ABSTRACT

LIU, JIA. Transmitter-based Multiple Access Interference Rejection and Diversity
Techniques for Code-division Multiple Access Systems. (Under the direction of Dr.
Alexandra Duel-Hallen)

For the downlink of direct sequence code-division multiple access (DS-CDMA)
systems, transmitter (Tx)-based multiple access interference (MAI) cancellation techniques,
termed multiuser precoding, and Tx-based diversity techniques can significantly increase
system capacity while remaining low complexity at mobile stations (MS). We have proposed
novel linear and nonlinear decorrelating precoding algorithms. Hybrid transmitter designs
were developed to combine MAI cancellation and diversity techniques. We have also
analyzed the important duality between Tx-based multiuser precoding and receiver (Rx)-
based multiuser detection.

The class of decorrelating precoding techniques is simple, efficient and satisfies the
minimum mean square error (MMSE) criterion. The nonlinear decorrelating Tomlinson-
Harashima precoding (THP) inherently outperforms linear MAI cancellation methods. For
frequency-selective fading channels, we developed the THP with Pre-RAKE combiner
(PreRAKETHP) and Multipath Decorrelating THP (MDTHP) designs. While the
PreRAKETHP is the optimal THP design by both ZF and MMSE criteria, it is
computationally complex because the MAI cancellation filters depend on the instantaneous
channel gain coefficients and therefore need to be updated frequently. In the MDTHP, the
precoding filter is independent of the channel state information (CSI). The MDTHP is

simpler than PreRAKETHP at the expense of moderate performance loss.
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For Pulse Amplitude Modulated (PAM) and Quadrature Amplitude Modulated
(QAM) systems with small constellation index, the practical performance of THP is degraded
due to the side effects of modulo operation. In contrast, linear precoding is not influenced by
modulation and is simpler to implement. We have developed several linear precoding
techniques. The PreRAKE Linear Decorrelating Precoding (PreRAKELDP) is the optimal
ZF and MMSE precoding method. The Multipath Decorrelating Precoding (MDP) provides a
simpler but suboptimal scheme. It is shown that the PreRAKELDP and MDP outperform the
existing linear precoding techniques with similar complexity. The system performance is
further improved by employing multiple antennas in transmitter design.

Both multiuser precoding and transmit diversity techniques require the knowledge of
CSI at transmitter. For rapidly varying channels, the long range channel prediction (LRP)
provides the accurate CSI in time. We have demonstrated that the LRP method enables the

proposed Tx-based techniques for practical systems.
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Chapter 1

INTRODUCTION

1.1 Background

Wireless communication is dramatically changing our lives. The ability to
communicate anytime and anywhere increases our quality of lives and improves our business
productivity. In cellular wireless systems, the network consists of numerous mobile users
communicating with one or multiple base stations (BS) that are interconnected with a mobile
telephony switching office. Originated from the spread-spectrum techniques, the code-
division multiple access (CDMA) systems can support simultaneous digital communication
among a large community of relatively uncoordinated users. CDMA exhibits potential
capacity increase over the conventional time-division multiple access (TDMA) and
frequency-division multiple access (FDMA), because CDMA capacity is only interference
limited, while TDMA and FDMA are primarily bandwidth limited [GJP91]. The inherent
frequency diversity of wideband signals enables CDMA to efficiently suppress the narrow-
band interference in radio link. Direct sequence (DS) CDMA has been widely applied in the
second and third generations cellular standards (IS-95, WCDMA and CDMA2000). It is also
a very promising option for the next generation wireless communications.

In practical wireless channels, the multiple access interference (MAI) is a major
limitation to the performance of DS-CDMA systems. Due to multiple reflections in multipath
fading channels and asynchronous transmission, the received signal contains delayed,
distorted replicas of the original transmitted signal. For each user, the MAI includes the

interference from other users and self-interference. Over the past decade, various MAI



rejection techniques have been developed. This research has primarily focused on receiver
(Rx)-based multiuser detection (MUD) [Ver98] that results in a complex receiver while the
transmitter remains simple. Thus, MUD techniques are mostly suitable for the uplink. For the
downlink CDMA channel, the requirements of small-size low-power mobile station (MS)
have motivated the development of Tx-based MAI pre-rejection techniques in BS, termed
multiuser precoding. In addition to Tx-based MAI cancellation, Tx-based diversity
techniques also efficiently improve system capacity. For frequency-selective fading channels,
to simplify the mobile user receivers, the transmitter (Tx)-based PreRAKE combining is
more suitable for the downlink than the conventional RAKE receiver [EN95]. This technique
can utilize multipath diversity as efficiently as RAKE receiver. The Tx-based antenna array
is another efficient diversity technique to increase the received signal to noise ratio [BZP04,
GDO5]. In the practical design of multiuser precoding techniques, the problems of MAI
rejection, transmit power control and diversity strategies need to be considered
comprehensively.

The class of decorrelating zero-forcing (ZF)-based precoding techniques is simple,
efficient and satisfies the minimum mean square error (MMSE) criterion [VJ98, BD00], thus
is most promising in practical applications. Inspired by Tomlinson-Harashima equalization
[LM94], the nonlinear method of Tomlinson Harashima Precoding (THP) proposed in
[WFVHO04] utilizes a feedback (FB) loop and a feed-forward (FF) filter to jointly cancel
MALI. An independent work on THP [LDO03] presented the significant duality between THP
and the Decision-Feedback (DF) MUD [Due93]. Both [WFVHO04, LD03] assume that the
non-orthogonal effective spreading codes on the downlink arise due to multipath fading.

However, the channel models employed in these papers do not reflect the frequency-selective
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fading channel environment, and can only be viewed as flat fading non-orthogonal CDMA
channels. The THP designs for frequency-selective fading channels are presented in [LD04,
LDg04, LDj04]. In this thesis, we first illustrate the principle of THP for the simple case of
single-path channels with additive white Gaussian noise (AWGN) and flat Rayleigh fading
channels. Then we develop two specific THP designs for frequency-selective fading
channels, THP with PreRAKE combiner (PreRAKETHP) and Multipath Decorrelating THP
(MDTHP). The PreRAKETHP and MDTHP incorporate Tx-based diversity combining
techniques in different ways. In PreRAKETHP, the MAI cancellation is followed by the pre-
RAKE combining [EN95]. While this precoder is the optimal THP design for multipath
channels, it requires high computational complexity, since its MAI cancellation filters
depend on the rapidly time variant mobile radio channel coefficients and need to be updated
frequently. In MDTHP, the diversity combining is incorporated into the MAI cancellation,
and the precoding filter is independent of the channel. Thus, MDTHP is simpler than
PreRAKETHP, and results in moderate bit error rate (BER) loss.

Several MAI cancellation techniques used in transmitter for the downlink of CDMA
systems have analogous structure and similar performance to those employed in the receiver
for the uplink. We address this duality and show that THP outperforms previously proposed
Tx- and Rx-based linear and nonlinear decorrelating methods in [VJ98, BD00, TC94, Gun03,
GDv03, GDc03, HS94, SK97, ZB96, Due93]. In addition to CDMA systems, THP is also an
efficient interference rejection approach for various multi-input/multi-output (MIMO)
systems, such as orthogonal frequency division multiplexing (OFDM) and multiple-antenna
channels [WFVHO04]. THP is especially beneficial as an alternative to decision-feedback

receivers in coded systems [LM94, Pro01].



In addition to nonlinear decorrelating precoding techniques, several linear
decorrelating precoding techniques are presented in this thesis. Compared to nonlinear THP
precoding, the linear methods have lower complexity and higher error rate, but their
performance is not influenced by modulation method. In the previously proposed linear
deocrrelating precoders [VJ98, BDO00, Gun03, GDv03], the global power scaling is
commonly used to normalize the transmit power. It is shown that the precoding performance
is degraded by the power scaling. In [VJ98], the MMSE-based linear precoding with transmit
power constraint is also investigated. We propose two novel linear precoding methods,
PreRAKE Linear Decorrelating Precoding (PreRAKELDP) and Multipath Decorrelating
Precoding (MDP) [LDmO5]. In the PreRAKELDP transmitter, the preRAKE combiner is
preceded by a linear precoding filter. Based on different transmit power control strategies, we
propose two solutions for the precoding filter. One is the ZF-based filter with individual user
power scaling, in which each user’s average transmit power is normalized by a power scaling
factor. The other is the MMSE-based filter under the total transmit power constraint. (Note
that if the individual-user transmit power constraint rather than the total transmit power
constraint is enforced, the MMSE solution is identical to the ZF solution [VJ98, BD00].)
When these two PreRAKELDP solutions are compared, the ZF precoder is much simpler
while the MMSE precoder has obviously better performance. It should be noted that to
achieve a simple and practical transmitter design for a system with large user number, the
allocation of individual user transmit powers is not taken into account in the PreRAKELDP
designs. Since the pre-RAKE combiner is equivalent to a matched filter which is matched to
the multipath fading channels, the PreRAKELDP with individual user power scaling and that

with total transmit power constraint are the optimum linear ZF and MMSE precoders,
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respectively, under the condition that the transmit power of individual user is not specified.
In the MDP transmitter, the multipath diversity combining is incorporated into the MAI
cancellation process, and the decorrelating filter is independent of the channel fading
coefficients and only determined by users’ signature sequences. As a result, the
computational complexity of the MDP is lower than that of the PreRAKELDP, Pre-RDD and
the precoders in [VJ98, BD00].

Compared to the existing Tx-based and Rx-based linear decorrelating methods, the
PreRAKELDP with total power constraint has the best performance and highest complexity;
the PreRAKELDP with individual power scaling has similar performance to the Pre-RDD
and RDD; the MDP has identical error rate to the Rx-based Multipath Decorrelating Detector
(MDD) [LDO03]. The two proposed precoders outperform those in [VJ98, BD00, GDv03,
Gun03].

A crucial assumption for Tx-based interference cancellation methods is that the
transmitter has the knowledge of channel conditions. The channel state information (CSI) can
be estimated at the receiver and sent to the transmitter via a feedback channel. Thus,
feedback delay and overhead, processing delay and practical constraints on modulation,
coding and antenna switching rates have to be taken into account in the performance analysis
of adaptive transmission methods. For very slow fading channels, outdated CSI is sufficient
for reliable adaptive transmission. However, for faster fading that corresponds to realistic
mobile speeds, the channel profile is quite different at the time of transmission when
compared to the outdated CSI. As a result, even small delay will cause significant
performance degradation due to the channel variation. To enable Tx-based signal processing
techniques, the CSI at the instant of transmission should be reliably predicted, based on the
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outdated CSI feedback from the mobile. Most existing channel prediction methods require
large computational complexity or are only suitable for very short range prediction [LPL9S5,
HMB89, ZS96, WDO95]. The long-range channel prediction (LRP) is a linear adaptive
prediction technique proposed in [EDH98, DHHOO]. In this thesis, we investigate transmitter
precoding aided by the LRP. The LRP algorithm characterizes the fading channel using the
autoregressive (AR) model and computes the MMSE estimate of a future fading coefficient
sample based on a number of past observations. The superior performance of this algorithm
relative to conventional methods is due to its low sampling rate. Given a fixed model order,
lower sampling rate results in longer memory span, permitting prediction further in the
future. We employ the LRP algorithm to enable the proposed Tx diversity and precoding

methods in practical WCDMA systems.



1.2 Outline of the Thesis

The goal of this thesis is to investigate and compare the Tx-based and Rx-based
decorrelating MAI cancellation methods, with the application of transmit diversity and long-
range channel prediction. The thesis is outlined as follows:

Chapter 2 first describes the frequency-selective channel model of uplink CDMA, the
linear and nonlinear (DF) decorrelating multiuser detection methods are then presented and
their complexity and performance are compared.

From Chapter 3 to Chapter 5, we concentrate on the downlink CDMA channels. In
Chapter 3, we first describe the centralized and decentralized channel model with single-path
additive white Gaussian noise (AWGN) and flat Rayleigh fading. The THP designs for these
centralized and decentralized channels are presented, respectively.

Based on the THP principle introduced for single-path channels, we develop the THP
techniques for multipath channels in Chapter 4. By combining the THP algorithm with
multipath diversity in different ways, we present the PreRAKETHP and MDTHP designs in
detail. The duality between these THP methods and Rx-based DF methods is analyzed. We
also briefly review the principle of LRP. The performance of THP aided by LRP is observed
in simulation experiments.

In Chapter 5, we focus on the linear decorrelating precoding methods. The previously
proposed decorrelating methods are first presented for the purpose of comparison. Then we
describe the novel PreRAKELDP and MDP. In these derivations, multiple transmit antennas
are considered. These two proposed methods are compared with the nonlinear THP, linear
decorrelating precoders and linear decorrelating multiuser detectors. Finally, the significant

conclusions of this thesis are summarized in Chapter 6.
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Chapter 2

DECORRELATING MULTIUSER DETECTION FOR UPLINK CDMA

2.1 Frequency-selective Fading Uplink CDMA Channel Model

For the uplink of CDMA systems, MS transmit signals towards BS. Consider the
uplink of a K-user DS/CDMA system with a set of pre-assigned normalized signature
sequences s{t), i = 1, 2, ..., K, where each sequence is restricted to a symbol interval of
duration 7. The data symbol for the ith user in the nth symbol interval is denoted by b,(n). In
practical wireless environment, the transmit signals are corrupted by fading and additive
noise. If the data symbol duration is much smaller than the channel coherence, the channel is
slowly fading, implying that the channel characteristics can be estimated accurately. If signal
bandwidth is greater than the channel coherence bandwidth, the signal is subject to different
gains and phase shifts across the band, thus the fading is said to be frequency-selective
[ProO1]. The practical CDMA channels are usually frequency selective, due to the large
bandwidth of spread-spectrum signals. In this case, the received signal includes multiple
versions of the transmitted waveform which are attenuated and delayed in time. The
frequency-selective slow fading channel can be modeled by a tapped-delay line [Pro0O1].
Suppose there are N resolvable paths from each MS to the BS. In the nth transmit symbol

interval, ¢; (n) = a; (n)eil"

represents the gain of the /th path component over the channel
between the ith user transmitter and the receiver, Vi=1,2,....Kand /=0,1,..., N-1. In the

special case of Rayleigh fading, ¢;/(n) is a complex Gaussian random process; equivalently,

the magnitudes o;/(n) are Rayleigh-distributed and the phases ¢;(n) are uniformly



distributed. Due to uncorrelated scattering assumption, the channel gains corresponding to
different paths are statistically independent.
Suppose K users transmit a stream of 2M+1 data bits simultaneously, and their signals

are received synchronously at the BS, then the equivalent low-pass received signal is

K N-1

r(t) = f > > cin)bi(n)s(t—nT-IT,)) + n(?), (2.1)

n=—M i=1 =0

where T, is the chip duration and n(¢) is a white Gaussian noise process with zero mean and
power spectrum density Ny. From equation (2.1), it is seen that even if the spreading codes
are orthogonal, due to multipath fading, in the received signal there is multiple access
interference (MAI), including inter-user interference, inter-symbol interference (ISI) and
inter-chip interference (ICI). When the chip interval 7, is much smaller than the symbol
interval 7 and the multipath delay spread 7}, is on the order of a few chip intervals, the ISI
due to channel dispersion may be neglected [ZB96]. For synchronous channels with this

assumption, (2.1) can be simplified by only considering a single symbol interval [0, 7),

K N-1

1) =2 X cibist=IT.) + n(?), (2.2)

i=1 =0

Where ¢;; = ¢;4(0) and b; = b,(0).

The data symbols of all users can be expressed as a vector b=[by, b,..., bK]T .
Suppose the data symbols are M-ary PAM modulated with the minimum Euclidean distance
24;, 1.e., bie {-(M-1)4;, —(M-3)4,,...,(M=3)4;, (M-1)A;},i=1, 2,..., K. Define the signature

sequence vectors si(¢) = [si?) s(t=T.) ... sit-(N-1)T,)]", i=1,2,..., K. For all the K users,



define the vector of delayed signature sequences, s(f)=[s1(?)” s2(f) ... sx(9)']", and the

correlation matrix of delayed signature sequences

T
R = [s(0)s’ (Hdt, (2.3)
0
The channel gain vector for the ith user is defined as ¢; = [cio ¢;1 ... cina]"; and for K

users, define KN-row, K-column matrix C as

¢t0 0 ... 0
0 0 ... 0

C=diag{e;} =| = , (2.4)
0 0 ... ... Cxk.

in which 0 = {0} yx;. The conjugate transpose of ¢; is c,»H = [cl-,o*, ci,l*,..., cl-,N_l*]. Hence, the
conjugate transposed matrix of C is C” = diag{c;"}, which has K rows and KN columns.

By employing the D-transform and spectral factorization as in [Due95], the above
synchronous system model can be extended to the asynchronous case. Since the
mathematical model for asynchronous channels is in the form similar to that for synchronous
channels, the MAI cancellation approaches for asynchronous channels can be easily derived
from those for synchronous case. Therefore, without loss of generality, we only demonstrate

MALI cancellation methods for synchronous channels.
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2.2 Linear Decorrelating Multiuser Detection Techniques

2.2.1 RAKE Decorrelating Detector (RDD)

J A
— »/ RAKE _Ly> » o » b
User 1
(1) . Decorrelating .
. Filter .
. R(;l .
RAKE VK ~
—» UserK [— P » Q » bk

Figure 2.1 Decorrelating Detector (RDD) for a K-user N-channel paths/user system

The conventional RAKE receiver is optimal in the absence of MAI; therefore it can
be employed for single-user systems. However, the RAKE receiver suffers from near-far
effects in the presence of interfering signals received over independent fading channels
[KS93]. Even with perfect channel tracking, the near-far problem imposes a fundamental
limit on the performance of conventional RAKE receiver.

In order to exploit the multipath diversity offered by the multipath propagation, but
avoid the prohibitive complexity of optimal MLSE detection, the method of RAKE
decorrelating detector (RDD) applies a bank of conventional RAKE combiners, which is
followed by a linear decorrelating filter [HS94]. The receiver structure for a K-user and N-

channel paths/user system is shown in Fig. 2.1.

11



Assuming the BS can perfectly estimate the channel coefficients, the front-end of the
RDD receiver consists of K RAKE combiners. The outputs are incorporated into a vector,
y=[y1, ¥2,..., vk]". The outputs of the RAKE MF bank are sampled at the end of each
symbol interval, and the resulting output vector y is composed of K elements, yi, ya,..., Vx,

which are given by
T
= [ryedsdodt, k=1,2,..., K, (2.5)
0

where ¢; and sy(f) follow the same definitions as those in section 2.1. For all the K users, the
RAKE combining output vector can be expressed by
y=Rb +n, (2.6)

where R.= CRC is a KxK matrix. The element on the ith row jth column of R, is
T

Rei= f s(?eie/’si(t)dt, ¥ i,j=1,2,...,K. The noise vector m is zero-mean Gaussian with
0

autocorrelation matrix NoR.. If'y is filtered by Rc'l, the MAI can be cancelled,
R.'y=b+R. 'n. (2.7)
For BPSK systems, the average transmit SNR per bit for the kth user is given by [Pro01]

Ey A’

1= N T 2N k=1,2,..., K. Therefore, the theoretical SER can be expressed in terms of

Pe, :Q( /[sz”]k ] (2.8)

where [Rc_l]kk is the kth diagonal element of matrix R

Voks
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It is illustrated in [LV89] that the conventional decorrelating detector for single path

signals provides optimum linear multiuser detector performance in the maximum-likelihood

sense when the users’ energies are unknown. The RDD is a linear detector which do not

N-1

require knowledge of the user energies. If §i(¢) = Y ¢;usi((—IT,) is regarded as the ith user’s
=0

signature waveform, the RDD has the structure similar to the conventional decorrelating

detector; hence, the RDD should provide the optimum performance over all linear multiuser

detectors for multipath signals of unknown energy.

2.2.2 Multipath Decorrelating Detector (MDD)

V(K-1)N+1

—p s1(1)

|_p|1(=(N-DTe) —\P
I"(t) .

—» sk

N\

VKN

— P sx(t-(N-1)T.) -\

Decorrelating
Filter
R’

—>
. "
. Whlj[enlng MRC )
. Filter for
, for User 1 User 1
—>
. i
. Whlj[enlng MRC )
. Filter for
L, for User K User K

Figure 2.2 Multipath Decorrelating Detector (MDD) for a K-user N-channel paths/user

system
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Compared to RDD, MDD is a simpler but suboptimal linear multiuser detector. As
shown in Fig. 2.2, the front end of the MDD detector consists of KN correlators. Represent

the KN outputs of the correlators by a vector, y = [y1, V2,..., ykv]". Then y is given by
T
y = [#(?)s(f)dt = RCb + n. (2.9)
0

n is the Gaussian noise vector with zero mean and autocorrelation matrix NyR. To eliminate

MALI, the decorrelating filter is defined as R™'. The decorrelated result is

v=R'y=Cb+n, (2.10)
We know in the vector v=[vy, vo, ..., vKN]T, every N elements correspond to one user, thus it
1S convenient to define v, = [V(k_l)]v+1, V-1)N+25 ++ o VkN]T, Vk=1,2,..,K, then

v=[vi", vs',..., v']". From equation (2.10), we have
vi=chrtng, k=1,2,...,K, (2.11)
in which ny = [ngwv+, REv, -, nkN]T . The autocorrelation matrix of ny is N()[R_l]k,k,
(R, ; 1s the i,jth NxN block of R"). Due to noise correlation among the N branches for the
kth user at the output of the decorrelating filter, the whitening operation is introduced prior to
combining. The whitening filter for the kth user D, " is obtained from Cholesky factorization
[GVI6], [R_l]k,k =D,/D,;, Vk=1.2,...,K. The whitened result, denoted by Vwz, is given by
Ve =D Vi =Dy Terb+ nge, k=1,2,..., K. (2.12)
The whitened noise ny; = Dk'Tnk is zero-mean and Gaussian with the autocorrelation matrix
Nolyxp.
In the scenario of whitened noise, maximal ratio combining (MRC) is the optimal

combiner in the sense of achieving the highest SNR at the input of detection device [Pro01].
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Although MRC is the optimal combiner, the noise-whitening process in MDD re-introduces
the self-interference for every user, since the N branches of signal for each user becomes
correlated when the noise components are whitened. This self-interference degrades system
performance. Each element of the combined result, u = [u;, uy,..., ux], which is also the
decision variable for each user, equals

ue= (D e Ve = e (R Ten) b+ ¢ Dy 'm, k=1,2,..., K. (2.13)
We can calculate that the noise component for user k is white Gaussian with power

Ngck([R_l]k,k)_lckH . Hence, the instantaneous BER for user k£ can be expressed in terms of y,

Per= 0(N 2 (R ") "eum), k=1,2,...,K. (2.14)

It has been mathematically proved that the performance of RDD is better than MDD

(see Appendix of [HS94]). On the other hand, MDD has lower complexity, since the KNxKN
matrix inversion for MDD is not dependent on the channel coefficients and only need to be
done when the set of active signature waveforms changes; while RDD require the inversion
of the KxK matrix R, during almost each symbol interval because the matrix is dependent on

the channel conditions.
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2.3 Decision-Feedback Decorrelating Multiuser Detection Techniques

For single-path channels, the nonlinear DF decorrelator achieves better performance
than linear decorrelator [Due93]. Similarly, we will see that in the case of multipath
channels, the DF approaches outperform the linear decorrelators discussed above. In section
2.3, we will discuss the two DF MUDs which employ the same MF structure as RDD and
MDD, respectively.

2.3.1 RAKE Decorrelating Decision-Feedback Receiver (RDDFR)

RAKE | !
P Userl [~
W
RAKE
V(t) P User 2 B Noise
Whitening
. Filter
.
RAKE YK
—p User K —\>

Figure 2.3 RAKE Decorrelating Decision Feedback Multiuser Receiver (RDDFR) for a
K-user N-channel paths/user system

As we have discussed for the method of RDD, if we use RAKE matched filters at the
front end of the receiver, the resulting output is given by equation (2.6), in which the

correlation matrix R, = C”RC is symmetric and positive definite. Therefore, by Cholesky
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factorization, we obtain R, = F./'F,, in which F. = {f, }kxk 1S an upper triangular matrix. In
the proposed RDDFR detector, following the RAKE MF bank is a noise-whitening feed-

forward filter, as shown in Fig. 2.3. The output vector of the filter F.” is equal to

y=F.y=Fb+z, (2.15)
where vector z = [z}, z,..., ZK]T = FC_Hn. As shown in section 2.2.1, the autocorrelation
matrix of n is NyR.. Consequently, the autocorrelation matrix of z is Nol, that is, the noise is
whitened by the feed-forward filter.

Similar to the DF MUD for single-path channels, in order to reduce the error
propagation effect, we assume the K users are ordered according to their transmit signal
power, i.e., user 1 is the strongest and user K is the weakest. Define the feedback filter as

B =F.— diag(F.), (2.16)
which is a lower triangular matrix with all-zero diagonal. As shown in Fig. 2.3, first the

symbol of user 1 is estimated. From equation (2.15), we know the feed-forward filter output

for user 1 is y; = fe1.1b1 + z1. Hence, the decision variable for user 1 should be fcl,l'lle.

Suppose the estimated symbol corresponding to b; is denoted by by. For user i,i=2,3,...,K,

i-1
the decision variable is fci,[l(},'— Zﬂj,/‘éj +z;). If define a vector b= [ 131, 132 e I;K]T, the
=1

decision device inputs for all K users can be expressed by

diag(F.y''(§ — Bb) = b + diag(F.) 'Fo(b-b) + diag(F.) 'z (2.17)

17



It is seen that the system performance is degraded by error propagation, which is reflected by

the second term in equation (2.17). The ideal SER can be obtained by assuming there is no

decision error, i.€., b = b. For the kth user, k=1, 2,..., K, the ideal BER is

Pe,= Q( \ 2fck,k27bk)- (2.18)

Now we compare the theoretical performance of the nonlinear RDDFR and that of the
linear RDD given by equation (2.8). Note that R(fH=F{HF{1 and therefore
(R e [(F Yd® = for 2 (R o= [(Fe ]’ is satisfied only when & = 1). Thus the ideal
RDDFR outperforms the RDD (the optimal decorrelating linear MUD) for all users £ > 1; for
the first user, these two methods have the same theoretical performance. Since it has been
proved in [HS94] that the RDD outperforms the MDD, the RDDFR also outperforms MDD
theoretically. With the analysis similar to that for the optimality of the RDD, it is easy to
conclude that the ideal RDDFR is the optimal decorrelating decision-feedback MUD.
However, the practical performance of RDDFR is degraded by the error propagation effect.
Similar to the DF MUD for AWGN channels [Due93], the error propagation effect can be
mitigated by ordering the users from the strongest to the weakest.

2.3.2 Multipath Decorrelating Decision-Feedback Receiver (MDDFR)

The MDDFR was proposed in [SK97]. In this method, the KN correlators are
employed at the front end of the receiver in the same way as for MDD in Fig. 2.4, the output
of the correlators is given by equation (2.9). From the definition of R in equation (2.3), it can
be observed that R is symmetric and positive definite. Thus by Cholesky factorization,
R=F'F, in which F = {fi}knxxn 1s a real lower triangular matrix. As shown in Fig. 2.4,

following the MF bank is a linear filter F”, the resulting output is
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F 'y =FCb + n,, (2.19)
where n,, = (F") 'n is a zero-mean white Gaussian noise vector.

Divide the NKxNK matrix F into K square blocks, each block is an NxN matrix; and
represent the block on the ith row jth column by [F];; . The maximal-ratio combining (MRC)
is performed for user 1 first. The first N branches of the whitening filter outputs are filtered
il

by ¢, F]l,lT , thus the input to the decision device for user 1 is

vi=c"[F]1" [Fliie1b1 + 21, (2.20)

where z; is the noise component. The symbol decision for user 1, denoted by 31, is fed back
to the remaining users to help to cancel the MAI due to user 1. In this way, using the channel
coefficients (which are assumed to be perfectly known at the base station) and the decisions
of the previous k—1 users, the MAI cancellation and MRC for user &, £ = 2, 3,..., K, is

performed as

k-1
Vi = ckH([F]k,k)T;[F]k,icf(bf— bi) + e ([F1en) TR lexeibi + 2, (2.21)

where b; is the symbol decision corresponding to ;. Similar to the decorrelating DF MUD for
single-path channels [Due93], to minimize error propagation, the K users should be sorted
from the strongest to the weakest, i.e., the first user should be the one whose signal has the
strongest power, and the last user is the weakest one. By assuming no error propagation, we

can obtain the ideal SER

Pey = O(N s [F1ia [F i ie). (2.22)
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The MDDFR is a suboptimal MUD even if the error propagation effect is ignored. An
intuitive explanation is that the KN correlators at the front end of receiver are not the matched
filters perfectly matched to the multipath fading channels. The theoretical performance
comparison between the MDDFR and the optimal RDDFR follows the same derivation as in
the comparison between the PreRAKETHP and MDTHP, which is provided in section 4.3.2.

Although the error rate of the MDDFR is higher than that of RDDFR, it should be
noted that MDDFR has the advantage of low computational complexity, since the operation
of matrix factorization is made on R, which is independent of channel state information.

The nonlinear MDDEFR is closely related to the linear MDD, noticing that they have
the identical front-end correlator bank. Compare the decision statistic of MDTHP,
ckH[F]kkT [F]ick, with that of MDD, ckH([R'l]kk)'lck. Based on the theorem for the inverse of a
partitioned symmetric matrix [HJ85], it is easy to prove that TR [FTiek = e (R 1) e
(the equality is satisfied for i = 1). Therefore, for user 1 MDDFR and MDD have the same
performance, and for other users MDDFR outperforms MDD, if the error propagation effect

1s not considered.
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Figure 2.4 Multipath Decorrelating Decision Feedback Multiuser Receiver (MDDFR)
for a 3-user N-channel paths/user system
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2.4 Numerical Analysis

We consider the uplink of an 8-user, 4 channel paths/user BPSK system. Suppose the
transmit power for all users are equal and the signature sequences for all users are orthogonal
Hadamard sequences with 32-chip length. The user ordering for nonlinear DF MUD is not
considered in this example. In Fig. 2.5, the performance of the dissussed linear decorrelating
methods RDD and MDD and nonlinear decorrelating RDDFR and MDDFR are observed.
The BER is averaged over all users. The single user bound (SUB) and conventional RAKE
receiver are also simulated as references. It is obvious that the conventional RAKE receiver
has poor performance in multiuser channels. Although theorectical analysis shows the
nonlinear RDDFR and MDDFR have better performance than RDD and MDD, respectively,
the practical performance of the nonlinear methods is degraded by the error propagation. It
can be observed that the performance advantage of the nonlinear methods relative to the
linear methods diminishes as transmit power increases. It is confirmed by this example that
the optimal decorrelating linear MUD (RDD) and nonlinear MUD (RDDFR) respectively

outperform the suboptimal linear MUD (MDD) and nonlinear MUD (MDDFR).
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Figure 2.5 Performance comparison of different MUD approaches, 8 users, 4 channel
paths/user, BPSK, equal transmit power for all users.
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Chapter 3
TOMLINSON-HARASHIMA MULTIUSER PRECODING (THP) FOR

SINGLE-PATH CHANNELS

3.1 THP for Single-path AWGN Channels

3.1.1 Single-path Centralized Channels (CC)

; Tx : Noise Rx !
% : >
; \ﬁ, Y ; >
i . CHANNEL: >

Figure 3.1 Centralized Channel Model

The system diagram of CC model is shown in Fig. 3.1. In the CC model, both the
transmitter and the receiver are centralized for all users (or all sub-channels in multi-channel
systems), which make it possible to perform the Tx-Rx joint optimization with balanced
complexity for the transmitter and receiver. The CC model with MIMO DF detector has been
applied in multicarrier [VCLMO98], space-time [LP02, ANCO1] and other MIMO systems
[Due92].

For a K-user system, denote the transmit data symbols during the symbol interval of
interest [0, 7) by a vector b = (b, ba, ..., bK)T. For high-speed downlink CDMA channels, the
higher-order modulation is favorable because the data transmission efficiency can be
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improved without increasing MAI [TSGO1, BBGOO]. In this chapter, we use pulse amplitude
modulation (PAM) as an example in derivation, while quadrature amplitude modulation
(QAM) is also considered in numerical experiments. Suppose the symbols are M-ary PAM
modulated with the equivalent baseband minimum FEuclidean distance 24, i.e.,
bie {—-(M-1)4;, (M-3)4;, ..., (M-3)A4;,, ( M—1)4;}, Vi=1,2,...,K. Let the vector of
normalized signature waveforms for K users be s(¢) = [s1(¢), s2(0), ..., sx()]".  For the CC

systems, the equivalent low-pass received signal at the centralized receiver is

K
r(t) =Y. bisi(t)*n(?). In the conventional receiver, () is fed to the filters matched to the K
i=1

=

T
users’ signature waveforms. The resulting output is y,-Zfr(t)s,-(t)dt, i=1,2,...,K. If we
0

T
define the correlation between two signature sequences as R; = f si(t)si(2)dt,
0

Vi,j=1,2,...,K, and the KxK correlation matrix R = {R;;}, the matched filter (MF) output

vectory = [y1, V2, ..., k] satisfies
y=Rb+n. (3.1)

. T. . . .
In equation (3.1), n=[ny, ny, ..., ng] is a zero-mean Gaussian noise vector with the elements

T
n;= f n(t)s{Hde,i=1,2,..., K, and the autocorrelation matrix NyR. Note that we retain the
0

terminology of CDMA systems for the CC model. Although its primary applications are in
multicarrier, space-time and other systems, the mathematical models for these applications

are equivalent to those used in CDMA systems.
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3.1.2 Single-path Decentralized Channels (DC)

As shown in Fig. 3.2, the DC model corresponds to the downlink of CDMA systems.
In this channel model, the transmitter is centralized; the receivers of different users are
separate, resource-constrained and do not have the knowledge of spreading codes of other

users. Therefore, the processing burden is placed in the transmitter.

CHANNEL

Figure 3.2 Decentralized Channel Model

For the DC model, e.g., the downlink of a CDMA system, the equivalent low-pass

K
received signal at the ith receiver is r(f) = X bis(t)tn{t), where n(f) represents white
=1

Gaussian noise with zero mean and power spectrum density Ny. In the ith user’s receiver, r(?)

T
is fed to the filter matched to s,(¢). The resulting output is y= f r{t)s(t)dt, Vi=1,2, ..., K.The
0
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MF output has the same form as equation (3.1), but for DC model the autocorrelation matrix
of m is Vyl. (I is the KxK identity matrix.) In practice, these channels are not degraded by
MALI due to the orthogonal signature sequences and synchronous transmission, and thus, do
not require Tx precoding. However, as in [VJ98, TC94], we employ this simple model with
non-orthogonal users’ codes to illustrate the general principle of multiuser THP precoding.
3.1.3 THP for Centralized Channel (THP-CC)

From equation (3.1), we observe that MAI is caused by the non-diagonal elements of
matrix R. For CC systems, as well as for the uplink of DS-CDMA, the interference can be
conveniently canceled by the linear decorrelating MUD [Ver98] The output is Ry =b+z.
Since the linear MUD enhances noise, the nonlinear DF-MUD was proposed in [Due93]. The
positive definite symmetric matrix R is decomposed by Cholesky factorization [GVL96],

R=F'F, (3.2)
where F is a lower triangular matrix. For DF-MUD, a nonlinear feedback loop and a feed-
forward filter are used to cancel the partial MAI expressed by F and F’ respectively. This
approach avoids noise enhancement and outperforms linear decorrelating method; however,
because the feedback is based on past decisions, the performance is degraded by error
propagation.

Fig. 3.3 shows the system diagram of THP-CC. The feedback filter in the transmitter
is defined as

Bce = {Byj} kxx = diag(F) ' xF-1, (3.3)
where F is as in equation (3.2), and diag(F)'1 = diag(F 1Y is the diagonal matrix that contains

the diagonal elements of F~'. Thus, Bcc is a lower triangular matrix with zeros along the
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diagonal. A bank of mod-2M operators are used to limit the transmit power. For user i, given

an arbitrary real input f, the output of the mod-2M operator ﬁ satisfies ﬁ/Ai = fB/A;+ 2Md,,

Decision
Vi Device
by v > /(1) () Pl s1(T-0) _\> 4»@
v i Vv Feed-
b, Mod-2M p| 0 x(0) W A0 [l s:T-0) —\> F;ri‘ft’:rrd | Mod-2M >|E|
Y. . 4D Goc
. . . . Channel . . .
. . ° ° Yk . )
Vk
b %@, Mod-2M p 0 | sx(T-0) —\> | Mod-2M ,IEI
Feedback <
o Filter [€— .
d Bce ®
(a) Transmitter (b) Receiver

Figure 3.3 Diagram of THP for a Centralized-Channel (CC) System

where d; is the integer to render ,E/Ai within (-M, M]. In Fig. 3.3(a), the output vector of the
mod-2M operator bank v = [vy, va, ..., vK]T satisfies

v =b-Bccvt2MAd = (B (b+H2MAA), (3.4)
where A =diag{A;}k«x and d =[d,, d>, ...,dK]T is an integer vector. For the ith user,
i=1,2,...,K, d; is chosen to guarantee v; in the range (—A;M, A;M]. Equation (3.4) is

equivalent to (Bcc+ I)v=Db + 2MAd. Note that (Bcc+ 1) is a lower triangular matrix with
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ones along the diagonal. Thus, vi=b; and d,=0, i.e., mod-2M is not required for user 1; for the
ith user,i=2,3, ..., K, we can successively determine d; and v; based on the values of v,

V2,005 Vicly
i—1
v, =(b; =Y B;v,)+2MAd,. (3.5)
=l

The feedback structure is similar to that of DF-MUD. However, because the feedback in the
transmitter is based on the actual values of user data instead of past decisions, error
propagation is avoided.
The received signal is #(7) = s’ (¢)v+n(f). In Fig. 3.3(b), the output vector of the MF
bank, y = [y1, ya, ..., vk]', is
y=Rv +n. (3.6)
Given (3.3) and (3.4), equation (3.6) is equivalent to
y = F'diag(F)(b+2MAd) + n. (3.7)
To recover the original data b, the feed-forward filter should be defined as
Gee = diag(F)'F 7, (3.8)
Where F ' = (F "= (F")"', thus the output of G¢¢ is
Gcey =b +2MAd + zcc, (3.9)
where zcc = Geen. Equation (3.9) shows that MAI has been completely eliminated at the
output of the feed-forward filter. Finally, the mod-2M operations are performed for users 2
through K (mod-2M is not required for user 1 because d; = 0). The input vector to the

detector is b+zcc. The autocorrelation matrix of zcc is Nodiag(F)_z, that is, the noise is
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whitened. The average transmit signal to noise ratio (SNR) per bit for the ith user, 7, equals

[Pro01]

CEy (MDA’

5= Ne = oNafogdl: = L2k (3.10)

Then the theoretical symbol error rate (SER) is

2(M-1 6logoM
Pei=%Q( Wo%ﬁizybi]a i=1727~"9K7 (311)

where f;; is the ith diagonal element of F. The SER given by (3.11) is identical to that of DF-
MUD assuming no error propagation. It is observed that the order of users affects
performance. For the first user, the ideal performance of THP equals that of the linear
decorrelating MUD; for the last user, the ideal SER achieves the single user bound (SUB)
since fxx = 1.

Note that in the transmitter the mod-2M operator output v; is in the range (—4;M,
A;M], which is larger than the range of original signal b;, [-A{M-1), A(M-1)], i.e., the signal
power reduced by modulo operation is still larger than the original signal power. This power
penalty diminishes as M increases and can be ignored for large M (M>8) [LM94]. It also
should be noted the actual performance is slightly worse than the ideal performance because
of the “end effect” of modulo operations in the receiver. The property that the detection
errors for outer signals are less likely than for other signals is lost due to the mod-2M
operations in the receiver, because any outer symbol will be re-assigned a bounded

magnitude. However, as observed in the simulation examples, the end effect also diminishes

as M increases [LM94].
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3.1.4 THP for Decentralized Channel (THP-DC)

The scheme proposed in the previous section can be applied in DC systems by using
adaptive linear processing in the receivers. However, it is often desirable to make the
receivers of DC systems (e.g. the mobile stations in downlink CDMA) as simple as possible.
Therefore, in this section we propose a different THP design in which the receivers are as
simple as in a single-user system. The diagram of this design is shown in Fig. 3.4. The
relocation of the feed-forward filter from the receiver to the transmitter causes the changes in
the structures of the feedback and the feed-forward filters denoted by Bpc and Gpc,
respectively. The signal received at the ith user’s receiver site can be expressed as
rit) = s’ ()Gpcv+ni(r). With transmitter precoding, the output vector of the scaled MF bank is

y = diag(F)'(RGpev + n) = diag(F) ' [F'FGpc(Bpc+I) ' (b+2MAd) + n].  (3.12)
Although the scaled MF in the ith user receiver needs the knowledge of f;;, this requirement
does not significantly increase receiver complexity. To cancel MAI we define Bpc and Gpc

as

By = diag(F)'F'—I, (3.13)
Gpc=F". (3.14)

From (3.13), the feedback filter Bpcis now upper triangular with zeros along the diagonal.
Thus the computation of the elements of v is in the reverse order relative to CC systems, i.e.,

vk=bg and dg=0 (the mod-2M operation is not required for the last user). For

K
i=K-1,K-2,..., 1, v=(bi— X Bjv;)+2MAd;. It can be shown that the feed-forward filter given

Jj=i+l

by equation (3.14) does not increase the average transmit power and the power scaling factor

is not required.
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Substituting (3.13) and (3.14) into (3.12), we obtain y = b+2MAd+zpc. Mod-2M
operations are then applied to eliminate the term 2MAd. The noise component
zpc= diag(F)'n is whitened since its autocorrelation matrix is Nydiag(F)™>. The ideal SER of
THP-DC is also given by (3.11).

In summary, THP-CC, THP-DC and DF-MUD have the same ideal performance
provided that the effect of mod-2M operation in the THP schemes and the error propagation
in DF-MUD are ignored. Since DF-MUD improves upon the linear decorrelating MUD for
all but the first user [Due93], the proposed THP methods also have better performance than
the linear decorrelating MUD. While this conclusion is valuable for CC systems, it is more
meaningful to compare THP-DC with the linear transmitter precoding methods. For example,
if equal transmit powers are employed for all users and all the transmit signals have the same
cross-correlation, the linear decorrelating precoding has the same performance as the linear
decorrelating MUD, and is outperformed by THP. The advantage of THP over linear

schemes will be further demonstrated in numerical experiments.
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3.2 THP for Flat Rayleigh Fading Channels

In this section, we extend the THP approach to flat Rayleigh fading channels. In the
symbol interval of interest, the channel gain for the ith user is denoted as ¢;= ae ¢i, where the
envelope ¢; has Rayleigh distribution and the phase ¢ is uniformly distributed over (—x, 7],
i=1,2,..., K Define the channel gain matrix for K users as C = diag{c;} kxx.

For the DC system, the signal received at the ith user receiver is 7(f) = c:s' ()v+ni(f).
With the THP-DC, the output vector of the MF bank equals

y = CRv+n = Cdiag(F)(b+2MAd)+n. (3.15)

The received signals are detected coherently, scaled and passed through the mod-2M
operators. The input of the detection device in the ith user receiver is ¢ f;;b;+ n;. The average

SNR per bit at the input of the detection device j; has the mean

M?-1)f, A’
71,,:( M 4, E{e’}, i=1,2,...,K (3.16)
6N, log, M

For the ith user, the average SER is given by [Pro01]

pe =M1 _ 23(1°g2M)7’"‘ . (3.17)
M M~* —1+3(log, M)y,

For the CC model over the Rayleigh fading channel, the received signal is

K
H(1) = Y.cvisi(f) + n(f). The MF bank in the receiver is followed by the diagonal matrix C”,
i=1

resulting in the output y = C'RCv + C"n. Define F = FC, which is also a lower triangular

matrix, then the feedback and feed-forward filters are the same as (3.3) and (3.8) except that

F replaces F. The output of the feed-forward filter is b+2MAd+zcc, where zcc= GccCMn is
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white noise vector with auto-correlation matrix Ngdiag(F)72C72. Thus, the mean of average
SNR per bit at the detector input and the average SER are still given by (3.16) and (3.17),
respectively.

For the THP-CC above, we assumed perfect knowledge of the channel coefficients at
the transmitter. More generally, the channel coefficients are required for Tx precoding in
multipath channels and asynchronous channels. In practice, these coefficients need to be fed
back and/or estimated. For rapidly varying fading channels, accurate long range fading
prediction is also required [DHHOO]. The effect of quantized feedback, estimation and
prediction errors need to be addressed in future performance investigation of various

precoding methods.
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3.3 Numerical Results and Analysis

In this section, we provide the numerical evaluations of the performance of THP
designs for single-path channels. In the first numerical experiment, consider the downlink of
a 2-user M-PAM CDMA system over an AWGN channel. Suppose the transmit powers of
the two users are equal and the two signature sequences have cross-correlation Rj; = 0.5. For
user 1, the theoretical SERs of THP (both THP-DC and THP-CC), linear decorrelating MUD
and linear decorrelating precoding are equal in this case. In Fig. 3.5, we demonstrate the
difference between the simulation result for THP-DC and the theoretical SER. The gap
between the theoretical and the simulated SER is caused by the “end effect” of mod-2M
operation in receiver and the transmit power increase due to mod-2M operation in
transmitter. The “end effect” diminishes as M or the transmit SNR increases. The transmit
power penalty is reduced as M increases and is not related to the original transmit SNR. In
this example, as M = 2, 4, 8, 16, the corresponding power penalty for user 1 are 0.67dB,
0.08dB, 0.03dB and 0.006dB, respectively. In this case, the performance degradation due to
mod-2M operation is negligible for 8-PAM systems with transmit SNR larger than 20dB, and
for 16-PAM systems.

Then we consider another example of a heavily loaded 3-user 8-PAM system over an
AWGN channel. The cross-correlation between any two users is 0.8. All users have equal
powers. Fig. 3.6 shows the performance of four methods: THP-DC, linear decorrelating
transmitter precoding (Dp.), DF-MUD, and linear decorrelating MUD Receiver (Dr.). The
performance of THP-CC (not shown) is very close to that for THP-DC. The only difference

is that the performance degradation due to the mod-2M operation affects users 1 through K-1
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in the THP-DC system and users 2 through K in the THP-CC system. The SUB and the
conventional system performance are also plotted for comparison purposes. We notice that
the linear decorrelating methods have the same performance for all users because of equal
transmit powers and equal signal correlations. For THP-DC, the simulation results are very
close to the theoretical performance since the end effect of mod-2M is slight for 8-PAM
system. User 3 benefits the most from using THP. The THP achieves the SUB and has much
lower error rate than DF-MUD and the linear methods. The worst performance is for user 1
and is theoretically the same as that of DF-MUD for user 1 and the linear methods for all
users. For user 2, THP-DC outperforms the linear methods and DF-MUD. Clearly, the THP
schemes improve on the linear schemes for most users. Although THP methods and DF-
MUD achieve the same performance theoretically, the actual performance of THP is better
than that of DF-MUD in this case since the latter technique suffers from error propagation
when user powers are similar.

We now investigate a 4-user, 16-PAM system in a flat fading channel. Assume the
channel gains are i.i.d. Rayleigh fading, and the power of channel fading is normalized. Let
the signal cross-correlation between any two users be 0.8, and A12: A22: A32: A42 = 8:4:2:1.
Thus the first user is the strongest, and the last user is the weakest. The two linear
decorrelating approaches have the same performance under these given conditions. Since
THP designs for CC and DC systems have similar performance, we only compare THP-DC
with the linear decorrelating methods. As shown in Fig. 3.7, user 1 achieves the best
performance since its signal is the strongest. The three approaches result in similar SER for
user 1 and user 2 as expected; while for the weakest users (user 3 and user 4) it is shown that

THP-DC significantly outperforms the linear decorrelating schemes. The order of users
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presented here aids the weakest user. However, on the downlink, it might be desirable to
order the users in the opposite order, so that a further user which needs larger transmit power

is aided by the THP most. Thus, the overall average and peak transmit power can be reduced.
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Figure 3.5 Symbol error rate for user 1 of a 2-user system in AWGN channel, M-PAM,
A1=A2, R12 =0.5.
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Chapter 4
TOMLINSON-HARASHIMA MULTIUSER PRECODING (THP) FOR

MULTIPATH FADING CHANNELS

4.1 Frequency-selective Fading Downlink CDMA Channel Model

Consider the downlink channel of a K-user DS-CDMA system. Suppose the transmitted
signals are subject to frequency selective slow fading with N resolvable multipath
components for every user. By assuming that the multipath spread is small relative to the

symbol duration, the inter-symbol interference (ISI) is minor and ignored in the following

discussions. For user i, ¢;, = ai,ne"”i,n represents the gain of the nth path component,
Vi=1,2,....Kand n=0,1,..., N-1. The received equivalent baseband signal at the ith mobile
user receiver site can be expressed by

K N-1

r{t) =Y. D cinbisi(t—nT.) + n(f), 4.1)

k=1 n=0

where by is the data symbol for the kth user in the symbol interval [0,7), si(¢) is the signature
sequence for the kth user, 7, is the chip duration, and n,(f) is complex white Gaussian noise
with zero mean and variance N,. Define the channel gain vector for the ith user
¢=[¢i0,Ci1s---Cin-1], the column vector of datasymbols for all K users b=[b1,b2,...,bK]T , and
the diagonal matrix A=diag{A4,,4,...,Ax}.

To avoid the transmit power increase due to multipath Pre-RAKE combining, we use

the normalized fading channel coefficients in the transmitter. For the ith user, define the
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Vi 12
. 2
normalization factor S;=| Y |c;,|
n=0

, then the normalized fading coefficient is obtained by

cin=Sicin, and the normalized vector corresponding to ¢; is ¢;= [cl-,o, Cily--s cl-,N_l]. For the
convenience of derivations, for all K users define a K-row, (KxN)-column channel gain

matrix  C =diag{c,,cz,...,Cx} and the corresponding normalized matrix

C = diag{¢,, &,....0x}. LetS = diag{Si, S,....Sk}, then C = SC.
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4.2 PreRAKE Multipath Diversity Combining
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Figure 4.1 Diagram of PreRAKE System, single user, /V resolvable channel paths

For direct-sequence spread spectrum (DS-SS) communications (single-user systems),
RAKE receiver is known as the optimum maximum ratio combining detector, where signals
of the individual paths are added in a way to accentuate more credible signals and suppress
less credible ones. Compared to a single-path receiver, the RAKE combiner is more
complicated and needs the instantaneous channel information for setting weighing factors.
For the downlink channels, in order to minimize the mobile unit cost and power
consumption, PreRAKE combiner was proposed in [EN93]. It concentrates all the processing
required for the RAKE combination at the BS and keeps the mobile user receiver as simple
as a non-combining single path receiver.

In PreRAKE method, the RAKE combining process is performed before
transmission. In order to determine the combiner parameters, the future channel gain
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coefficients have to be known by transmitter. This information could be obtained by feeding
it back from the receivers. However, the inaccuracy due to the delay of feedback has to be
considered, especially when the channel fading changes fast. For rapidly varying fading
channels, the channel information can be accurately predicted by the long-range channel
prediction algorithm, which is illustrated in section 4.4.

The system diagram of a PreRAKE transmitter and receiver is shown in Fig. 4.1. In
the transmitter, the spread signal is delayed and weighed for a number of times. The
estimated channel path profile for future transmission is used to set the weighing factors. To
illustrate the principle of PreRAKE combining, we only consider the single-user system in
this section, i.e., suppose only user 1 is active. With PreRAKE combining, the transmitted

signal is given by

N-1
xX(t)= X 1y bisi(t-N-1+nT). (4.2)
n=0

After traveling through the N-path fading channel, the signal received at the receiver is

N-1 N-1

@)=Y Y c1ic1, bisi(t—(N-1-n+)T.) + m(f) (4.3)

=0 n=0

At the receiver end, the desired output of the PreRAKE combining system occurs at moment
t = (N-1)T.. The receiver is a simple single path receiver which decodes only the (N—1)th

peak of the matched filter output for each transmitted symbol,

T+(N-1)Te N-1N-1 L0
= Jr@s-(N=-DT)dt=b Y X c1i¢1, [si(Dsi(t=(r=DTo)dt + m, (4.4)
(N-D)Tc =0 n=0 0
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where 1, is the Gaussian noise component with zero mean and variance E{nn; }=Nj. It can
be observed from equation (4.4) that there is self-interference in the MF output caused by the
multipath. The effect of self-interference on the PreRAKE performance is analyzed in
[ESN99]. If the selected spreading sequence has very small auto-correlation, the self-

interference can be ignored. With this assumption, the received SNR is given by

Eb N-1 A * —1
SNRgy = Ny > ciCin | =S SNRyy, 4.5)
n=0

It can be observed that the Tx-based PreRAKE combiner is equivalent to the Rx-
based RAKE combiner. By moving all multipath diversity combining operations to

transmitter, the PreRAKE efficiently reduces the complexity of MS.
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4.3 THP for Frequency-selective Fading Channels

4.3.1 PreRAKETHP
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Figure 4.2 Transmitter of PreRAKETHP for a 2-user 2-channel path/user system

The transmitter structure of PreRAKETHP for a 2-user 2-channel path/user system is
shown in Fig. 4.2. The basic THP decorrelating structure is similar to that for the single-path
case, and is followed by a pre-RAKE combiner. The FB and FF filters for PreRAKETHP are
denoted by Bp and Gp, respectively. With the same derivation as for single-path channels, the
output vector of the mod-2M operator bank satisfies v = (Bp+I) ' (b+2MAd). As we will see
later, Bp is a complex matrix related to the channel fading; as a result, the inputs of the mod-
2M operators are complex numbers. The mod-2M operations are performed to constrain the
magnitudes of the real part and imaginary part of the input number respectively. Thus for the
ith user, d; is a complex number with integral real and imaginary parts. As in Fig. 4.2, the

outputs of the FF filter Gp are multiplied with the conjugates of normalized fading
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coefficients. The output vector of the pre-RAKE combiner, w = éHGpV, has KxN elements.

Following the signature sequence spreading, the ultimate transmitted signal is given by

x(?) = WSk (0= 1T,) . (4.6)

K N-1
k=1 I=

The equivalent baseband received signal at the ith user receiver site is given by

R =222 a8 (=T, —=nT) +n,(2). (4.7)

K N-1N-1
k=1 n=0

~

The output of the MF is sampled at ¢t = (N-1)T,, and for the ith user is given by

T+(N-1)T,
vi=  [n@s=N-DT)dt. (4.8)

(N-DT,

The cross-correlations between delayed signature sequences can be represented as
T
M, = J-s,. ()s, (t+mT )dt, me {—-(N-1), ...,(N-1)}. (4.9)
0

From (4.7), (4.8) and (4.9), we have

K N-1 N-1
Vi=2 2 2 Cin M Wity Nemins1 + 1 (4.10)
k=1 n=0 m=—(N-1)

where #; is the filtered noise component with power Ny. V i, ke {1, 2, ..., K}, define the NxN
correlation matrix My with the jth row equal [M 7, M%7 ,...M\'1, j=1, 2,..., N. Construct

the (KxN)-row and (KxN)-column matrix M by superimposing the KxK non-overlapping

submatrices My, i, ke {1, 2, ..., K}. Then (4.10) reduces to

y = CMw + n = S"'CMC "Gp(Bp+1)" (b+2MAd) + n, (4.11)
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where y=[y1,y2,..‘,yK]T and n=[n1,n2,...,nK]T . Define Rp=CMC” and

ﬁpz S’Rp= CMC”. The matrix Rp is obviously positive definite. Consequently, it can be
factorized as Fp'Fp using the Cholesky factorization, where Fo={fpij} kxx 1s complex lower

triangular matrix with real diagonal elements. The normalized matrix corresponding to Fp is
F= {f,-j} xxk= SFp. To cancel the MAI, the FB and FF filters are defined as
By = diag(F Y'F"-1, (4.12)

Gr=TF". (4.13)

Then equation (4.11) can be simplified as

y = diag(Fp)(b+2MAd) + n. (4.14)
We assume the channel gains and, therefore, fp; are estimated in the receivers. Then for the
ith user, we have ﬁ:,{ly,- =p;+2MAd; + fpi[lni. The term 2MA;d; will then be cancelled by

mod-2M operation. The instantaneous ideal SER of the ith user is given by

Pe. — 2(M —1) [\/6(10&’2 M) fri 7}”] (4.15)

' M M? -1

The PreRAKETHP described above is related to several precoders and MUDs for
frequency-selective CDMA channels. It represents the transmitter precoding version of the
nonlinear multiuser detector that consists of the RAKE receiver followed by the DF MUD.
This detector can be viewed as a nonlinear (DF) version of the RAKE Decorrelating Detector
(RDD) [HS94], the optimum linear MUD for multipath channels (or, equivalently, of the pre-
RDD precoder in [Gun03]). In this detector, the decorrelating DF processing is applied at the

output of the filter bank matched to the signature sequences convolved with the channel
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responses for all users (the RAKE receiver), while in the RDD, the matched filter bank is
followed by the linear decorrelating detection. Therefore, this DF detector is the optimal
decorrelating DF MUD for the frequency selective CDMA channel. Since PreRAKETHP is
the equivalent Tx-based implementation of this DF detector, it is the optimal THP method
according to the decorrelating (ZF) and MMSE criteria.

To compare the nonlinear PreRAKETHP with the linear RDD, first we note that the
correlation matrix R in [HS94] corresponds to Rp’ above. Since Ry = (Fp ))"Fp’, (R™"); in
equation (7) in [HS94] is equal to or larger than fp;> (equality is satisfied for i=1).
Comparing the error rate formulas for PreRAKETHP (equation (4.15)) and RDD (equation
(7) in [HS94]), we observe that PreRAKETHP outperforms the RDD for all users i>1. For
the first wuser, these methods have the same SER. For the last wuser, since
foxk = [Relkx = cx[M]kxex”, the performance of PreRAKETHP given by equation (4.15)
achieves that of the RAKE receiver in the absence of MAI. Similarly, it can be demonstrated
that the PreRAKETHP has better performance than the pre-RDD in [Gun03]. Since it has
been proved in [HS94] that the RDD outperforms the Multipath Decorrelating Detector

(MDD) [ZB96], the PreRAKETHP also outperforms the MDD.
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4.3.2 Multipath Decorrelating THP (MDTHP)
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Figure 4.3 Transmitter of MDTHP for a 3-user N-channel paths/user system

One drawback of the PreRAKETHP is that the coefficients of the FB and FF filters

depend on the channel gains. Consequently, the matrix factorization and inversion required

for the computation of these coefficients have to be performed frequently, especially for

rapidly varying fading channels. In this section, we present an alternative THP design,

MDTHP, to alleviate this problem.

The transmitter diagram for the MDTHP is shown in Fig. 4.3. Because M is

symmetric and positive definite in practice, we can decompose M = Fy'Fy by Cholesky

factorization, where Fy is a lower triangular matrix. Divide Fy into KxK blocks, where each

block is an NxN submatrix; and represent the block on the ith row and jth column as [Fu]y,

Vi, ke{l,2,...,K}. The FB loop in the transmitter works in the following way. First, the V-
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dimension vector vg is computed by applying N weights to the input symbol of the last user,
vk =bg - ([F M]KKGKH). The interference caused by user K is calculated from vk, and fed back
to be canceled from the signals of other users. This procedure is repeated consecutively for

k=K-1,K=-2,...,2, thus forming vectors v;. For user i, Vi=1,2, ..., K-1, the feedback

¢.[F “TV )
%, where f3=&[Fu]y'[Fuli&". Thus,
BB,

for users 1 through K—1, the output of the FB loop is

from user j,j =i+1,i+2, ..., K, is given by

b—z M]” L1 2MAd, |-[Fy].¢,", (4.16)

J=i+l 1’

The output power is normalized by multiplying v; by the scaling factor

Sui= (&[Fmli [Fulie! )" = g7, (4.17)
Let v,=S8,;-v;, i=1,2,...,K. Represent the input of the FF filter by the vector
V= [\%T ,%T ,...,\”IKT ]T . Then its output is w = GyV, where the FF filter is defined as Gy =
FM_I. Following the derivation similar to that for the PreRAKETHP above, we obtain the

matched filter bank output in the receivers as y = CMw + n. For user i, this output is

vi= B[S, (b 2MAd) + i, i=1,2, ..., K, (4.18)
-172
where S;=| Y |c;,|*| . Consequently, the ideal instantaneous SER for the ith user is
=0
2(M-1 6 [Fuli [Fumluei”
Pe, () = (M ) Q[\/ ( ngM)C]& zhj]l [Fulic 7,71.] “.19)
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The MDTHP method significantly simplifies transmitter precoding compared to the
PreRAKETHP, since it employs the factorization of the channel gain-independent matrix M.
Thus even for rapidly varying mobile radio channels the matrix factorization and inversion
operations do not have to be performed frequently. These filters depend only on the signature
sequences and the order of the users. The MDTHP is related to several other simplified MUD
and transmitter precoding methods that also employ the matrix M. First, equation (4.19) is
identical to the theoretical performance of the Multipath Decorrelating Decision Feedback
Receiver (MDDFR) (equation (16) in [SK97]). However, since DF MUD is degraded by
error propagation, the MDTHP has better actual performance than the MDDFR.

For the purpose of comparing the MDTHP with linear decorrelating precoders, in
[LDj04, Appendix] we described a linear multipath decorrelating precoder closely related to
the MDTHP. This linear precoder can be regarded as the Tx-based counterpart of the
Multipath Decorrelating Detector (MDD) [ZB96]. Therefore we call it Pre-MDD. Compare
the decision statistic of the MDTHP, c,»[FM],-iT [FM],-,-c,»H , with that of the Pre-MDD (c.f.
equation (A.1) in [LDj04]), c([M']:) "¢, Based on the theorem for the inverse of a
partitioned  symmetric matrix [HJ85, p.18], it is easy to prove that
c/[F M],»,-T [FM]ﬁc,-H > c,-([M'l],-i)'lciH (the equality is satisfied for i = 1). Therefore, for user 1, the
MDTHP, Pre-MDD as well as MDD have the same performance; and for other users the
MDTHP outperforms the Pre-MDD and MDD.

Since foxx” = cx[M]xxex” = cx[Fulxk [Fmlkkex’, by equations (4.15) and (4.19), the
PreRAKETHP and MDTHP have the same performance for the last user. Their SER is the

same as for an isolated single user with RAKE receiver. We can obtain some insight into the
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performance comparison of the two THP schemes for other users by considering their
decision statistics averaged over the channel fading. Considering that the channel fading
along the paths towards different user receivers are independent random processes, it can be
derived from CMC" = Fp'Fp that £ {]ﬁag|2}<< E{|foul*}, ¥ i#f (E{-} is the expectation over
the channel gains). which is also observed in simulation examples. Therefore, we have

E{fpi’} = E{c{M]i¢/y, Vi=1,2,..,K . On the other hand, V izK,

K
c,-[M],»,-ciH =¢, [FM]ﬁT [F M]j,-c,»H > c,-[FM]ﬁT [F M],-,-c,»H. These arguments indicate that on average
J=i

the decision statistics for PreRAKETHP, ﬁ),‘iz, is larger than that for MDTHP,
c/[F M],»,-T [FM]ﬁc,-H . This observation provides the theoretical explanation for the better
performance of the PreRAKETHP. This conclusion is further verified by simulation results.
On the other hand, the MDTHP is easier to implement as discussed above. In summary, there
is a performance-complexity tradeoff between the PreRAKETHP and MDTHP.

For M-PAM/QAM systems, the practical performance of THP methods is degraded
when M is small due to the power penalty and end effect of mod-2M operation [LM94].
Usually the first user suffers the worst degradation and the last user is not influenced at all.
Therefore, to achieve more balanced performance, we sort users in the order of decreasing
received powers in simulation examples. For larger values of M, since THP methods are not

affected by error propagation, different user ordering might be desirable in practice [LDO03].
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4.4 Long-Range Channel Prediction

To implement transmitter-based MAI cancellation and diversity techniques, the CSI
must be available at the transmitter. CSI can be estimated at the receiver and sent to the
transmitter via a feedback channel. Thus the feedback delay, overhead and processing delay
have to be taken into account in the performance analysis of the transmitter-based techniques.
For very slowly fading channels, outdated CSI is sufficient for reliable adaptive system
design. For faster fading which corresponds to realistic mobile speeds, however, even a small
delay will cause significant performance degradation, because the channel variation due to
large Doppler shifts usually results in a different channel at the time of transmission than at
the time of channel estimation. To realize the potential of transmitter precoding techniques,
these channel variations have to be reliably predicted at least several milliseconds ahead.

The LRP algorithm characterizes the fading channel using an autoregressive (AR)
model and computes the minimum mean squared error (MMSE) estimate of a future
coefficient sample based on a number of past observations. In contrast to conventional
channel estimation, LRP uses considerably lower sampling rate to forecast future values of
the fading coefficient far ahead. Assume the complex Rayleigh fading process c(¢) is sampled
at the rate f=1/T;, which is at least twice the maximum Doppler shift f4,. The sample of

channel state information (CSI) is represented by c,=c(nT5). The linear MMSE prediction of

the future CSI sample ¢, based on p previously observed CSI samples c,.1, ¢,.2, ..., Cnp 18

n P
en=Sdicay (4.20)

J=1
where d; are the coefficients of LP filter and p is the AR model order. The one-step
prediction in equation (4.20) can be generalized to predict any time 7 ahead, that is, we hope
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to find the MMSE estimate of a future sample c(7) by observing p previous samples collected

at and prior to the moment zero.
~ ~ p_I
c(7)=c,=2dcy, 4.21)
=0

where 7= vT; is the prediction range. v can be any positive real number; specifically, when v
is an integer, the prediction is called v-step prediction. The optimal coefficients d; are
determined by the orthogonal principle as

d=R'r, (4.22)
where d=[dy, di, ..., dp_l]T, R is the pxp autocorrelation matrix with elements
Ri=E{c(t+rtiTs)c(t+ )T, )} and r is the px1 autocorrelation vector with elements
ri=E{c(t)c(t+ 1T S)*}. For Rayleigh fading, r=r(t+jTs)=Jo(2 2fam(71jT)) is shown in Fig. 4.4.
By the solution of (4.22), the MSE, E{|e(7)|*}= E{|c(7) — ¢(7)|*}, is minimized. The resulting

MMSE is given by

p-1
E{le(a)f'} = 1= Xdyr;. (4.23)

=0
Since the CSI samples are predicted at the frequency f, it is necessary to use
interpolation to obtain the intermediate coefficients of the channels. The predicted CSI values

are filtered by a lowpass interpolating filter, so that the CSI at the transmit data rate is

obtained.
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Figure 4.4 Autocorrelation of Rayleigh fading signal, maximum Doppler shift 200Hz, 9
offset oscillators in Jakes model.
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4.5 Numerical Results and Analysis

In this section, we address the multipath fading channels that result in different
received powers. Power control is often needed in these channels. Since the order of users
influences the SER in THP systems, we propose to select the order that saves the total
transmit power. As mentioned in section II, the practical performance of THP schemes for
M-PAM/QAM systems is degraded when M is small due to the power penalty and end effect
of mod-2M operation. Usually the first user suffers the worst degradation and the last user is
not influenced at all. Moreover, similarly to DF-MUD, as the users’ order increases, the
benefit of the THP becomes more pronounced. Therefore, to achieve more balanced
performance and to minimize transmit power, we sort users in the order of decreasing
received powers in the following simulation experiments. In practice, it might be desirable to
maintain constant user order for an extended period of time to minimize complexity. (Note
that unlike DF-MUD, THP is not affected by error propagation, so ordering users according
to their powers is not required for maintaining reliable performance.)

In Fig. 4.5-4.9 we investigate the performance of transmitter precoding in multipath
fading environments. In these examples, we employ orthogonal 32-chip Hadamard codes as
the signature sequences. All channel paths experience i.i.d. Rayleigh fading and the total
average channel power is normalized to one for each user. First, consider an 8-user, 4-
channel paths/user system. Fig. 4.5 and Fig. 4.6 show the SER averaged over all users for
BPSK and 16-QAM, respectively. (We do not employ power control in this paper, although
in practice it is required to maintain the target SER.) The transmit powers of all users are
equal. In both figures, the THP methods significantly outperform the conventional RAKE
receiver and linear decorrelating precoding with RAKE receiver in [VJ98] (labeled as “Lin.

58



Prec. RAKE”). When the bit error rate (BER) is lower than 10~, PreRAKETHP is the best
among all the Tx-based and Rx-based, linear and nonlinear decorrelating methods, and
MDTHP is better than the MDDFR, Pre-MDD and MDD, as expected from theoretical
analysis. For higher SNR values, both THP methods outperform other techniques. This
confirms that the inherent advantage of nonlinear THP methods overcomes the adverse
influence of modulo operation even if M is very small. The linear precoding in [VJ98] is
seriously degraded by transmit power scaling. The SUB is also shown for reference. It is
given by the performance of isolated single user with RAKE receiver.

In Fig. 4.7, the best and poorest user performances of the three precoding methods
and the optimum linear decorrelating detector RDD are further compared with §8-PAM
modulation. We observe that the SER of linear precoding is higher than those of other
methods, and the lowest SER is achieved by the PreRakeTHP. As we have analyzed, the
PreRakeTHP and MDTHP result in the same SER for the last user. Due to the bit-by-bit user
ordering, the last user experiences the worst instantaneous fading, and thus its average SER is
the highest among all users in this example.

Next, consider a 4-user 3-channel paths/user BPSK system, where the transmit
powers for all users are equal. In addition to short-term multipath Rayleigh fading, the
transmitted signal is also subject to long-term shadow fading modeled by log-normal
distribution with variance 6dB [Stu0O1]. Suppose the average received signal powers for the
four users satisfy the ratio of 8:4:2:1. The instantaneous received power order is
corresponding to the order of average power, so bit-by-bit reordering is not performed. Fig.
4.8 demonstrates the BER of the weakest user. The proposed two nonlinear techniques and
the linear techniques of Pre-RDD, Pre-MDD and linear precoder with RAKE receiver in
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[VI98] (labeled as “Lin. Prec. RAKE”) are compared. As expected, for the last user
PreRAKETHP and MDTHP result in the same performance as for the isolated single user
with RAKE receiver (SUB), while other methods have poorer performance. Equivalently, the
users that experience greater propagation loss will require lower power to satisfy the target
BER. Thus, in practice the overall transmit power can be reduced when THP methods are
employed.

A critical assumption for the above simulation experiments is that the channel state
information (CSI) is perfectly known at the transmitter. Next we observe the performance of
the THP techniques under the condition that the CSI is estimated at the Rx and fed back to
the Tx. Consider a BPSK modulated 4-user 3-channel paths/user wideband-CDMA (W-
CDMA) system with the following parameters; the carrier frequency is 2GHz, the maximum
Doppler frequency is 200 Hz and the transmit data rate is 128kbps [ICM98]. The frequency
selective Rayleigh fading is simulated by the Jakes model [Jak93]. In Fig. 4.9, the average
BER of the proposed precoding methods is shown for three different cases: CSI is perfectly
known at the transmitter; CSI is predicted; CSI is fed back to the transmitter (no prediction is
used). For CSI prediction, the 3-step LRP algorithm for W-CDMA [DHHO00] is utilized with
the channel sampling frequency of 1600Hz and the prediction range of 0.625ms (the slot
interval). Since the channel sampling and prediction frequency is less than the data rate, it is
necessary to interpolate the intermediate channel gain coefficients. In the case of delayed fed
back CSI (FBCSI), the channel gains are fed back without prediction with the feedback
delays of 0.3125ms and 0.625ms. Note that transmitter precoding aided by channel
prediction achieves almost the same performance as for the case when the channel is
perfectly known at the Tx, while feeding back delayed CSI without prediction results in
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significant performance degradation. Thus, accurate LRP is required for reliable multiuser

precoders in practical mobile radio channels.
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Figure 4.5 Performance comparison of various techniques in multipath fading channels,
8 users with equal transmit powers, 4 channel-paths/user, BPSK.

62



it "y
335 _‘.‘_—vﬁ.‘; A
--,.-‘._;‘-.‘. Ty )
1 ]

11
11
11
1
11
11
11
=

I

LD

e 10 0 A _
7 , A
2
ke~
g \'Q h'"s,
5 1wl + PreRAKETHP NN |
o MDTHP .
A Lin. Prec. RAKE NN
—. MDDFR S

10"} % Pre-RDD, RDD
x Pre-MDD, MDD
O RAKE

! I I I ! ! I
6 8 10 12 14 16 18 20 22 24 26

Actual Transmit EbINo {dB})

Figure 4.6 Performance comparison of various techniques, 8 users with equal transmit
powers, 4 channel-paths/user, 16-QAM.

63



107+

Lowest and Highest SER

PreRakeTHP
MDTHP

Lin. Precoding
RDD

— Lowest SER
--- Highest SER

3
T
* >0 +

10 I I I I |
10 12 14 16 18 20 22 24 jBI 28 30

Actual Transmit EbIND (dB)

Figure 4.7 Best and poorest user SER for 8 users, 4 channel-paths/user, 8-PAM.

64



107 ¢ T T T T T

10-1 e - . =
E \: E

BER of User 4

ol _:
+ PreRAKETHP, MDTHP, SUB ®
1oL X Pre-RDD X
o Pre-MDD ]
* Lin. Proc. RAKE
| | | | |
10 15 20 25 30 35

Actual Transmit Eb/NO (dB)

Figure 4.8 BER of the weakest user in large scale lognormal multipath fading channels,
4 users with equal transmit power, 3 channel paths/user, ratio of the
received signal powers 8:4:2:1, BPSK.

65



—+ PreRAKETHP, perfect CSI
—-o MDTHP, perfect CSI

...t PreRAKETHP, predicted CSI
| ...0 MDTHP, predicted CSI

s/ —x PreRAKETHP, 0.3125ms delayed FBCSI
—% MDTHP, 0.3125ms delayed FBCSI

-V PreRAKETHP, 0.625ms delayed FBCSI
—/AA MDTHP, 0.625ms delayed FBCSI

10° 1 ! 1 ! 1 ! !
8 10 12 14 16 18 20 22 24

Actual Transmit Eb/NO {dB)

Average BER

Figure 4.9 Performance comparison of precoding aided by CSI prediction and by CSI
feedback.
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Chapter 5

LINEAR DECORRELATING MULTIUSER PRECODING

In last two chapters, we have investigated the nonlinear THP technique for MAI
cancellation. We find that although THP can efficiently reduce MAI, its performance
advantage over linear methods is not obvious for small-M systems, such as BPSK and QPSK,
due to the power penalty and end effect of mod-2M operation. In addition, the nonlinear THP
designs have higher complexity than the existing linear decorrelating precoders. In this
chapter, we first describe the previously proposed linear decorrelating precoding methods,
and then develop a few novel linear precoding schemes. The combination of precoding and
diversity techniques is discussed in detail. Without loss of generality, only BPSK modulated
systems are considered in the following derivations.

5.1 Linear Decorrelating Precoding with RAKE Receiver

In this method [VJ98], the traditional RAKE receiver is employed, which acts as the

matched filter (MF). The notation for the frequency-selective channel model remains the

same as in section 4.1. For the ith user, the output of the RAKE receiver is

1T+1Tc N-1N-1 K
f it FOs(t=IT)dt =Y. Y Y ¢incis bkfsl(t)sk(t—nT +IT,)dt + z;, (5.1)
=0 i1 10 n=0 k=1

where z; is given by

z

-1

T
=

} ci ni)si(t—IT,)dL. (5.2)
0

Define m = (n—[), therefore me[—-(N-1), —(N-2),..., N-2, N-1]. Denote the integral in
equation (5.1) as
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T
Rl = [sOsi(t-mT,)dt, (5.3)
0

which is the cross-correlation between signature waveforms. Then the correlation matrices

are given by

R, ={R) }yvan
R, R, R} RN
1 0 -1 ~(N-2)
Riz,k Ril,k Ri(;k RiﬁN%) , Lke{l,2,...,.K}, (54)
=| R, R, R, .. Ry,
(RY RLT R R!, |
and
I R, R1,2 R, |
R2 1 R2,2 R2 K
R:{Ri,k}(NxK)x(NxK) = .. e | (5.5)
_RKI RK,2 RK K i

In order to express equation (5.1) in a compact form for all the K users, we also define the
matrices of channel gains. For the ith user, the row wvector of channel gains is

¢i=[cipo, Ci1s ---, Cin-1]; then the K-row (NxK)-column matrix C; is defined as

¢c, 0 ... ... 0
0 c, 0 .. 0

C, =diagi{c,} = , i=1,2,....K, (5.6)
0 ... ... 0 c

1

in which 0 = {0} ;xy. For the ith user, define R(i) = C,RC;"; and the kth row vector of R(i) is

denoted by R(i);, V k=1, 2,..., K. Based on these definitions, the matrix that combines the
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channel gains and cross-correlations of signature sequences is given by
R.=[R(1)/”, R2),"...., R(K)"]”, which is a KxK matrix. Represent the RAKE combiner
outputs of all the K users by the vector y = [y, »», ..., k]', and the noise components by
z2=[z1,2, ..., z]". Then for K users, equation (5.1) can be transformed into the compact
form

y=Rb +z, (5.7)
Equation (5.7) is in the similar form as the output of the matched filter bank for case of
AWGN channels, therefore the matrix R, can be interpreted as matrix of the cross-
correlations between the received user signal waveforms in multipath case. It is practically
reasonable to assume R, always invertible. Based on the assumption that the transmitter can
correctly predict all the channels, we insert the linear filter T = R, into the transmitter. The
corresponding RAKE combiner output is y = b+z, thus the interference among the user
signals is eliminated. Although from the above derivations T =R, is obtained as the zero
forcing filter, it also satisfies the MMSE criterion [VJ98, Appendix A]. Similarly to the linear
decorrelating precoding in AWGN channels, the total transmit power is increased as a

consequence of the linear transmitter precoding. Without precoding, the total average

K

transmit energy per symbol interval for a BPSK system is Eny = D A4;
i=1

?. With the assumption

that the spreading sequences for all users are orthogonal to one another, the total average

K
transmit energy per symbol interval equals to £,y = ZA,-z(Rc_T Rc_l)i,,-. Therefore, the power-
=1

scaling factor Sf'is given by the ratio
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K
YA RRM,

i=1

|
57 : (5.8)

-

I
—

The actual transmit signal should be x(¢) = Sfs’(/)R.'b. At the receivers, the symbol
detector input is Sfb + z. From equation (5.2), the noise component for the ith user has zero

mean and variance

N-IN-1 1,

var{z’} = Nol_zo gOR i CilCin - (5.9)

Hence, the BER for the ith user, i =1, 2,..., K, is given by

2574,
Pe, =0 || (5.10)
Z Z Ri;n ci,l ci,n
=0 n=0

Although this precoding method completely eliminates the MAI it is shown by equation
(5.10) that the BER is increased by the power scaling factor Sf. Also, this method does not
completely simplify the mobile user receiver, since it uses the Rx-based RAKE combiner.
5.2 Linear Decorrelating Prefilters

In the method of linear decorrelating transmitter precoding with RAKE receiver, the
linear filtering is applied directly to the data symbols and followed by spreading; while
another way to apply a linear filter in the transmitter is to filter the transmit signal which has
already been spread, this approach was named as decorrelating prefilters [BD00].

For a K-user system, the data symbols of every user is first spread with its signature

sequence, and then passed through a L,-tap linear filter. For the ith user, represent the
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prefilter coefficients by a column vector p; = [pio, Pil, ---» pi,L,,-l]T, i=1,2,....K. The final

transmit signal is given by

K Lp-1

x(t)zzzbkpk,jsk(t_ch)' (5.11)

k=1 j=0

In the ith user receiver, the received signal is

N-1 Lp-1

r0 =53 S .y busy -G+ DT +1,(0). (5.12)

=0 k=1 j=0

~
~

The received signal is fed into the filter simply matched to s(¢) instead of the RAKE
combiner, since in this approach the multipath interference is aimed to be rejected in the

transmitter, and the mobile user receivers remain as simple as those in single-path channels.

N-1 T
With the notation afil- = IZ(‘,)C,-,[ f s(t—=(+D)T.)si(f)dt, the output of the matched filter in the ith
0 0

user receiver equals

K Lp-1 .
Vi =Z[bkzpk,jai,jJ+ni, (5.13)
Jj=0

k=1

T

where n; = f n{f)s(¢)dt. Thus to recover b; from y;, the prefilter optimization problem can be
0

expressed mathematically as

Lp—-1 )
max[Zpi’ja;’jj , (5.14)

p[,/ j:0

subject to the constraints
Lp-1

_ ) '
P4, =0,Vik#i,

J=0
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and

Lp—1
> pest—jT)|=1, Yk=12,. K
=0
The latter constraint is to avoid transmit power increase due to the prefilter. (|| - || is the

standard 2-norm.) Define matrices

i i i
Ao Ay - Ay
ai ai ai
— 2,0 2,1 2,Lp-1 .
A = , i=1,2,....K (5.15)
i i i
Aro Axy - Agipa

For user i, the solution for vector p; which satisfies (5.14) as well as the constraints can be
found by solving the equation about an L,-tuple vector p, =[D, ¢, P, 1ser Piyps ]’

A xp, =e,, (5.16)
where vector e; is an all-zero vector except for a unity entry at position i. If A, is a consistent
matrix, an exact zero-forcing solution can be obtained; otherwise, a lease square solution can
be obtained by minimizing || e-Ax P, ||. The prefilter coefficients p;, are obtained by
normalizing p,, p; = Sfip,, in which the power scaling factor Sf; is given by

|

Sf = . i=1,2,..,K (5.17)

Lp-1

Zﬁi,jsi(t_ch)
Jj=0

It is noted that each user prefilter is normalized individually, which allows each user to
achieve a specified received symbol energy-to-noise ratio, instead of using a global transmit

signal normalization as in the linear decorrelating precoding scheme.
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By the prefilter optimization, the symbol detector input in the ith user receiver is

Sfib; + Re[n;], i=1,2,..., K, therefore, the BER for user i is given by

Pei=Q(\/MJ. (5.18)

An important advantage of the linear decorrelating prefilter is that it effectively
applies the preprocessing matrix to the output of the spread spectrum encoder, so it can be
applied externally to an existing design. However, as shown by the simulation results in
[BDOO] and our simulation in section 5.5, this method does not have performance benefit

compared to the linear precoder in [VJ9S].
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5.3 PreRAKE Multiuser Precoding (Pre-RDD)

The Pre-RDD [Gun03] was inspired from the Rx-based RDD described in section
2.2.1. In the transmitter of Pre-RDD, a linear decorrelating filter is followed by a Pre-RAKE
combiner. Suppose the linear filter is represented by a KxK matrix G. The output vector of
the filter is thus given by w =[w,,w,,...,w,]" = Gb. The result of Pre-RAKE combining is

normalized by a global power scaling factor Sy. Therefore, the ultimate transmit signal from
BS is given by

K N-1

X(t)=8,>>weé,, s,(t—(N-1-n)T,) (5.19)

k=1 n=0

At the mobile user receivers, simple matched filters are used. For all K users, the MF

output vector y =[y,,,,....yx | can be expressed in a compact form y = SfCRéHGb +n.

Define the correlation matrix R = CRC” and the precoding filter G = SR = (CRC")™".
Then the MF output is simplified into y = SfS"lb +n, where the diagonal matrix of channel

gain normalization factors S follows the definition in section 4.1. Equivalently, the MF

output for the ith user is

S,
Y, :S—'bi +n, (5.20)

i

To normalize the total transmit power, the average transmitted signal energy per symbol

T
E, {“x(t)rdt} should be equal to the original average transmit energy E, {bTb}. That is, we
0

need to satisfy
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N

SfZZK:A,?[GHéRéHGL = (5.21)
i=1

Therefore, the global power scaling factor is given by

K
2
Y
S 2= izl (5.22)

' i Ai2Si72 [ﬁ_l ]ii

i=1

By equation (5.20), the BER of the kth user in BPSK systems is

KN
2)° 4y e,
Pe, =0 |7 _ e S Vi (5.23)
PIHLDI

Although the Pre-RDD has the same decorrelating filter and RAKE combining
structure as the Rx-based RDD, their theoretical BER are different. From equation (5.23), we
observe that if the transmit power for all users are equal, for Pre-RDD all users have identical
error rate. This is because all users share the same power scaling factor. As derived in section

2.2.1, for RDD, different users can have different error rates.
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5.4 Linear Decorrelating Multiuser Precoding Combined with Transmit Antenna
Diversity

5.4.1 Transmitter-Based Antenna Diversity and Multi-Input-Single-Output (MISO)
Channel model

For the downlink of mobile radio systems, transmitter-based diversity techniques
enable to shift signal processing from MS to BS, where power and computational complexity
are more abundant, thus the mobile user receiver units are simplified. Transmit antenna
diversity at the BS has been identified as an efficient way of improving the downlink data
rate without expanding the bandwidth, especially in low-mobility environments, where there
is insufficient time or frequency diversity [Ala98, Lo99, BZP04]. Indeed, transmit diversity
has already been adopted by the 3GPP standards [TSGO1].

Closed-loop transmit antenna diversity techniques achieve better performance than
open-loop methods, but they require feedback of the channel state information from the MS,
as shown in Fig. 5.1. However, in practical rapidly varying fading channels, the fed back CSI
is not up-to-date which results in performance degradation. The LRP algorithm has superior
performance relative to conventional channel prediction methods, because of its much longer
memory span obtained by using lower sampling rate [DHOO]. The performance of transmit
antenna diversity techniques aided by LRP are analyzed in [GDO0S5].

The hybrid designs which combines transmitter-based MAI cancellation with transmit
antenna diversity are described in this chapter. We only elaborate the combination of linear
precoding with multiple transmit antennas; however, these space-time designs can be easily

extended to nonlinear precoding.
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Figure 5.1 System Diagram of Closed-loop Transmit Antenna Diverisy

Fig. 5.1 shows the MISO channel diagram. Consider a downlink DS/CDMA system
with K active mobile users in a cell. The BS employs L transmit antennas, and the MS for
each user employs single receive antenna. The channels from the antennas at the BS to the
MSs are each subject to frequency-selective Rayleigh fading with N resolvable paths. If the
baseband-equivalent signal transmitted from the /th antenna in the data interval of interest is

denoted by x(l)(t), [=1,2,..., L, then the signal received by the ith user can be expressed as

r(0)=>.>e"x"(t—nT,)+n,(t), where T, is the chip duration, ¢} is the channel gain
1

N-1 L
=

=

coefficient of the nth path from the /th transmit antenna to the ith user’s receiver and n,() is
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the complex AWGN with power spectral density Ny, for V i=1,2,...,K and

n=0,1, ..., N-1. The channel coefficients cf’n) are modeled as independent and identically

N-1
distributed (i.i.d) Rayleigh fading random variables with E{ ) | cl(l,z *y=1. (E{} is the
n=0

expectation.) With the previously defined notations for user data and spreading codes, when

no Tx-based processing is applied, the signal received by the ith user is given by

N-1

n=2>

=0 /=1 k

D ciibs, (t =nT) +n,(0). (5.24)

K
=1

=

For the convenience of derivation, define the channel gain row vector for the ith user

. . U] ((OI0)] U]
corresponding to the /th transmit antenna as ¢; = [c;o, Ci1,..., Cin-1]; and for all K users,

. . . (OO 0]
define the K-row (NxK)-column channel gain matrix C(I)Zdzag{cl,cz,...,cK 3,

VIi=1,2,..., L. To avoid the transmit power increase incurred by channel gain coefficients,
we use the normalized values of channel gain coefficients in precoding. For the ith user, the

channel gain normalization factor is defined as

L N-1 O\ 72
s[5l (5.25)
=1 n=0

Then the normalized channel gain coefficient is ¢!) =S, c!”. Define the normalized

n cii,n®

)

~ (1 / . ja . A () A ~ (I . .
vectoré,” =S ¢, and matrix C* = diag{¢,"”,¢,"”,....¢ "'}, respectively. By representing

the normalization factors with a diagonalKxK matrix Sc~=diag{S.1,Sc,...,S.x}, Wwe obtain

the relation C? = S.CY.

78



5.4.2 Zero Forcing (ZF)-based PreRAKE Linear Decorrelating Precoding

(PreRAKELDP)

(1)
. " R0
by — P Prlf:,f:lodmg N PreRake
b, ) ilter 2 Combining
(L)
Wi X (t)
W) PreRake

L———p Combining

Figure 5.2 Transmitter diagram of PreRAKELDP for a 2-user, L-antenna System

The transmitter diagram of the PreRAKELDP with multiple Tx antennas is shown in
Fig. 5.2. The linear MAI pre-cancellation process actually increases the required transmit
power. To offset the power increase, we scale the amplitude of the transmit signal b; by a
factor Sz, Vi=1,2,...,K. For all users, define the diagonal scaling factor matrix
St =diag{Sn, Sp, ..., Sx}. Suppose the decorrelating (ZF) filter i1s a KxK matrix G, and the
result of power scaling and decorrelating is denoted by vector w.
Thenw:[wl,wz,...,wK]T =GS;b. The transmitted signal from the /th antenna, x(l)(t), is

generated by passing the decorrelating filter output through the /th branch of the preRAKE

combiner
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@)=Y W s (1 —(N=1-n)T,). (5.26)

K N-1
k=1 n=

At the ith user receiver, the equivalent baseband received signal is given by

(=333t~ pT) +n,(1). (5.27)

N-1 L
=1

P
A channel-gain-independent matched filter (MF) is used at the front end of each user’s

receiver. To obtain the largest received signal energy, the output of the matched filters should

be sampled at the moment ¢ = (N-1)T, [ESN99]. The output of the ith user’s MF is given by
T+(N-)T,
vo=[ st~ (N=DT)dt (5.28)

(N-DT.

Substituting (5.26) and (5.27) into (5.28), we obtain

L *
Dol b wR +n,, (5.29)

i,m+n

where n; is the filtered noise component with power E{n,n, }:NO. Define vectors

y =1, 2, ..‘,yK]Tand n=|ny,n, ..., nK]T. Then the vector of MF outputs of all K users
L ~ ~
y=8," (ZC(”RC(”H stfb +n. (5.30)
=1
Let
A Lo, A H
R=) CYRC"". (5.31)
1=1
To recover the desired user signal, define the decorrelating precoding filter

G=R" (5.32)
Then equation (5.30) can be simplified as

y=S:'Sh +n. (5.33)
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It is obvious that the MF output for each user, y, = (Sﬁ /S, )bl. +n,,does not contain MAIL

Now we determine the values of the transmit power scaling factors. The total average
energy of the transmit signal during one symbol interval should satisfy

L T
Eb{z _[ ‘x(”(t)‘zdt} = E,{b'b}, where Ey{-} is the expected value with respect to the data
=19

1

L

symbols. From equation (5.26), E, {Z

=1

S

‘X(” (t)‘zdt} =Ep{b'G"S{b}; hence, it is sufficient to

require user i to satisfy G,»,-Sﬁ2 =1,i=1,2,...,K From (5.31) and (5.32), we find that the
diagonal elements of G are real. Therefore, the power scaling factor for user i is

1
[R'];

1
Si' =G (5.34)
Consequently, for user i, the BER of the PreRAKELDP with individual power scaling in

terms of the average transmit signal-to-noise ratio (SNR) 7; is

Pe,(y,,) =0 L%; > (5.35)

where y; = Epi/ Ny =Ai2/(2No). Comparing equation (5.35) with the BER formula of RDD
[HS94], we find that in the absence of antenna diversity, i.e., when L=1, the performance of
the PreRAKELDP with power scaling is identical to that of RDD. The Pre-RDD [Gun03] is
equivalent to the precoder derived in this section for a single antenna, but a global power

scaling factor instead of individual power scaling factors is utilized. As a result, all users

have the same BER given by the average of all users’ BERs of the PreRAKELDP method. In
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practice, the PreRAKELDP is more flexible because it allows different users to satisfy their
individual reliability criteria.

Comparing the Pre-RDD, ZF-based PreRAKELDP and the linear decorrelating
precoding with RAKE receiver in [VJ98], we can find that all the three methods utilize
RAKE multipath diversity technique; the only difference is that the method in [VJ98] uses
RAKE combining in receiver, while the other two methods use it in transmitter. However,
this different in structure results in the performance difference between the method in [VJ98]
and the two PreRAKE precoding methods. The detailed performance analysis for a 2-user
system is provided in the Appendix. More comparison results are obtained by simulation
examples in section 5.5.

5.4.3 Minimum Mean Square Error (MMSE)-based PreRAKELDP

From (5.35), we observe that the power scaling factors degrade precoding
performance. With the same transmitter structure as in Fig.1, in this section our goal is to
design the optimum linear precoding filter G in the sense of MMSE criterion under the total
average transmit power constraint. Similarly to equation (5.30), with linear precoding, the

sampled MF output vector at the receiver is given by

Lo ~oH
y=l§C RC Gb+n. (5.36)

The filter G should be the solution of

min  Ep{|[b-Sey|[*}
GECKXK

subject to
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Eb{z

=1

O ey

N (t)‘zdt} = E,(b'b} . (5.37)

For the convenience of following derivations, define the amplitude matrix for all users as
T ~

Am =diag{\|Ep1,\Ep, ..., \|Epk}. It is easily known that E} fxz(t)dt = tr{G"RGAn’}. By
0

means of Lagrange multiplier method, it is desired to find G which minimizes

e= Ep{|[b-Sey|P}+4 tr{G"RGAp2}.

(5.38)
The derivative of the first term with respect to each element of G is
~ Ev{lb-Seyl’} = %Eb{(bTGTﬁ+nTSc)(ﬁGb+Scn)
ij ij
= 2[R’GAn’];~2[RAW];; (5.39)
The derivative of second term w.r.t. each element of G is
o(Atr{ %fngriD = AEy 82:; é G, é RunGo,j
K . -
= 2,1Eb_,-n§1 RixGj =2A[RGARi; . (5.40)
Since ﬁigl - 0, we get
[ﬁchmz]ir[ﬁAmz]i,j = ﬁ[liGAmz]izj . (5.41)
In terms of matrices, (5.41) is equivalent to
R’GA,’-RA,’> = IRGA
G = (R+ AI)" (5.42)
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where the value of A can be determined from the constraint (5.37), which is equivalent to

tr{GHﬁGAmz} =tr{Am’}. Note that Ris positive definite. Suppose its eigenvalues are aj,

ay,..., ag. Define the unitary matrix F={Fj;}xxx with jth column given by the eigenvector of

A

R corresponding to a, j=1,2,...,K.  Therefore, R= Fdiag{aj}FH and
G=F diag{(aﬁﬂ)'l}FH, where diag{a;} represents the KxK diagonal matrix with a; at the jth

diagonal position. The total power constraint can be expressed as

K K 2 K
2o JFil'a | _ 2
% {Al 2 (ray } 2 649

By solving this equation we can obtain the value of A.

The total power constraint optimization for single-path AWGN channel was studied
in [VJ98] and [HKTO02]. It was shown that for the single-path channel with highly-correlated
signature sequences, the total power constraint optimization does not have the BER
performance advantage over the transmit power scaling method, due to the severe residual
MALI in the received signals. However, we consider a different channel model in this paper
corresponding to the orthogonal downlink CDMA over multipath fading channels. For this
model, the residual MAI is very small for the total power constraint approach. Therefore, the
total power constraint optimization results in better performance than the individual power
scaling for the PreRAKELDP. This conclusion will be verified by simulation results. On the
other hand, optimization under the total power constraint has much higher complexity than
the transmit power scaling.

It should be noted that to achieve a simple and practical transmitter design for a

system with large number of users, the allocation of individual user transmit powers is not
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taken into account in the PreRAKELDP designs. Since the pre-RAKE combiner is equivalent
to a matched filter which is matched to the multipath fading channels, the PreRAKELDP
with individual user power scaling and that with total transmit power constraint are the
optimum linear ZF and MMSE precoders, respectively.

5.4.4 Multipath Decorrelating Precoding (MDP)

In the PreRAKELDP, the calculation of precoding filter coefficients requires the
operation of matrix inversion of a CSI-dependent matrix, which results in high computational
complexity. To simplify the transmitter, we present an alternative precoding algorithm,
MDP. As in the PreRAKELDP, in the MDP design each MS only needs to use a simple and
CSI-independent matched filter for data detection.

As shown in Fig. 5.3, for a system with L transmit antennas, the precoding process
consists of L parallel and independent branches. Fig. 5.4 demonstrates the detailed structure

of each branch. In the /th branch, the data symbols for the K users are first weighed by the
normalized channel gains, with the output given by the (KxN)-element vector C"'b. As
shown in Fig. 5.4, the channel gain weighed signals are filtered by the power control filter
and decorrelating filter. The decorrelating filter is defined as G = R™'. The power control

filter for theith user is defined as T, = §,<([G]l.,.)_1 ([G];j represents the (Z, j)th NxN block of

G); for all K users, define the compact form as T=diag{T;,T,,...,Tx}, which is a (KxN)-row
(KxN)-column matrix with T; as the ith diagonal NxN block,i=1, 2, ..., K. Note that the
notation for the power control filters and decorrelating filter are not identified with an
antenna index, which means these filters have exactly the same definitions for all the L

branches. The output of the decorrelating filter for the /th branch is given by
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~ H . . .
w = W, wd) T =GTC”" b . Following the signature sequence spreading, the

transmitted signal from the /th antenna is

K N-1
X0 =23 w5, (t—nT)). (5.44)

k=1 n=0

L
It is sufficient to require the individual users to satisfy Zéf”TiT[G]ﬁTT[éE”H =1,
=

i=1,2, ..., K. It can be calculated that §l. is

N ; -1/2
S = (zéz(‘l)([G]ii)_léz('”Hj . (5.45)
[

At the ith user’s receiver, the baseband-equivalent received signal is given by

N-1

L
(0 =33 (1 pT.) +n,(0). (5.46)
p=0 I=1

With the same MF as in the PreRAKELDP, the MF result for the ith user is

L
) N-1-(n+p)
Zci’pwkxN R " +n,, (5.47)

-n

where n; is the filtered noise component with power E{nin:}zNO. For all K users, the

compact form of the MF output is given by
1 5 ~NH
y=S, [Z ctc? ]b +n (5.48)
I=1
Therefore, the simplified result of y; is

L
Vi = [ch”([RI ]n‘)ilcgl)H Jbi +n,. (5.49)
/=1
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Note that the MAI is completely cancelled by transmitter precoding. The BER in terms of y,,

is given by

Pe,(y,) = Q[\/ZZL:CED([R_l]ii)_lc;('l)H7bi ] (5.50)

The BER of single-antenna MDP is identical to that of the Rx-based MDD [ZB96, Zv096].
The MDD is a suboptimal linear decorrelating MUD. It is shown in [HS94] that the RDD
outperforms the MDD. Since the PreRAKELDP with individual power scaling has identical
performance to the RDD, it has better performance than the MDD and MDP. However, as the
precoding process in MDP does not involve the inverse operation of CSI-related matrix, the
MDP is computationally simpler than the PreRAKELDP and the RDD.

The STPR MUP in [GDv03] employs the same decorrelating filter R" as the MDP
does; thus it has similar complexity to the MDP. For the simple case of equal transmit power
for all users (i.e., 41 = A2 =... = Ag), the following derivation shows that the MDP has lower
BER than the STPR MUP. Without losses of generality, we only illustrate the case of single

transmit antenna. Using the notations defined above, the BER for the STPR MUP is given by

2K
Pei(7/bi):Q K Voi |- (5.51)

2O~ rpolq A H
S, zck[R Ti€s
=1

Consideringe, = S, A_léi and from equations (5.50) and (5.51), it is known that comparing the

cl

performance of these two methods is equivalent to comparing the decision statistics for the

K -1
MDP, X, =¢,([R'].,)"'¢.”, and that for STPR MUP, YEK(Zék[R-l]kkék”] . Although
k=1
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direct comparison between X; and Y does not lead to definite conclusion due to the fact that
the comparison result is influenced by the instantaneous channel gain coefficients and

signature sequences assignment among users, it is still inspiring to analyze the BER averaged

over all users for these two methods by means of comparing X; and Y E(éi[R’l]ﬁéiH)_],
vi=12,...,K

From the definition of matrix R, we know it is positive definite; thus R'l, its NxN
principle submatrix [R']; and ([R'];)" are also positive definite [HI85], i=1,2, ..., K.
Matrix [R'];; can be factored into UAU”, where U is an NxN unitary matrix and A is a
diagonal matrix with the eigenvalues of [R';, B1, S, .., By, on its diagonal. Notice that X;,

Y; and all eigenvalues of [R™' ], are positive real numbers, V i =1, 2, ..., K. The ratio of X; to

Y; is given by

X, /Y, =¢,((R'],)7"e,"¢,[R™M],¢," =¢,UATU"E,"¢,UuAU"e," . (5.52)
Denote the product of ¢,U as u =[u,,u,,...,u, |. Therefore,
2
AR R ST S ‘”/‘
X, /Y =uN uuAe =] Dl B | D5
i=1 Jj=1 ﬂj
N 2 NN (B B
=(Z|ui| j > [ | P+ -2 (5.53)
i=1 m=1n=1 ﬁn ﬂm

n#m
In this result, the first term is equal to uu” =¢&,UU"¢,” =1 and the second term is non-
negative; thus X, /Y, >1. Therefore, it is proved that X, > Y,. This analysis indicates that the

average performance of MDP is better than that of the STPR MUP. More accurate
comparison among linear precoders is given by simulation experiments.
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5.5 Numerical Results and Analysis

In this section, we observe the performance of linear precoding techniques by a few
numerical experiments. For all simulation examples, BPSK modulation, orthogonal signature
sequence spreading and equal transmit power for all users are assumed. There are three
resolvable channel paths from each Tx antenna at BS to each user’s Rx antenna. In the
first example, consider a 4-user uncoded system with single transmit antenna. Fig. 5.5 shows
the BER averaged over all users for the ZF-based approaches: PreRAKELDP with individual
power scaling (labeled as“PreRAKELDP ps”), MDP, linear precoding with RAKE receiver
(labeled as “Prec. With RAKE”) [VI]98], linear decorrelating prefilters (labeled as
“Prefilters”) [BD00], STPR MUP [GDv03], Rx-based RDD [HS94] and MDD [ZB96]. As
analyzed before, the proposed PreRAKELDP ps and MDP have identical BER to RDD and
MDD, respectively. Observe that the two new precoders significantly outperform other
methods. The MDP has modestly higher BER than the PreRAKELDP _ps.

Next, we compare the performance of the three ZF precoders, PreRAKELDP ps,
MDP and STPR MUP, with multiple Tx antennas. An 8-user uncoded system is considered.
Fig. 5.6 shows the average BER of these methods with one and three transmit antennas,
respectively. Obviously, the antenna diversity results in significant performance
improvement. Fig. 5.7 shows the BER averaged over all users versus the number of users.
The transmit SNR is fixed at 0dB. Observe that the BER saturates as the number of users
becomes greater than eight. This observation is consistent with the result in [Ver98, p255]
that for decorrelating (ZF) MAI cancellation methods, the BER converges as the number of

users K—»oo.

90



In Fig. 5.8, we compare the performance of the PreRAKELDP with individual power
scaling (PreRAKELDP ps) and with total power constraint (PreRAKELDP pc). An 8-user
single-transmit antenna system is considered. Both coded and uncoded cases are simulated.
For the coded system, we employ the rate 2 convolutional code with generator vectors 753
and 561, based on WCDMA standard [ICM98]. At the receiver end, the soft decision
decoding is implemented by the standard Viterbi decoder at the MF output. It is shown that
for both coded and uncoded cases, the PreRAKELDP pc has lower BER than

PreRAKELDP ps.
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Figure 5.5 Performance comparison of linear precoding techniques in multipath fading
channels, 4 users with equal transmit powers, 3 channel-paths/user, single
transmit antenna.
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Figure 5.6 Performance comparison of three space-time precoding methods, 8 users
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93



10

+ PreRAKELDP_ ps
x MDP

o STPRMUP

— 2 Tx antennas

10" 3 Tx antennas ) 8 -I
""""""""" O @

B 102 . ¥ 5
10 ¥ ¢ s 4

i i } . : : :
e
o - - -
u*:::::?:}:i ‘‘‘‘‘‘‘‘‘‘‘‘ A A s . . o - I

e H-*-\H\HIHHL

104 : n L L L 1 L L L L

2 3 4 5 6 7 g . L " |

Number of Users

Figure 5.7 Performance comparison of three space-time precoding methods, 1 to 12
users with equal transmit powers,
Ep/No=0dB.

94

3 channel-paths/user,

transmit



10 L L L L L L L L L

PreRAKELDP pc
PreRAKELDP ps
uncoded 3
coded

o
w ,
o N R e ey
,+ JJJJ
o". “‘"‘-1,
. 4.
o,’ T =
"0”
1 1 1 ‘s
-5 -3 -1 1 3 5 7 9 1 13 15

Transmit EblNo (dB)

Figure 5.8 Performance comparison of individual power scaling and total power
constraint for the PreRAKELDP, 8 users with equal transmit powers, 3
channel-paths/user, single antenna.
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Chapter 6

CONCLUSIONS

This thesis has concentrated on multiuser precoding and transmitter diversity for the
downlink of DS-CDMA systems. We mainly focused on the nonlinear THP and linear
decorrelating precoding algorithms, transmitter-based multipath diversity and antenna
diversity. These techniques significantly increase the downlink capacity while keeping low
complexity of mobile user receivers.

For the purpose of analyzing the duality between the Tx-based and Rx-based MAI
cancellation methods, we first introduced the Rx-based linear and nonlinear decorrelating
multiuser detection techniques. The proposed Tx-based THP algorithm uses the same MAI
cancellation principle as the Rx-based DF multiuser detector. In particular, for frequency-
selective fading channels, the PreRAKETHP and MDTHP have the same theoretical
performance as the RDDFR and MDDFR, respectively. However, the Tx-based methods
avoid the error propagation problem; therefore, the actual performance of THP designs is
better than that of the DF multiuser detectors. In addition to the Tx-based THP design applied
to downlink CDMA channels, we also presented the Tx-Rx joint THP optimization algorithm
for MIMO channels. In this derivative design, the feed-forward filter is shifted to the
receiver; as a result, the transmitter and receiver have more balanced complexity.

By theoretical analysis and simulation experiments, it is shown that the THP
significantly outperforms the linear decorrelating precoding schemes for M-ary PAM and
QAM modulated systems when M is large. However, for small M, due to the end effect and

power penalty of modulo operation, the performance advantage of THP over the linear
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methods diminishes. Therefore, the linear precoding techniques are more suitable for small-
constellation modulated systems, such as BPSK and QPSK. For multipath fading channels,
we proposed the linear precoding techniques, PreRAKELDP and MDP. From the view of
structure and performance, The Tx-based PreRAKELDP and MDP for the downlink are
equivalent to the Rx-based RDD and MDD for the uplink, respectively. The analytical and
numerical results show that the PreRAKELDP and MDP have better performance than the
previously proposed linear precoding methods with similar complexity, including the linear
decorrelating precoding with RAKE receiver, the linear decorrelating prefilter and the space-
time Pre-RAKE multiuser precoding.

To obtain the benefit of multipath diversity, all the proposed linear and nonlinear
precoding schemes utilize the Tx-based multipath combining. The Pre-RAKE multipath
combiner, which is used in the PreRAKETHP and PreRAKELDP, is perfectly matched to the
multipath fading channels. Thus it can collect the signal energy to the maximum extent. The
PreRAKETHP and PreRAKELDP are the optimal THP and linear precoders, respectively, by
the ZF and MMSE criteria. However, the performance gain for these two methods is
achieved at the expense of high computational complexity, since the precoding filters are
CSI-dependent and therefore have to be updated frequently. Both the nonlinear MDTHP and
linear MDP use suboptimal multipath combining method. Although their performance is
worse than the PreRAKETHP and PreRAKELDP, respectively, they have lower
computational complexity than the PreRAKE-based precoders, because their precoding
filters are independent of CSI and only determined by the users’ spreading codes. In
summary, there is a performance-complexity tradeoff between the nonlinear PreRAKETHP
and MDTHP, and between the linear PreRAKELDP and MDP. We also investigated the
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combination of multiuser precoding and multiple transmit antennas. It is shown that the
employment of multiple transmit antennas significantly improves the system performance,
especially when the transmit power is large.

A critical requirement for implementation of the proposed transmitter-based
techniques is the knowledge of CSI at the transmitter, which can be satisfied by the long
range channel prediction (LRP). It is shown that for rapidly time varying fading channels, the
multiuser precoding aided by LRP achieves similar performance to the case that the CSI is

perfectly known at the transmitter.
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APPENDIX

Performance Comparison between Linear Precoding with RAKE Receiver and Linear
PreRAKE Precoding
Consider a 2-user, 2-channel paths/user system (K=2, N=1). Suppose the transmit

power for the two users are equal, i.e., 4, =4,, and the channel gain coefficients along

different paths are i.i.d random processes, and for every user the total average power of
channel gains are normalized to one. From equation (5.10), the BER for the method of linear

decorrelating precoding with RAKE receiver [VJ98] (named “Lin. RAKE” for short) can be

Sf?

ST . Since the

written as Pe, =Q( 2y, X, ), where the decision statistic X, =

=

I-n *
R' i ci.lci,n

i,i

Il
o

1=0 n
signature sequences are normalized, Rfi =1, Vi=12..,K. By the definition of power

scaling factor Sf'in equation (5.8), X; in the considered 2-user system is given by

2

i T 2 2 i . | » :
r{R, "R, }(‘ci,o‘ +‘ci,1‘ +R ¢ ¢y + R, € 0C5,)

(A1)

Given the definition of correlating matrix R, as in section 5.1, and Rfj =0, Vi# j, due to

the orthogonality of signature sequences, the correlation matrix for the Lin. RAKE method is

simplified as

2 2 * -1 * 1 * -1 * 1
R = (‘CI,O‘ +‘Cl,l‘ )+ CoCn Ry + e Ry CCr Ryy + 10011 Ry,

c

* -1 * 1 2 2 * -1 * 1 . (A'2)
CogCor Ry + €€y Ry, (‘Cz,o‘ +‘Cz,1‘ )+ Ca0Ca Ry + 5005 Ry
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D 4|4 ap h {R “HRp —1}_ 2 2 2 > g . Al
enote R, = 0 al thus y\R, "R, (=a,, +a, +a,,” +a, . Equation (A.1) can
21 22

be re-written as

2
X, = - ; ; ; 5 5 — — (A.3)
(@, +ay +a, +ay )(‘ci,()‘ +‘Ci,1‘ +Ri,i CioCiy T Ri,ici,Oci,l)
Represent the BER formula for the Pre-RDD as Pe, = Q( 2y,.Y, ) The decision
statistics for the Pre-RDD is given by
2 2
2(‘01‘,0‘ + ‘ci,l‘ )
= (A.4)

i 2 2~ 2 2~
(evo| +ens DR, + (eno| +Jeai IR,

The correlation matrix for Pre-RDD, R , 1s defined in section 5.3. In the discussed system, it

is equal to

2 2 £ -l ¥ 1 * -l * pl
= (‘CI,O‘ + ‘Cl,l‘ )+ Cl Ry + ey Ry ConCn Ry +¢500 Ry,
R = .(A.S)

2 2
* -l *+ pl * -l * I
CroCorlyy +¢11C Ry, (‘Cz,o‘ + ‘02,1‘ )+ CapCo 1 Ry + €506 Ry,

5-1_ b, b, . .
Denote R™ = . Therefore, (A.4) is equivalent to

21 22

2 2
Yi _ : 296‘1.,0‘ +‘Ci,l‘2) . (A.6)
(‘cl,o‘ +‘cl,l‘ )by, +(‘cz,o‘ +‘cz,1‘ )by,

The BER formula for PreRAKELDP is given by equation (5.35). For the convenience

for comparison with other methods, here we only consider the case of single transmit
antenna. If represent the BER in the form of Pe, = Q( 2y,.Z, ), then the decision statistics for

PreRAKELDP is
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s S 1 1 (A.7)

Compare matrices R, and R, we find that they have identical and real diagonal
elements. Based on the previously mentioned practical constraints on the channel gain
coefficients, an approximate analysis can be given as follows: the diagonal elements of these
two matrices are close to one, while their non-diagonal elements have the absolute values
much smaller than one; as a result, a; and b; have close values that are larger than one.
Therefore, a,-,»2 is usually larger than b;; in practical fading channels.

Comparing the BER of the three linear precoders of interest is equivalent to compare
their decision statistics X;, ¥; and Z;, for i = 1, 2. In the special case that the instantaneous

. . . 2 2 2 2 .
power of the channel gains equals unity, i.e., clo| +|c”| =|c20| +|Cz1| =1, obviously the

value of X; averaged over the channel gain coefficients of user i is smaller than that of Y.
More accurate comparison of X;, Y; and Z; is given by the statistical simulation results.
Without loss of generality, we observe the values of Xj, ¥; and Z, in the following simulation
example. Taking 10* samples of multipath Raleigh fading coefficient for each channel path,
we calculated X;, Y, and Z; according to (A.3), (A.6) and (A.7). Fig. A.1 shows the
histograms for Xj, Y; and Z; in a 3-user 3-channel paths/user system. It is observed that in
most cases, X; is smaller than Y; and Z;.

The above analysis indicates the better performance of the Pre-RDD and

PreRAKELDP than the Lin. RAKE precoder.
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Figure A.1 Histograms for the decision statistics of the linear decorrelating precoding
with RAKE receiver (Lin. RAKE), Pre-RDD and PreRAKELDP.
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