D] bm-D]
0“[n-D] ol
. FeedBack <, Spreaders | o
. Filters . wrt .
hoth Spreading
’ N, x1 xI - Codes
i"n-D] “

Figure 3.2: The chip level DFE based on the STS architecture with J receive antennas

It is shown in Fig. 3.2 that the chip level DFE is a fully connected receiver, in that past
decisions on all data streams are fed back into the detection process for each stream. As a
result, it has lower complexity and smaller error propagation than the successive interference

cancellation scheme [31].

Although the structure of the forward filter of the chip level DFE appears similar to that of
the rake receiver, the operations are different. The rake receiver is to combine the energies
of the desired user received through the multipath channel without taking into account the
presence of interferers. On the other hand, the forward filter of the chip level DFE works on

maximizing the desired user’s energy and minimizing the effects of existing interference in
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the channel using the MMSE criterion.

The structure of the feedback filter of the chip level DFE is different from the conventional
DFE. For the conventional DFE, which is shown in Fig. 2.3, the input signal to the feedback
filter is a nonspread (symbol) signal. For the chip level DFE, the input signal to the feedback

filter is spread (chip) signal.

The objective of the chip level DFE is to estimate the chip rate sequenpe,i = 1,..., 1,
from which the desired symbol sequenigém| is recovered by despreading the estimated

chip rate sequence using the desired user’s spreading sequence, as shown in Fig. 3.2.

Let us assume that previous decisions are correctjil’n — D] = u[n — D] for all i and

n.

Let c; be the feedforward filters of th#&h stream with dimensionalityN;J) x 1, g; be
the feedback filters of théth stream with dimensionalityN,I) x 1, 2[n] be the N, J-
dimensional symbols spanned by each of ttmmponents of the feedforward filter, and
u[n — D — 1] be the correct previous decisions vector with dimensionaligy/) x 1. They

can be written as:

Cc, — (Cll[O] CiJ[O] Cﬂ[Nf—l] CrL'J[Nf_].])T (38)
g = (gall] ... galNs] ... gu[1] ... gu[N))T (3.9)
Q] = (' rfln—-1] ... 2Tn—Np+1)7 (3.10)
uV[n — D —1]
uMn — D — N
un—-D—-1] = : : (3.11)
uD[n — D — 1]
uD[n — D — N

The total output of the chip level DFE is:
49 [n — D] = wid[n) (3.12)
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wherew; andd[n] are the complete equalizer vector and complete data vector, respectively,

and they can be written as:

w; = (¢f g)" (3.13)
dn] = (2'[n] —u’ln-D-1)". (3.14)

Let us denote:
z;[m] = Nf d[mN +1+ D)5 [mN +1]. (3.15)

=
Then, the MSE function of the chip level DFE-despreader can be written as:

MSE; — E(\b[m] - WZ-Hzi[mH2>, i=1,2 .1 (3.16)

3.2 The Chip Level DFE with the Alamouti Scheme

While chip level DFE with STS scheme presented in Section 3.1 offers diversity gain and
simplicity in the demodulation, it requires additional spreading codes for each user in each
transmit antenna. Witlh transmit antennag, times more codes are needed, and with a lim-

ited number of orthogonal codes, this also meanstttiates fewer users can simultaneously

be supported. This leads to the STTD scheme that has been proposed by Alamouti with two
transmit antennas [27]. The Alamouti scheme is simple to implement and has been employed
in a third generation system [47]. The Alamouti scheme does not require different spreading
codes for each transmit antennas. As a result, more spreading codes are available to support

more users than the STS scheme.

In this section, we consider the chip level DFE when the Alamouti scheme is employed
at the transmitter for downlink transmission. It is assumed that each antenna continuously

transmits its pilot signal and channels are estimated by using the code multiplexed pilot.
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3.2.1 Signal Model for DS-CDMA Based on the Alamouti Scheme

Consider the discrete time complex baseband model for the downlink channel of a single
cell direct sequence CDMA system. As before, therefangsers in the system and the base
station employs long spreading codes. We consider the Alamouti transmit diversity scheme
with two transmit antennas [27]. Fig. 3.3 shows the diagram.

@

1 (L I

Encoder

BM | g

Encoder

Figure 3.3: Block diagram for the transmitter with the Alamouti scheme

Let b, [m] be themth symbol of transmission to mobile statibrand independent and identi-
cal distributed (i.i.d.). We also assume that quadrature phase shift keying (QPSK) signalling

isused. Thatigy,[m] € {£1+;}. Then, the outputs of the space time encoder [27] become:

bV 2m] = b[2m]

bV2m+1] = —bi[2m+ 1]



b2 2m] = b2m+1]

b2 2m +1] = bi[2m]

whereb” [m] is the data symbol from transmit antenrta thekth user.

From Fig. 3.3, we can also see that the same user spreading sequence is used for the data

symbolb\”[m]. Thatiis,

si[mN + 1] = s [mN + 1] i=1,2 (3.17)

wheres,[mN + [] is thekth user long spreading sequence.

We also assumed that the long spreading sequence is normalizethad + []| = ﬁ

For coherent combining and channel estimation at the receiver, as shown in Fig. 3.3, two
different orthogonal pilot spreading sequenceés|q], i = 1, 2) with different pilot symbols

(b®[m],i = 1, 2) can be transmitted through two transmit antennas.

Assume that the complex channel attenuations associated with each pair of transmit and
receive antennas are time-invariant. Then, the received signal ghtheceive antenna can

be written as:

2 P-1
rDmN +1] =3 h;i[p]u(i) [mN 41— p] +nP[mN +1] (3.18)
i=1 p=0

where

uDmN +1] = Y u[mN + 1) + a9 N + 1] (3.19)
k=1

W imN +1 = A [m]smN + 1] (3.20)
a9 mN +1] = A9 [m)sO[mN +1]. (3.21)

In the vector notation/ x 1 received signal vector can be written as:

r[n] = 22: HZu9[n] + n[n] (3.22)

where the channel matrild;, the received signal vectaefn|, the transmitted signal vector

u®[n], and the noise vectat[n] are given in (2.47) - (2.50).
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3.2.2 The Receiver Structure of the Chip Level DFE with the Alamouti

Scheme

In this section, we propose the chip level DFE for the Alamouti transmit diversity scheme, as
shown in Fig. 3.4. As in previous section, we assume that the decision delays are the same

for every data stream, i.el); = D fori =1, 2.

rOn] = Gn-D] b[m-D] b[m-D)}
. ™ FeedForward Despreaders . Ny .
. Filters & . Decision .
. N. x2x] Space Time . Devices .
4>( ) f Combiners
rIn] ™. ~ >
«[m-D] b [m-DJ
i%n-D]
FeedBack* < Space ¢
. Spreaders . Time .
Filters W.r.t . Encoders .
Nb X2X2 All Users P . w.rt. e
=0 < All Users [
u*“[n-D]

Figure 3.4: The chip level DFE with the Alamouti scheme

The chip level DFE can bring the signals closer to orthogonal. In the feedforward path,

the despreaders suppress MAI after the equalization and then the space time combiners are
applied to combine the space time encoded signal. In the feedback path, the space time
encoder is used to encode the decision symbol, and the spreaders follow to provide the spread

(chip) signal to the feedback filter.

The objective of the chip level DFE based on the Alamouti scheme is to estimate the chip
rate sequence[n],i = 1,2, from which the desired symbol sequerigén] is recovered

by despreading and combining the chip rate sequence, as shown in Fig. 3.4.

Using the same approach as in Section 3.1, the total output of the chip level DFE can be
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written as:

49n — D] =wldn] i=1,2 (3.23)
wherew; andd[n] are given in (3.13) and (3.14), with their associated expressions in (3.8)-
(3.11).

The equalization vectorsy;, should be optimized to suppress ICI as well as the interference
from the other antennas, as a result of using multiple transmit antennas. If the interfering
signal from the other transmit antennas is not suppressed, the chip level equalization followed

by despreading cannot be effective to restore the orthogonality of the signal.

Let Q[n] be the Ny J-dimensional symbols spanned by each of tlt®@mponents of the
feedforward filter. That is,
Qn] = (' tfln—-1] ... vTn—Np+1)7 (3.24)

= XQ:I:I 1?[n] + n[n] (3.25)

wherea®[n] is the extended sequence of baseband transmission signal Jdgtisr,the
block Toeplitz channel matrix with” + Ny — 1) rows and.J N columns, andajr] is the

extended sequence of noise vector. In detail, they can be written as:

aDn] = @n] «Dn-1]... uDn—-P—-N;+2)7 (3.26)
H; 0

H = Do (3.27)
0 H;

ifn] = (m'[n] n'n—-1]... n'n— Ny +1))7. (3.28)

From Fig. 3.3,0()[m] is the pilot symbol for antenna Then, the MSE function of the
chip level DFE-despreader, which is decided to optimize the equalization wegtoan be

written as:

N—-1
MSE, = E<|b whd mN+z+D]s*<i>[mN+Z]|2>, i=1,2. (3.29)

i
=0
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Thus, the optimum equalizer vector can be found as:

E(XYtdmN + 1+ D)5 [mN + 1]6*D [m])
Moot d[mN + 1+ DIsFO[mN + 1)5@[mN + U)d# [mN + ' + D))

w; = .(3.30)
Assume the following:
Al) All spreading sequences are orthogonal in the symbol duration and

N-1
sg[mN 4+ l|si[mN + 1] = dppry, m=—00,...,0,...,00, kk'=1,...,K
1=0

whered is the Kronecker delta function.

A2) si[n], sp[n], k # k', and5 [n] have zero mean and are independent of each other, and

‘ . 1
E(sg[n]si[n']) = E(59[n)5*Dn/]) = Nén’"/'
A3) si[n], k =1,..., K andn[n| are independent of each other.

Then, the closed form solution of the optimal equalization vector becomes:

C;
w; = =R !p;, i=1,2 (3.31)
gi
where
_ H,)?
= Aoz | WP (3.32)
0
% _(ﬁl)g+2:D+Nb+1 _(ﬁ2)g+2:D+Nb+1
R = 0| —(Hi)ps2pin+ I 0 (3.33)
_(ﬁZ)D+2:D+Nb+1 0 I
2
= H = —_ — —
Ry = 5ZH1 H; + ’A|2‘75(H )D+1(H )D+1 + UiI (3.34)
i=1
P, + |A]?
B = N"O'? (3.35)
K
Po = > A (3.36)
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wherel is the identity matrixp is the null matrix,(-) p.; indicates theé D + 1)th row of the
corresponding matrixX; ) p+2.p+n,+1 indicates rowsg D + 2) to (D + N, + 1), P; is the total
transmitted power of userﬁi is the matrix which is obtained frorl; with removing the
(D +1)th row vectorg? is the variance of data symbef is the noise variance, anti= 4;

is the amplitude of the pilot signal.
Proof: See Appendix B.
In addition, the MMSE is found from (3.31) - (3.34) as:

It is interesting to see whether the assumptidd3 - A3) and the result of the MMSE the-
oretical analysis in (3.37) hold with practical scrambled Walsh codes. In order to see this,
we used Matlab to perform Monte Carlo simulation. Two transmit and two receive antennas
are assumed in the system. lkgt[n] be the impulse response of the complex channel from
transmit antennato receive antennaand suppose thg-transform of the impulse response

of the channels is given by:

) = 1+(02+51.2)27" + (—0.08 +50.24)27% — j0.0962

) = 1+ (1.2+50.7)27" + (—0.06 + j0.84)27% — 0.0722°

z) = 1401 —j14)z7" + (0.2 —j0.14)27> + j0.282°

) = 1—27140.64272—0.64277.

Let us assume that there are 10 users including the pilot symbol, the processing gain is 16,
SNR is 10 dB, the delay D is 3, and the signal amplitudes are the same and normalized (i.e.,
A, = A = 1). In addition, the length of the feedforward filter and the feedback filter are
set to 7 and 4, respectively. The simulation results are obtained with 1000 samples (i.e.,
1000 symbols) and 50 realizations. The scrambled Walsh codes are used for spreading. The

theoretical and simulated MMSE of the chip level DFE from (3.37) are shown to confirm the
MMSE analysis in Fig. 3.5 and Fig. 3.6.

43



Comparison of Different Chip Level Equalizers Structures for CDMA Downlink Channel
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Figure 3.5: Theoretical MMSE and simulation results of the chip level DFE and the chip
level LE based on the Alamouti scheme for different numbers of users (lines represent the

theoretical results and marks represent the simulation results)

From Fig. 3.5 and Fig. 3.6, we observe that the simulation results are in accordance with
the theoretical results, which support the validity of the MMSE approach for the chip level
DFE based on the Alamouti scheme. Fig. 3.5 and Fig. 3.6 also show that the chip level DFE

outperforms the chip level LE.

The performance of the chip level DFE is less sensitive to the spectral channel characteristic
[20]. The chip level DFE can suppress ICI more efficiently compared to the chip level
LE. Therefore, in a heavy load system (larger number of users), the chip level DFE offers

significant improvement, as shown in Fig. 3.5.

At higher SNR, MAI is more dominant than noise. As a result, at higher SNR, the chip level
DFE can suppress MAI more and offer significant improvement, as confirmed by the results

shown in Fig. 3.6.
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Comparison of Different Chip Level Equalizers Structures for CDMA Downlink Channel
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Figure 3.6: Theoretical MMSE and simulation results of the chip level DFE and the chip
level LE based on the Alamouti scheme for different SNRs (lines represent the theoretical

results and marks represent the simulation results)

3.3 The Adaptive Chip Level DFE

In the third generation wireless system, the continuous pilot signal is available [5] and equal-
ization can be carried out with this continuous pilot signal. Therefore, adaptive equalization
can be performed. The equalizers can update their coefficients at the symbol rate and can
track the variation of the channel continuously. The adaptation algorithm in the form of
the LMS adaptive transversal filter can track the channel variation and thus, can update the

equalizer coefficients.

Letusrecall (3.16) and (3.29). The MSE function of the chip level DFE-despreader is written

as:

MSE, = E<|b<i> im] — wH zi[m]|2) (3.38)
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wherez;[m] is given in (3.15).

For the LMS algorithm to work, we need to set the initial value ofitihetap-weight vector
w;[m]. If prior knowledge on theth tap-weight vectos;|m| is available, we can use it to

select an appropriate value fér;[0]. Otherwise, we can se&t;[0] = 0.

Let us recall Section 2.3. From (3.38), the adaptation of the equalizer coefficients based on

the LMS algorithm form = 0,1, 2, ... can be written as:

eWlm] = b9 [m] — Ww{[m)z;[m] (3.39)

Wilm +1] = W;[m] + pe*@m]z,[m] (3.40)

wheree™[m] is theith a posteriori error signaty;[m] andw;[m + 1] are the current value

and the updated value of thiln complete equalizer vector, respectively.

From the cost function in (3.38), we can also have the normalized LMS (NLMS) algorithm

as follows:

w;[m = w;[m Le*(i)mz-m. .
ilm +1] = W] H!I(z@-[m])HQ [m]z;[m] (3.41)

Note that the updating has been carried out at the symbol rate and the adaptation gain shall

be properly chosen to track the variation of channel.

We can use other adaptive algorithms such as the RLS algorithm to give faster convergence
rate. The RLS algorithm requires the initial value of ttieinverse correlation matrile;[0]

and theith equalizer vectow;[0]. That s,
P;0] = ¢7'I (3.42)
w;[0] = 0 (3.43)
whereg is the small positive constant.

The RLS algorithm forn = 1,2, ..., can be written as:

P;[m — 1]z;[m]
A+ zH[m]P;[m — 1]z;[m]

k;[m] (3.44)
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eDm] = bDm] — wH[m — 1]z;[m) (3.45)
Wilm] = Wilm — 1] + &0 [m]k;[m] (3.46)
Pm] — P;[m—1] — ki[nj\]zi [m]P;[m — 1] (3.47)

wherek;[m] is theith gain vectors*[m] is theith a priori error signaly;[m] is theith

complete equalizer vector, aitj[m] is theith inverse correlation matrix.
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Chapter 4

Simulation Studies

The performance of the rake receiver and the adaptive chip level DFE is investigated and
compared under various simulation environments. For the performance comparative study,
we consider 4 receivers: the rake receiver for single antenna, the rake receiver for multiple

antennas, the chip level DFE for single antenna, and the chip level DFE for multiple antennas.

4.1 Simulation Environment

In this simulation, we used Matlab to perform Monte Carlo simulation. We consider sin-

gle antenna systems and multiple antennas (MIMO) systems. For the MIMO systems, two
transmit and two receive antennas are employed. Time-variant frequency selective fading
channels with 4 multipaths using Jakes model are considered. In this model, the autocorre-

lation is given as [19]:

Elhji(p; n) W (s )] = Jo(27 foTeln — n'])8p 403005 (4.1)

whereJy(+) is the zero-order Bessel function of the first kirfg, is the maximum Doppler
frequency,T¢ is the chip duration, and is the Kronecker delta function. The maximum

Doppler frequency is decided by the speed of mobile terminal.
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The carrier frequency, is assumed to be 2 GHz and the speed of the mobile is set to 60
km/hr. The spreading sequences from the Walsh codes of length 32 with scrambling are

used. The data rate is set to 128 kbps and the chip rate is set to 4.096 Mcps.

The transmission powers are assumed to be the samedj.es, A, = 1;i = 1,2, with a

SNR of 10 dB. The number of users is set to 16. The orthogonal pilot signals in each
transmit antenna are continuously transmitted. For signaling, we use uncoded quadrature
phase shift keying (QPSK).

The tap numbers in the feedforward filter and the feedback filter for the chip level DFE
based on the Alamouti scheme are set to 7 and 4, respectively. The tap numbers in the
feedforward and the feedback filters for the chip level DFE based on the STS are set to 5
and 3, respectively. Note that the filter tap numbers have been properly decided to achieve
the best performance, and that they depend on the variation of the channel and the SNR.
In addition, the correct feedback is assumed for the chip level DFE and the perfect CSI for
the rake receiver. For the performance indicator, the BER is used; the average BER over all
users has been computed. In order to handle the problems caused by channel variations, we

consider the NLMS and the RLS algorithms.

4.2 Simulation Results of the Chip Level DFE with the STS

Scheme

The adaptation gaip for the NLMS algorithm must be properly decided to have the best
performance. In this specific simulation environment, the best adaptation gains for the chip
level DFE based on single antenna and multiple antennas cases are 0.4 and 0.8, respectively,

as shown in Fig. 4.1.

In Fig. 4.2, the BER performance with respect to the number of users using the NLMS
adaptation algorithm is shown. As the number of transmissions increases, the performance

for all receivers (the rake and the DFE) becomes worse due to increasing MAI. Since the
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Chip Level Adaptive CDMA Equalizer With Symbol Rate Updating
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Figure 4.1: BER performance of the chip level DFE based on the STS scheme with respect
to the adaptation gain using the NLMS adaptation algorithm

equalization is not perfect under a time-variant fading environment, it is observed that the
equalizer is also affected by MAI. However, the chip level DFE generally outperforms the
rake receiver. For example, at a BER10f 3, the chip level DFE can accommodate about
one and half times more users than the rake receiver (when multiple antennas are used). It
can also be observed from Fig. 4.2 that the significant BER improvement for both the rake

receiver and the chip level DFE can be achieved when multiple antennas are used.

The BER results are shown in Fig. 4.3 for various values of SNR using the NLMS adap-
tation algorithm. At lower SNR, the background noise is dominant and therefore diversity
gain is needed to provide better performance. At higher SNR, MAI becomes dominant and
the equalization can provide better performance by suppressing MAI. Therefore, the per-
formance of the rake receiver becomes saturated with high SNR. On the other hand, the
performance of the chip level DFE is improved for higher SNR. As before, the performance

in both receivers is also improved significantly when multiple antennas are used.
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Chip Level Adaptive CDMA Equalizer With Symbol Rate Updating
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Figure 4.2: BER performance of the chip level DFE based on the STS scheme with respect

to the number of users using the NLMS adaptation algorithm
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Chip Level Adaptive CDMA Equalizer With Symbol Rate Updating
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Figure 4.3: BER performance of the chip level DFE based on the STS scheme with respect
to SNR using the NLMS adaptation algorithm
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Chip Level Adaptive CDMA Equalizer With Symbol Rate Updating
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Figure 4.4: BER performance of the chip level DFE based on the STS scheme with respect
to the speed of the mobile using the NLMS adaptation algorithm

In general, it is expected that the receiver performance is degraded when the variation of the
channel is high. Fig. 4.4 illustrates this phenomena. Note that the variation of the channel
does not affect the performance of the rake receiver since the performance degradation is
only due to the channel estimation error (we assume perfect CSI for the rake receiver). The
performance of the adaptive equalizer deteriorates as the speed of the mobile increases. It is
because the adaptive equalizer becomes difficult to cope with the variation of the channel.
For example, at a BER dfd—2, the rake receiver outperforms the chip level DFE, when the
speed of the mobile is higher thaa0 km/hr (when multiple antennas are used). To over-
come this problem, some better adaptive algorithms that provide better tracking performance,
can be used to improve the BER performance at the expense of increasing computational

complexity.
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4.3 Simulation Results of the Chip Level DFE with the Alam-

outi Scheme

The adaptation gain and the forgetting factor for the adaptation algorithm have to be properly
decided to achieve the best performance. Fig. 4.5 and Fig. 4.6 show that the best adaptation
gain iz and the optimum forgetting factor for the chip level DFE based on single transmit

and receive antenna are 0.2 and 0.97, respectively. For the chip level DFE based on multiple
antennas, the adaptation gairof 0.3 and the forgetting factor of 0.97 are set. Note that

the adaptation gain and the forgetting factor depend on the variation of the channel and the
SNR.

Chip Level Adaptive CDMA Equalizer With Symbol Rate Updating

10 T T T T T T T T
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Step Gain

Figure 4.5: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the adaptation gain using the NLMS adaptation algorithm

In Fig. 4.7 and Fig. 4.8, the BER performance with respect to the number of users using
the NLMS and the RLS algorithms is shown. The performance for all receivers deteriorates

as the number of users becomes larger. Since the chip level DFE can suppress ICI more
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Figure 4.6: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the forgetting factor using the RLS adaptation algorithm

efficiently, it is less affected by MAI. Therefore, when the number of users increases, the
performance of the chip level DFE would degrade less than that of the rake receiver. In
addition, when the RLS algorithm is used, a significant improvement has been made, espe-
cially for the larger number of users. Additional BER improvement can also be made when

multiple antennas are used.

The BER results are shown in Fig. 4.9 and Fig. 4.10 for various values of SNR using the
NLMS and the RLS algorithms, respectively. Note that when the SNR is low, the noise is
more dominant than MAI and the diversity gain is the key to provide better BER perfor-
mance. Since the rake receiver with multiple antennas can exploit diversity gain, it can have

good performance at low SNR.

At higher SNR, MAI becomes dominant. The chip level DFE can suppress MAI and it is

less affected by MAI than the rake receiver. Thus, when the SNR becomes higher, the chip
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Figure 4.7: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the number of users using the NLMS adaptation algorithm

level DFE performs much better than the rake receiver. The improvement at different SNR

level for the chip level DFE is also made when the RLS algorithm is used.

Fig. 4.7, Fig. 4.9 and Fig. 4.11 also show that the rake receiver can have a better combining
gain compared to the chip level DFE based on the Alamouti scheme. The chip level DFE
needs to mitigate the ICI as well as combine signals coherently, while the rake receiver only
needs to maximize the combining gain without mitigating the ICI. For example, at a BER of
1072, the rake receiver based on multiple antennas (two transmit and two receive antennas)
can accommodate fifty percent more users, compared to the rake receiver based on single
antenna. On the other hand, the chip level DFE based on the Alamouti scheme can only
accommodate about twenty percent more users at the same bit error level, compared to the

chip level DFE for single antenna.

In general, it is expected that the speed of the mobile can affect the performance of adaptive
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Figure 4.8: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the number of users using the RLS adaptation algorithm

equalization. Fig. 4.11 and Fig. 4.12 reveal that as the speed of the mobile becomes higher,
itis more difficult for the equalizer to manage successfully the variation of channel. It results
in the increase of MAI in the receivers. Consequently, the performance of the chip level DFE
deteriorates as the speed of the mobile becomes higher. Note that the variation of the channel
does not affect the performance of the rake receiver since the performance degradation is only

due to the channel estimation error (we assume perfect CSlI for the rake receiver).

4.4 Comparing Performance of the Chip Level DFE with
the STS Scheme and the Alamouti Scheme

In Section 3.1 and Section 3.2, we have proposed the chip level DFE when the STS and the

Alamouti scheme are employed in the transmitter. The theoretical analysis of the STS and
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Figure 4.9: BER performance of the chip level DFE based on the Alamouti scheme with

respect to SNR using the NLMS adaptation algorithm
the Alamouti schemes has also been presented in detail [26, 27].

Although the Alamouti scheme requires no extra spreading codes, both the Alamouti and
the STS schemes can achieve the same diversity gain [26,48]. The rake receiver exploits
diversity gain to achieve better performance. Therefore, it can be expected that the rake
receiver based on the STS and the Alamouti schemes can have approximately the same BER

performance in multipath fading, as shown in Fig. 4.13.

Although the rake receiver can achieve approximately the same performance for both schemes,
it is not the case for the chip level DFE, as shown in Fig. 4.13. In general, the equalization
may not be perfect. It means that there still exists MAI at the output of the chip level DFE.
The frequency selective fading causes more MAI for the chip level DFE with the Alamouti
scheme. As a result, the performance of the chip level DFE based on the Alamouti scheme

is worse than the chip level DFE based on the STS scheme.
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Figure 4.10: BER performance of the chip level DFE based on the Alamouti scheme with

respect to SNR using the RLS adaptation algorithm

4.5 Comparing Performance of the Chip Level DFE using
the NLMS Algorithm and the RLS Algorithm

Fig. 4.8, Fig. 4.10 and Fig. 4.12 show that the RLS adaptation algorithm can improve the

performance significantly.

In time-variant frequency selective fading channel, a heavy load system (with larger number
of users) causes more MAI at the receiver. The chip level equalizer using the simple NLMS
algorithm cannot achieve its maximum performance in this situation since the equalizer also
needs to cope with the changes and modify its coefficients. Therefore, a faster convergence
rate is desired. Fig. 4.7 and Fig. 4.8 show that significant improvement is gained with the

RLS algorithm, especially for higher number of users.
In general, the RLS algorithm has a smaller steady state error than the NLMS algorithm
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Figure 4.11: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the speed of the mobile using the NLMS adaptation algorithm

has. Consequently, BER performance is better in all circumstances. In addition, the RLS
algorithm has a faster convergence rate, especially for higher SNR. Consequently, at higher
SNR, the RLS algorithm can offer significant BER improvement, as shown in Fig. 4.9 and

Fig. 4.10.

In general, it is expected that different adaptation algorithms can affect the BER performance
of the chip level DFE on the different speed of the mobile, as shown in Fig. 4.11 and Fig.

4.12. As the speed of the mobile becomes higher, it is more difficult for the equalizer to

cope with the variation of channel. Thus, there is a lot to gain by using a better adaptation
algorithm. For example, at a BER df~2, the chip level DFE (with multiple antennas) using

the NLMS algorithm can outperform the rake receiver at speed below 85 km/hr. However,

at the same bit error level, the chip level DFE using the RLS algorithm can outperform the

rake receiver even when the speed of the user is 180 km/hr.
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Figure 4.12: BER performance of the chip level DFE based on the Alamouti scheme with

respect to the speed of the mobile using the RLS adaptation algorithm
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rithm
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Chapter 5

Conclusion and Further Research

5.1 Conclusion

This research study has demonstrated that significant improvement in performance and ca-
pacity can be made when the chip level DFE based on the STS scheme is used. The im-
provement can be achieved since the proposed receiver design exploits the diversity gain and

suppresses the MAI at the same time. However, this receiver needs extra spreading codes.

We have proposed the chip level DFE for CDMA downlink channel when the Alamouti
scheme is employed at the transmitter. Using an MMSE cost function, the optimal equal-
ization vector and the closed form expression have also been obtained. It is shown that ICI
of a channel and the interfering signal from the other transmit antennas can be suppressed

simultaneously.

Comparing the performance of the chip level DFE in the STS scheme and the Alamouti
scheme, the chip level DFE for CDMA downlink channel based on the Alamouti scheme has
slightly worse performance than the chip level DFE based on the STS scheme. However, the

Alamouti scheme does not require extra spreading codes.

It has been shown that the proposed method can restore the orthogonality on downlink chan-
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nel and suppress MAI. In comparison with the rake receiver equipped with multiple anten-
nas, the proposed method not only provides antenna diversity gain, but also suppresses MAI,
while the rake receiver can only have antenna diversity gain. Hence, the proposed method

can offer significant improvement in performance and capacity.

5.2 Further Research

The training (adaptation process) for the chip level DFE developed in this thesis is based
on the pilot signals. If the channel is static, we can have sufficient samples (symbols) to
find the equalization coefficients. When the channel is time-variant, only a few samples are
available to track with the variation of channel. By utilizing the noise subspace from un-
used spreading sequences (blind technique), we can also have additional samples to find the
equalization coefficients. Therefore, by utilizing both the pilot signal and unused spreading
sequences (semiblind technique), we can improve the performance [49, 50]. Thus, the blind
and semiblind techniques can be considered for the chip level DFE and it is an interesting

future research topic.

In this thesis, the chip level based on the Alamouti scheme (two transmit antennas) has been
developed. However, more general configuration Witk 2) transmit antennas can also be

employed [28]. This can be considered as an extension of the current research.

The Alamouti scheme can achieve a maximum possible diversity advantage with a simple
decoding algorithm. However, additional coding gain, spectral efficiency, and diversity im-
provement can be simultaneously obtained when space time trellis code (STTC) is used
[51,52]. The STTC with the chip level DFE can be integrated to have better performance.

This can be considered as a further research issue.

Finally, in order to improve the capability of multimedia communications, W-CDMA can
be designed to support a variety of data services from low to very high bit rates. Since the

spreaded signal bandwidth is the same for all users, multiple rate transmission needs multiple
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spreading factors. Therefore, another interesting research topic is the extension of the chip

level DFE to the multiple spreading factor CDMA system.
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Appendix A

Proof of the optimal solution for the conventional decision feedback

equalizer under the mean square error criterion

Consider (2.16):

MSE = E<|b[m} - é[m”?).

By using the principle of orthogonality [37], the MMSE solution of (2.16) can be written as:
E(d[m]e*[m]) =0 1)

wheree[m] = blm] — bm] is the error signald[m] is the complete received vector, ahis

the complex conjugate operator.

If we substitute (2.13) and (2.14) into (1) and expand the equation, we can obtain:
r[m|rfi[m]  —r[m]bf [m)] c r[m]|b*[m]
E =F : (2)
{(—MMﬁ%m bmwﬂm]>}(g) {(—umwwm)}

Let us assume that the complex channel is time-invariant, jrem] = h[p] for all p. Then,

from (2.2) and (2.11), (2.10) can be written as:

ﬂM(HH}W>(bW} @)

nlm + Ny
N .
b[m] )

nim|
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where

h[Ny+1] ... h[2] h[1]
. ) )
0 AN, B[N, — 1]
0 0 h[IN]
h[0] 0 0
aq h[1] h[.O] 0
h[Nys] R[Ny —1] h[0]
b[m] = :
bm]

Assume that the noise and the symbol sequences are uncorrelatefd(lile]n[m]|) = 0.
If we substitute (3) into (2), expand the equation, and equate the left hand and right hand

equation, we can obtain:

g = Hc

c = (H'H+ 1) 'h;

whereh? is the(N; + 1) row vector of matrixH, I is the identity matrix, andz[|n[m]|?] =

o2. It completes the proof.
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Appendix B

Proof of the closed form solution of optimal equalization vector for the

Alamouti scheme

Consider (3.25):

uVn — D — 1]
uV[n — D — N
un—D—1] =
uP[n — D — 1]
uP[n — D — N
Fori = 1,2, let us define:
i- 4 @)
K
Po= Y AP (5)
k=1
P, + |A|?
g = DAl ©
2
= H = _ — _
Riu = 521‘11 H; + |A|202(Hz‘)g+1(Hi)D+1 + 021 (7)

wherel is the identity matrix(-) p; indicates thé D+1)th row of the corresponding matrix,
H, is the matrix which is obtained froii; with removing the D+ 1)th row vectorg} is the

variance of data symba#;? is the noise variance, andlis the amplitude of the pilot signal.
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UnderAl, A2, andA3, we have

EQ N QmN+4+D)s* ) [mN+1]5* 0 [m])
EQ S ulmN+H-1]5*@ [mN+1]6*) [m])

B 0y QImN++DIs* O [mN+150 [m N+ [mN+1'+ D))

B S QmN D)5 ) [mN4]5D [N+ Ju [mN -+ 1)

N-1 N—-1

E( =0 /=0

u[mN+H—1]5*O [mN4H1)50D [m N+ 1QH [m N4/ +D])

B Yy ulmN+H—1]5*O) [N +]5O [N+ JuH [mN -+ 1)

Ac?(H)E, (8)
0 9)
Ri: (10)

5 (I:II)D+2:D+Nb+1 (11)

(H2)p+2:0+ Ny +1

(H1)D42:D4+ Nyt 1

3 (12)

(H2)p42:D+ Ny +1

ol (13)

where0 is the null matrix and-) p2.p+n,+1 indicates rowsg D + 2) to (D + N, + 1).

Let us also recall (3.30) and rewrite for convenience.

E( N dimN+14-D]s*® [mN+1]5* 0 [m] )

dn] = (Q'[n] —ulln—-D-1)".

If we substitute (8) - (13) into (3.30), we are able to obtain:

E(X N SN dimN+14-D)s* @) [mN 150 [mN-+1')dH [mN+1'+D] )

wie | =R, =12
i = - | &3 t=1
gi
where
_ H,)H
pi = AO’g ( )D+1
0
% —(ﬁ1)g+2:D+Nb+1 _(ﬁz)g+2:D+Nb+1
R = 8| —(Hi))piapin,+1 I 0
—(ﬁz)D+2;D+Nb+1 0 !

It completes the proof.

69



Bibliography

[1] J. Geier, “Benefits of wireless networksiVireless-Nets Consulting Servigcesug.
2000.

[2] T. S. RappaportWireless Communication®rentice Hall, New Jersey, 1996.
[3] S. Haykin,Communication System#Viley, 4th edition, 2001.

[4] M. Mouly and M. B. Pautet,The GSM System for Mobile Communicatioiguwer

Academic Publishers, Palaiseau, 1992.

[5] T. Ojanpera and R. Prasa?/ideband CDMA for Third Generation Mobile Communi-

cations Artech House Boston, 1998.

[6] G. Leus, Signal Processing Algorithms for CDMA-Based Wireless Communications
Ph.D. thesis, Departement Elektrotechniek, Faculteit Der Toegepaste Wetenschappen,

Katholieke Universiteit Leuven, May 2000.

[7] R. Price and P. E. Green, “A communication technique for multipath channels,” in
Proc. IRE Mar. 1958, vol. 46, pp. 555-570.

[8] S. Verdu,Multiuser Detection Cambridge University Press, New York, NY, 1998.

[9] R. Lupas and S. Verdu, “Near-far resistance of multiuser detectors in asynchronous

channels,”IEEE Trans. Communvol. 38, no. 4, pp. 496-508, Apr. 1990.

[10] Z. Xie, R.T. Short, and C. K. Rushforth, “A family of suboptimum detectors for co-
herent multiuser communicationslEEE J. Select. Areas Communmol. 8, no. 4, pp.
683—690, May 1990.

70



[11] R. Kohno, H. Imai, M. Hatori, and S. Pasupathy, “Combination of an adaptive array
antenna and a canceller of interference for direct-sequence spread-spectrum multiple-

access systemJEEE J. Select. Areas Communmwol. 8, no. 4, pp. 675-682, May 1990.

[12] C.D. Frank and E. Visotsky, “Adaptive interference suppression for the downlink of
a direct sequence CDMA system with long spreading codesPrac. 36th Allerton

Conf. on Comm., Contr. and CompMonticello, IL, Sept. 1998.

[13] K. Hooli, M. Latva-Aho, and M. Juntti, “Multiple access interference suppression
with linear chip equalizers in WCDMA downlink receivers,” Rroc. IEEE Global
Telecommunications ConRio de Janeiro, Brazil, Dec. 1999, vol. General Conference
(Part A), pp. 467-471.

[14] F. Petre, M. Moonen, M. Engels, B. Gyselinckx, and H. D. Man, “Pilot-aided adaptive
chip equalizer receiver for interference suppression in DS-CDMA forward link,” in
Proc. IEEE Int. Vehicular Technology ConBoston, MA, Sept. 2000, vol. I, pp. 303—
308.

[15] J. Choi, “MMSE equalization of downlink CDMA channel utilizing unused orthogonal
spreading sequencedEEE Trans. Signal Processingol. 51, no. 5, pp. 1390-1402,
May 2003.

[16] M.E. Austin, “Decision-feedback equalization for digital communication over disper-

sive channels,M.I.T. Lincoln Laboratory Aug. 1967.

[17] J. Salz, “Optimum mean square decision feedback equaliza&il'System Technol-

ogy Journa) vol. 53, no. 8, pp. 1341-1373, Oct. 1973.

[18] N. Al-Dhahir and J.M. Cioffi, “MMSE decision-feedback sequence estimatiitEE
Trans. Inform. Theoryol. 41, pp. 961-975, July 1995.

[19] J. G. ProakisDigital CommunicationsMcGraw Hill International, 4th edition, 2000.

[20] M. Abdulrahman, A.U.H. Sheikh, and D.D. Falconer, “Decision feedback equalization
for CDMA in indoor wireless communication,JEEE J. Select. Areas Commuriol.
12, pp. 698-706, May 1994.

71



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J.E. Smee and S.C. Schwartz, “Adaptive feedforward feedback architectures for mul-
tiuser detection in high data rate wireless CDMA network&EE Trans. Commun.
vol. 48, pp. 996-1011, June 2000.

J.F. Robler, L.H.J. Lampe, W.H. Gerstacker, and J.B. Huber, “Decision feedback equal-
ization for CDMA downlink,” inInt. Vehicular Technology ConfSpring 2002, vol. 2,
pp. 816-820.

E. Telatar, “Capacity of multi-antenna Gaussian channels,” Tech. memo., AT&T Bell
Labs, June 1995.

G.J. Foschini and M.J. Gans, “On the limits of wireless communications in a fading
environment when using multiple antennaé/ireless Pers. Commurvol. 6, no. 3, pp.
311-335, Mar. 1998.

A.F. Naguib, N. Seshadri, and A.R. Calderbank, “Increasing data rate over wireless

channel,”IEEE Signal Processing Magp. 76—92, May 2000.

B. Hochwald, T.L. Marzetta, and C.B. Papadias, “A transmitter diversity scheme for
wideband CDMA systems based on space-time spreadiBBE J. Select. Areas Com-
mun, vol. 19, pp. 48-60, Jan. 2001.

S.M. Alamouti, “A simple transmit diversity technique for wireless communication,”

IEEE J. Select. Areas Communwol. 16, pp. 1451-1458, Oct. 1998.

V. Tarokh, H. Jafarkhani, and A. Calderbank, “Space-time block codes from orthogonal

designs,”IEEE Trans. Inform. Theorwol. 45, pp. 1456—-1467, July 1999.

A. Duel-Hallen, “Equalizers for multiple input multiple output channels and PAM
systems with cyclostationary input sequencd&EE J. Select. Areas Communol.
10, no. 3, pp. 630-639, Apr. 1992.

N. Al-Dhahir, A.F. Naguib, and A.R. Calderbank, “Finite-length MIMO decision feed-
back equalization for space-time block-coded signals over multipath fading channels,”

IEEE Trans. Veh. Technelol. 50, no. 4, pp. 1176 —1182, July 2001.

72



[31] A. Lozano and C. Papadias, “Layered space-time receivers for frequency selective

wireless channelsJEEE Trans. Communvol. 50, no. 1, pp. 6573, Jan. 2002.

[32] F. Petre, G. Leus, L. Deneire, M. Engels, and M. Moonen, “Adaptive space-time chip
equalization for WCDMA downlink with code-multiplexed pilot and soft handover,” in

Proc. IEEE Int. Conf. CommunicationSlay 2002, vol. 3, pp. 1635-1639.

[33] G. Leus, F. Petre, and M. Moonen, “Space-time chip equalization for space time coded
downlink CDMA,” in Proc. IEEE Int. Conf. Communicationslay 2002, vol. 1, pp.
568-572.

[34] A.J. Paulraj, “Space time processing for wireless communicatidBEE Signal Pro-

cessing Mag.pp. 49-83, Nov. 1997.

[35] R.D. Gitlin, J.F. Hayes, and S.B. WeinsteData Communications Principle®lenum
Press, New York and London, 1992.

[36] E. A. Lee and D. G. Messerschmifigital Communication Kluwer Academic Pub-
lishers, Boston, 1988.

[37] S. Haykin,Adaptive Filter TheoryPrentice Hall International, New Jersey, 3rd edition,
1996.

[38] A.J. Viterbi, CDMA: Principles of Spread Spectrum Communicatidddison-Wesley,
Pub. Reading, MA, 1995.

[39] M. Latva-aho and M. Juntti, “Adaptive LMMSE-RAKE receiver for DS-CDMA sys-
tems,” inURSI/IEEE/INFOTECH XXIlI Convention on Radio Scien@elu, Finland,
Nov. 1997, pp. 51-52.

[40] J. Ramos, M.D. Zoltowski, and H. Liu, “A low complexity space time rake receiver for
DS-CDMA communication,1EEE Signal Processing Lettol. 4, no. 9, pp. 262—-265,
Sept. 1997.

73



[41] A. Klein, “Data detection algorithms specially designed for the downlink of CDMA
mobile radio systems,” iRroc. IEEE Int. Vehicular Technology ConPhoenix, AZ,
May 1997, pp. 203-207.

[42] I. Ghauri and D. Slock, “Linear receivers for the DS-CDMA downlink exploiting
orthogonality of spreading sequences,Piroc. 32nd Asilomar Conference on Signals,
Systems and Computebdov. 1998, pp. 650-654.

[43] S. Werner and J. Lilleberg, “Downlink channel decorrelation in CDMA systems with
long codes,” inProc. IEEE Int. Vehicular Technology Conlouston, TX, May 1999,
pp. 1614-1617.

[44] P. Komulainen, M.J. Heikkila, and J. Lilleberg, “Adaptive channel equalization and
interference suppression for CDMA downlink,” Proc. IEEE Int. Symp. Spreading
Spectrum Techniques and ApplicatipNg, Sept. 2000, pp. 363-367.

[45] T.P. Krauss and M.D. Zoltowski, “Chip level MMSE equalization at the edge of the
cell,” in Proc. IEEE Wireless Communications and Networking Gadhicago,lIL,
Sept. 2000, pp. 23-28.

[46] S. Chowdhury and M.D. Zoltowski, “Adaptive MMSE equalization for wideband
CDMA forward link with time-varying frequency selective channels,”Hroc. IEEE
Int. Conf. on Accoustics, Speech, and Signal Processilay 2002, vol. 3, pp. 2609—
2612.

[47] 3GPP,Physical Layer Procedures (FDDYech. Rep., Jun. 1999.

[48] G. Wu, H. Wang, M. CHen, and S. Cheng, “Performance comparison of space-time
spreading and space-time transmit diversity in CDMA 2000, 1nita Vehicular Tech-
nology Conf, Fall 2001, vol. 1, pp. 442—-446.

[49] K. Li and H. Liu, “A new blind receiver for downlink DS-CDMA communications,”

IEEE Commun. Lettvol. 3, no. 7, pp. 193-195, July 1999.

74



[50] D.T.M. Slock and I. Ghauri, “Blind maximum SINR receiver for the DS-CDMA down-
link,” in Proc. IEEE Int. Conf. on Accoustics, Speech, and Signal Procedsiagbul,
Turkey, June 2000, pp. 2485 — 2488.

[51] V. Tarokh, N. Seshadri, and A. Calderbank, “Space-time codes for high data rate wire-
less communication: Performance criterion and code constructi®@EE Trans. In-

form. Theoryvol. 44, no. 2, pp. 744—765, Mar. 1998.

[52] Z. Chen, J. Yuan, and B. Vucetic, “Improved space-time trellis coded modulation
scheme on slow Rayleigh fading channel&gE Electron. Lett.vol. 37, pp. 440—441,
Mar. 2001.

75



