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ABSTRACT

ON THE ADAPTIVE MULTI-STAGE DETECTOR FOR
CANCELLATION OF MULTIUSER INTERFERENCE IN CDMA
WIRELESS COMMUNICATION SYSTEMS

by
Nadir Sezgin

The classical multiple access techniques such as Frequency Division Multiple
Access (FDMA) and Time Division Multiple Access (TDMA) schemes are band
limited in terms of their capacity to be used for mobile radio communication. Recent
developments in the area of digital signal processing, makes Code Division Multiple
Access (CDMA) as a possible solution to the demand of capacity for the mobile radio
communication. The capacity of CDMA is limited by multiuser interference, that is
the interference from the other users.

The goal of this dissertation is to improve the multiuser CDMA detector with
high Bit Error Rate (BER) performance, low complexity, near-far resistance as
well as flexibility to be applied to a wide range of communication channels. We
developed an adaptive multi-stage CDMA detector to cancel the multiuser inter-
ference. The first-stage of the detector, called decorrelating detector, decorrelates
the correlated signals obtained at the match filter bank. The second-stage, called
canceller, cancels the multiuser interference exist in the desired signals, using the
decorrelated user signals obtained at the decorrelating detector output. The key
future of this multi-stage detector is being purely adaptive. The combination of
adaptive decorrelating detector and adaptive canceller allows the multi-stage detector
achieve near-optimum BER performance and at the same time remain computa-
tionally effective. To increse achievable BER performance an adaptive soft limiter

is used at the canceller stage. The underlying structure of this multi-stage detector



(i.e. being purely adaptive) allows it to be applied to different channel character-
istics. However, throughout this dissertation we use Additive White Gaussian Noise
(AWGN) channel for simplicity. To address some of the potential problems that
may arise in practice, the adaptive decorrelating detector is tested using computer
simulation and in-depth analysis of the problem. If necessary, an alternative solution
that do not change the main characteristics of the detector (such as adaptivity and
simplicity) is provided. Overall, we conclude that our adaptive detector with its
high BER performance and adaptation ability to different channel characteristics,
can be considered as an alternative solution to the problem of multiuser interference

cancellation in CDMA communication.
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CHAPTER 1
INTRODUCTION

There has been a substantial increase in demand for mobile wireless communication in
recent years. This trend is evident especially in the popularity of mobile phones. The
transmission media that exist for wireless communication is unfortunately limited by
the band-width of radio channel. As the number of the subscribers for the wireless
communication grows, the multiple access schemes with a higher capacity become
more crucial.

Three main multiple access schemes are customarily in use., These are
Frequency Division Multiple Access (FDMA), Time Division Multiple Access
(TDMA) and Code Division Multiple Access (CDMA). With FDMA and TDMA
the radio channel is partitioned into the independent single-user subchannels. These
are called “static channel sharing multiple access methods” [33], that is the allocated
channel for a specific user cannot be used for any other user for the duration of
communication. Therefore these strategies are bandwidth limited in terms of their
capacity to provide multiuser access for the wireless communication. This results in
a very ineflicient channel sharing especially for the V(‘)ice communication. Because,
during a typical conversation, a person talks only one third of the time. On the other
hand, CDMA is a dynamic channel sharing technique, all the available spectrum is
used by for every user. A distinct signature sequence is assigned to each user, and
the received signal is correlated with this signature sequence in order to detect the
data. As a result of the cross correlation between the user signature sequences the
CDMA capacity is limited by the interference from the other users. Any reduction
of interference from the other users linearly contributes to the capacity [16]. In this
prospect, CDMA is believed to be a good candidate for the multiple access wireless

radio communication.



The near-far problem is known as the inability of recovering a weak signal in the
presence of strong interfering signals. The closed or open loop power control has been
suggested as a solution to this problem. By controlling mobile radio’s transmitting
power it is possible to assure all the received signals, desired or interfering, have equal
power. However, power control requires significant reduction in signal energies of
strong users in order for the weak user to achieve a reliable communication. Therefore
power control becomes self defeating since it decreases the anti-jamming capability
of the system as well as reduction in the multiple access ranges. For this reason the
design of near-far resistant detectors can be considered as a primary goal in CDMA
comnmunication [33].

The characteristics of the mobile radio communication channel is another
important issue for the successful design and development of the CDMA detectors.
Even though some of the analytical models such as Rayleigh, Rician, Lognormal
[28] have been developed to characterize the channel, the mobile communication
channel, especially the indoor mobile communication channel is highly non-linear,
time variant as well as location dependent [L7]. Therefore the CDMA detector that
adapts itself to the channel characteristics with a minimum overhead data is an
important research task of our work.

As a solution to the near-far problem in CDMA, an adaptive detector that
can be used at the base station for mobile radio communication, is proposed. This
detector contains two stages. The first stage; the decorrelating detector, decorrelates
the multiuser signals from each other in an adaptive manner and generate tentative
estimates of users’ data. The second stage; the canceller, exploit the tentative
decision at the output of the decorrelating detector to cancel multiuser interferences
that interfere with the desired signal of each user.

Since the capacity of the CDMA system is limited by the multiuser interference

the developed detector increases the system capacity. The adaptive stages of the
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detectors are tested under different scenarios and compared to the their non-adaptive
or pre-existing adaptive counterparts. For the ease of analysis AWGN channel with

multiuser interference is assumed throughout the dissertation.

1.1 Outline of Dissertation

We briefly described the limitations of FDMA and TDMA for the increasing demand
in wireless communications in this chapter. We also stated the most important
problems of CDMA, as a limit to its capacity. In this dissertation, an adaptive multi-
stage detector which is proposed as a solution to reduce the multiuser interference
and hence increase the multi access capability of the system is discussed. Some issues
related to its BER performance improvement are presented. Particular attention is
paid to the asynchronous uplink channel. In Chapter 2, the Direct Sequence (DS)*
CDMA system is first described as a background to understand multi-stage detection
schemes. The basic concept of multi-stage detection schemes is then explained.
The first-stage (decorrelating detector) and second-stage (canceller) detectors are
examined briefly.

Chapter 3 presents the adaptive bootstrap decorrelating detector as the first-
stage detector for the one-shot asynchronous CDMA communication system, when
the delay estimation of the user codes is not precise. A detailed analysis of this
one-shot asynchronous CDMA system, the steady state weights for this Bootstrap
separator, and the corresponding BER performance of the system are given.

In Chapter 4 an adaptive setting of the threshold of soft limiter at the output
of the first stage detector, rather than hard limiter is proposed. Optimum adaptive
weights and soft limiter thresholds with respect to minimizing multiuser interference

at the detector output are found. In order to make calculations tractable, BER

1Throughout this dissertation DS-CDMA is used as the CDMA communication
protocol. For the convenience of the reader the use of the word “DS” is avoided, since
it is clear from the context.
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performance of two-user synchronous CDMA system is obtained and compared to
the BER performances for the systems, previously proposed, with hard limiter or
heuristic soft limiter.

Chapter 5 deals with the problem of singularity, that may arise in the one-shot
asynchronous CDMA communication system. It has been shown that under certain
relative delays between user codes, the “partial cross correlation matrix” (PCCM)?
becomes singular. We show that with such circumstances, the adaptive weights of
the bootstrap decorrelating detector proposed in Chapter 3 do not converge. Two
different adaptive schemes are proposed as a solution to this problem. In the first
scheme, we eliminate the rows of the PCCM which cause reduced rank and decor-
relate only the independent outputs. For finding this rows we use adaptive algorithm
that minimizes the decorrelator output powers, and show that, in fact, these rows
correspond to zero output power. In the second scheme, for controlling the bootstrap
weights, we propose a soft limiter instead of hard limiter. We show that with a
wide range of the threshold, this modified bootstrap decorrelating detector weights
converge regardless of the PCCM singularity. A detailed derivation of steady state
weights is provided for both approaches. The BER performances of the proposed
schemes are also obtained by simulation and compared to the performance of the
“non-adaptive decorrelating detector” which is based on generalized inverse under

the same scenario.

Finally, Chapter 6 concludes the main results of the dissertation.

1.2 Contributions
The design of near-far resistant CDMA detectors for the reduction of multiuser inter-
ference has been one of the active research areas in Center for Communication and

Signal Processing Research (Communication Lab) at NJIT [4-11], [23-26], [35] in

Definition of PCCM will be given later.



recent years. This dissertation extends some of the previously done research in this
area, as well as brings some new developments to the problem of interference cancel-
lation and multiuser detection in general. The focus of this work is on the use of
adaptive schemes with a reasonable complexity for the reduction of the multiuser
interference in CDMA systems. The work presented in Chapters 3, 4 and 5 is new.
Chapter 3 is mainly contributed by Prof. Bar-Ness, Chapter 4 is the joint contri-

bution of the author and Prof. Bar-Ness. Chapter 5 is mainly contributed by the

author.



CHAPTER 2

BACKGROUND FOR MULTI-STAGE CDMA DETECTION

In this chapter, we first describe a general CDMA transmission system for asynchronous
communication. Then, the limitations of the conventional matched filter-bank
detector used in multiuser CDMA detection are stated for both synchronous and
asynchronous communication. In Section 2.2 the notion of near-far resistant decor-
relating detection is introduced as a solution to the multiuser detection of CDMA
signals. This is also used as a first stage for the multi-stage detection. However,
with this detector, increase in the spectral density of the AWGN noise results in
a degraded BER performance. Instead, in a two-stage detector, the output of the
decorrelating detector is used to generate a tentative decision which is employed
by the canceller stage to reduce the multiuser interference present in the matched
filter-bank output. The interference canceller stage is explained in Section 2.3. One
may use the outputs of the second stage as tentative decisions to be used for another
canceller as a third stage. This can be extended to as many stages as possible in
order to obtain a better cancellation of multiuser interference. However, to illustrate
the concept, we restrict ourselves to two stages (decorrelator-canceller) only.
Adaptive and non-adaptive counter parts are presented for both first and second
stages of the detector. The material presented in this chapter is not new, however it
serves as a background for the thorough understanding of the work presented in the

following chapters.



2.1 Baseband CDMA Transmitter

A baseband transmitter model of a basic CDMA system for K asynchronous users

is depicted in Figure 2.1.

Siy/arbi(z)

Sl(t —T - Tl)

i J@bg(i) >\?

Sg(t —I — 'Tg)

> /oK br (1) ?

SK(t —iT — TK)

Figure 2.1 Baseband equivalent CDMA transmitter model

Each user is assumed to transmit a sequence of statistically independent data.
bits by(z) with a bit energy ax and a unique signature sequence sj delayed by 71 at
a bit interval 7. The received equivalent baseband signal is

K
r(t) = ,czlg:bk(i)\/cI(Bsk(t —iT — 7) + n(t), (2.1)

where n(t) is a zero mean AWGN with a two-sided power spectral density of Np/2.

2.1.1 Matched Filtered Detection for Synchronous CDMA

The CDMA communication is synchronous, if all the users transmit their 2th bits
at the same time. That is, the signature delays ms in Eq. (2.1) are the same for all
users. Without loss of generality, we take 7, = 0, k = 1,...,K. We also assume
that the signature sequences are periodic with a bit interval T. Therefore, for the

synchronous CDMA communication the received equivalent baseband signal can be



written as

K
r(0) = 30 T biar(isk(0) + ()

(2.2)

The matched filter-bank for K-user synchronous CDMA is depicted in Figure 2.2.

% i dt—
sa(t)
T_(ﬂ___—,% [ dt—2
(1)

L—X? f it
sk(t)

Figure 2.2 Matched filter bank for synchronous CDMA.

Each matched filter output zj is obtained by correlating the received signal

by the signature sequence of the kth user. The matched filter-bank output can be

written in a vector form as

z=PAb+n

where P is the K x K cross correlation matrix:

1 p2 ... pix
pz 1 ... pax
P= . . . )
PK  P2K 1

so that

T -
”“:/o se()si(t)dt, kl=1,... K;

(2.3)

(2.4)

(2.5)

A = diag(\/an,- @), bG) = (i), --,0x(@)]", and n(:) is a zero-mean

Gaussian noise vector with covariance vector PNy/2.
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One may apply hard limiter to the matched filter-bank output vector @ for
the multiuser detection. This detection scheme is also known as conventional single
user detection which is optimum in terms of BER performance for the interference-
free AWGN channels. However, in the case of multiuser interference, the conven-
tional single user detector performance degrades quickly as the level of interference
increases. The assumption that multiuser interference can be modeled as a white
Gaussian process does not hold in practical situations [33]. Therefore, the multiuser
signals obtained at the output of the matched filter-bank are further decorrelated

before the decision is made. This procedure is called decorrelating detection and is

briefly explained in Section 2.2.

2.1.2 One-Shot Matched Filtering for Asynchronous CDMA
The received equivalent low pass signal for the asynchronous communication in

Eq. (2.1) can be written in “one-shot of sth bit” of any user! (without loss of generality

we take user-1 and ¢ = 0),
r(t) = Vasy(H)b(0) +

+/ar(l — €) -

where 0 < 7 < 73...7kg < T is considered known,

[mfasmbk(—n

sff(t)bkm)] (), (2.6)

= EM?\‘

— €

=

— i <t <
SI,;(t) _ {gk(t—l—T ) H0<t <7

<t T
R _ 0 Ho0<t<7g
si(t) = { sp(t—m) e <t<T
&, = /Oksi(t{-T—Tk)dt. {27)

The received signal, r(t), is applied to a bank of filters matched to
s1(t), sE(t)//er, sE(t)/vI—ek k=2,...,K as shown in Figure 2.3.

1This means in synchronous with the bits of that user.
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T
——’(%— - dt

| Ty
r(t) —)%'f:r dt

FOIVI—a
L
Jo dt TK
sk(t)/ /e
R
Jrdi K

sp(t) /T —ex

Figure 2.3 Matched filter bank for one-shot asynchronous CDMA.
The output of the matched filter bank in matrix notation is given by
z =PAb+ n, (2.8)

where P is the (2K — 1) x (2K — 1) cross correlation matrix:

[ 1 ph Pl p{;&g pf}}\;_
W0 E
p 0 1
P ?1 (%74 P%K , (2_9)
| PK1 PK2 P2 -+ O 1

A = diag (\/51—: Va2€z,1/a3(1 — €2), ..., \/akek,\Jax(l — €x)), and
b = [b:1(0),b2(—1),52(0), ..., bx(—1), bK(O)]T. The n is a zero-mean Gaussian noise

vector with covariance matrix PNy/2, £(0) = [z1(0), z£(0), E(0),...,2%(0), 2&(0)]7
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which corresponds to the output of the filters matched to sy(t),sg(t), where

sP(t), k=2,3,..., K respectively, and

o= o [ sk

o = e [ sltsE0

A= = [ skwskar

i = m_;)(l_q) [ sEwsf

A —— TR
€x(l —¢) 70

1 T

RL R\ oL

Pimn = / si(t)s/(t)dt, k,1=2,3,...,K. (2.10)
I r————(1 mp k (8)st(

Clearly, pif = pflt =1, pfl =plR =0, plf=0for o <7, pRL=0for 7, > 7

and 72(0) = [n4(0), nZ(0), nE(0),...,nk(0),nE(0))T with

m(©) = [ e,

L 1T L

ng(0) = — [ n(t)sidt,
€ /O
T
nR(0) = \/1'1_7; [ ntosfd, k=23, K (2.11)

2.2 Multi-Stage Detection

Upon realizing the inefficiency of using the matched filter detector for multiuser
detection in CDMA, Verdi developed multiuser detectors that are optimum in terms
of their BER performance for both synchronous and asynchronous CDMA systems
[34]. The problem with these detectors is their exponential complexity with respect
to the number of users, which may render them impractical.

Multi-stage detection is a suboptimum solution to the CDMA multiuser
detection problem. Its complexity is linearly proportional to the the number of

users. The main idea of the multiuser detection is to obtain a tentative estimate of
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the multiuser bits, then use these bits to reconstruct the multiuser interference and
finally subtract the constructed interference from the matched filter-bank output
signal. The better the tentative estimate of the original bits are, the better the
multiuser interference cancellation is.

The tentative decision of the user bits can be obtained using a decorrelating
detector as the first-stage. Then the output of the decorrelating detector is used to
reconstruct and cancel the interference in the second-stage. This stage is referred to
as the canceller stage. One may use the output of the canceller stage as the tentative
decision and apply it to another canceller in the third-stage. This can be repeated
for as many stages as we want, hence the name multi-stage.

We restrict ourselves to two-stage detectors only —the decorrelating detector as
the first-stage and the canceller as the second-stage. Both of these stages are briefly

explained in the following subsections.

2.2.1 Decorrelating Detector
This detector decorrelates the correlated matched filter-bank output signal vector.

We present two types of decorrelating detectors commonly in use, one is non-adaptive

and the other is adaptive?.

2.2.1.1 Non-adaptive Decorrelating Detector This decorrelating detector
uses the inverse of the cross correlation matrix P to transform the output the

matched filter-bank. That is the output signal vector of the decorrelating detector

can be written as

z = Plz

= Ab+E&, (2.12)

2The term “decorrelator” for the adaptive version is only used loosely, since it only
decorrelate each output with a nonlinear function of the other outputs.
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where £ = P,

The kth output signal is

zk:\/&kbk+£k, k=1,..., K. (2.13)

Note that there is no multiuser interference in the output signal of the decor-

relating detector. However, the AWGN variance is increased such that
ogk = P3' No/2, (2.14)

where P;! is the kkth element of P71,

The tentative multiuser bit estimates are obtained by passing the decorrelating

detector output signals through a hard limiter. Therefore from Eq. (2.13)
by =sgn(z), k=1,...,K, (2.15)

and in vector form,

b = sgn(z). (2.16)

2.2.1.2 Adaptive Decorrelating Detector This decorrelating detector, also
known as the “Bootstrap Separator,” was first introduced by Bar-Ness [1,2] in his
work for cancelling cross polarization interference. It was thereafter used in number
of applications [3], [13,14], [21]. Its particular advantage as a decorrelating detector
in the context of this work is given in [5]. It exploits the fact that the transmitted
multiuser signals are uncorrelated with each other, and use this fact for the weight
iteration algorithm to decorrelate the signals obtained at the matched filter-bank.
It does not need any other information or reference bits for the convergence of the
weights.

The bootstrap decorrelating detector is an adaptive linear transformation
applied to the output of the matched filter-bank. The block diagram of the bootstrap
detector for K CDMA users is depicted in Figure 2.4.
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T1

)

TK

ZK __I'— bK

Figure 2.4 Adaptive bootstrap separator for K CDMA signals.

The matched filter-bank output vector @ is linearly transformed by the

bootstrap separator such that

z=Ve, (2.17)

where V is a matrix defined as V' = I — W. The I is the K x K identity matrix

and W is the adaptive weight matrix

0 Wiz - WK
w 0 - wok
w=| R (2.18)
wry wgz - 0

The kth output of the bootstrap decorrelating detector is
zkzxk—w{:nk, k—‘—l,...,](, (2.19)

where wy, is the kth row vector of weight matrix W, without its kth element and

is the matched filter-bank output vector & without its kth element zj.
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The adaptive weights for kth user are updated such that, the cross correlations
between the kth output and signum function of all other users are minimized. That
is

wy — wig — pE{zsgn(z)}, ki=1,..., K, k#I, (2.20)
where sgn(-) is used as a discrimination function in order to discriminate the
bootstrap decorrelating detector outputs.

The decorrelating detector bit estimate vector can be written as
b= sgn(z). (2.21)

2.2.2 Multiuser Interference Canceller
The tentative multiuser bit estimates obtained at the decorrelating detector output
are used to estimate the multiuser interference present at the matched filter-bank

output signals. The estimation is done in a non-adaptive or adaptive manner.

2.2.2.1 Non-adaptive Canceller The cross correlation matrix P is used to
reconstruct the multiuser interference at the canceller. Then the reconstructed
multiuser interference is subtracted from the actual multiuser interference present

in the matched filter-bank output signal vector {31,32]. This is done as follows:
y =z + (I — P)Ab, (2.22)

where I is the K x K identity matrix.

Note that, in order to reconstruct the interference, the canceller needs to know
the signal energy of every user, beside the knowledge of the cross correlation matrix
P.

Finally, the multiuser bit estimate at the canceller output is obtained by passing

the canceller output signal vector through a hard limiter. That is,

Qs>
Il

sgn(y). (2.23)
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2.2.2.2 Adaptive Canceller This adaptive multiuser interference canceller, is
based on the idea of minimizing the signal energy of the kth detector output yx
with respect to the other users’ tentative estimate bits obtained at the decorrelating

detector. The adaptive canceller is depicted in Figure 2.5.

I

=

Figure 2.5 Adaptive multiuser interference canceller for X CDMA signals.

The adaptive weight matrix of the canceller can be written as

0 w3 - wk
u 0 - wrk
v=| (2.24)
ug1 Uy -0 0

The kth output signal of the canceller is
yr = o — uj by, (2.25)
where uy is kth row vector of the weight matrix U without its kth element and 13k

is obtained from the decorrelating detector output bit estimate vector b by deleting

its kth element by.
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The minimization of power of the kth output signal y, with respect to the other

users’ estimate bits takes place in an iterative manner such that

OF{y}
Uk ukz—#——‘{ﬂci
Our
Uk < ukz—2,uE{yki)1}, k,lzl,.‘.,K, k;él (2.26)

Finally, the kth user bit estimate obtained at the canceller output can be

written as

b = sgn(yx) (2.27)

2.3 Summary

This chapter serves as a background to the CDMA communication system and multi-
stage detection scheme. We have briefly explained synchronous and asynchronous
CDMA communication systems. For the ease of the analysis, the baseband
equivalent model is used. It is demonstrated that with respect to the chosen
one-shot user, except for system dimension, the asynchronous CDMA system is
essentially equivalent to the synchronous CDMA system.

We also explained, in this chapter, the principles of multi-stage detection. The
first two stages of the multi-stage CDMA detector, that is, the decorrelating detector
and the canceller were presented in detail. These are the essential components of

the multi-stage detector. For these stages, both adaptive and non-adaptive schemes

were introduced.



CHAPTER 3

BOOTSTRAP SEPARATOR FOR ASYNCHRONOUS CDMA
COMMUNICATION WITH CODE-DELAY ESTIMATION ERROR

In asynchronous CDMA communication the delay estimation of the user codes
depends on the accuracy of the synchronization scheme used. In many practical
situations, however, perfect delay estimation is not possible. Therefore, the decorre-
lating detector used as the first stage for the multi-stage detector has to be robust
to the code delay estimation errors.

In this chapter the BER performances of the adaptive and non-adaptive decor-
relating detectors are compared for an asynchronous CDMA communication system
with a code delay estimation error. In Section 3.1, the one-shot matched filter-bank
output signal vector with a code delay estimation error is formulated. In Section 3.2
the BER performances of non-adaptive and adaptive decorrelating detectors are
found numerically for two asynchronous CDMA users whose code delay estimates
are erroneous. Finally, in Section 3.3 simulation results for these two users are

demonstrated and observations from these results are stated.

3.1 One-Shot Matched Filter with Code Delay Estimation Error
For the asynchronous CDMA system, the equivalent low pass received signal to the

one-shot matched filter-bank input is given in Eq. (2.6) and reproduced here for

D) = \/a—lsmt)bl(onkg[mﬁsimm—l)

+1/ar(l — ek)\/l_l_._.e_l;sf(t)bk(())} + n(t), (3.1)

For the sake of simplicity we will restrict ourselves to two asynchronous CDMA users

only. Extension to a higher number of users is relatively simple.

18
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Representing the signal of Eq. (3.1) in one-shot of the ¢th bit of user one, and

without loss of generality, letting z = 0, we write,

") = \/?Esl(t)bl(())+\/@%s§’(t)bg(—l)

1
+y/a2(l - 62)—ﬁ8§(t)b2(0) +n(t), (32)
where 0 < 7, < T is considered to be estimated with an error, and;

sL(t) = {32(t+T"‘"T‘2) fo<t< 1y

0 ifr<tT
R _ 0 lfOStSTg
(1) = {sg(t—rg) fr<tLT
& = A2£u+T-th (3.3)

As shown in Figure 3.1, r(t) is applied to the one-shot matched filter-bank with

a code delay estimation error.

' > % Jrdi _:1:'1(0)
s1(1)
r(t) Iy dt z5(0)
£ 14
0

Figure 3.1 One-shot matched filter-bank for 2 asynchronous CDMA users with
code-delay estimation error.

That is, the signature function of Eq. (3.3) is extended to 7 instead of 7, and

normalized by €, instead of €. That is,

Ll(t) . Sz(t-‘l-T—Tzl) lfOStSTg
=10 ifr<t<T
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ry = [0 ifo<t<m

- st —7) fmy<t<L<T
¢ = ]0 Z 2t 4+ T — 7))t (3.4)

The output of the first filter is

A0 = [ it
= abi(0) + areaplyba(—1)
+ \/mpml’?m) +n1(0), (3.5)

where n}(0) = [ n(t)sy(t)dt is a zero-mean Gaussian noise with variance Ny/2, and
L oL
P2 = r—/ 2 (t)dt
R ok
= t)d 3.6
P12 m 2 (1) (3.6)

The output of the second filter is given by

z5(0) = 71—2 /0 U ()Y (1)t

= Jaiplhi(0) + Vazerpss ba(—1)
+ a1 = e2)pfsRb(0) + n3(0), (3.7)

where

Pzi = \/—/ Sl(t

L'L — ) s (t)dt

Pa2 \/6,2—62/0 32 () 2()

L'R

0 = / sy (t)sy(t)dt 3.8

4 m Yst) (33)
and

ny(0) = T2 = [ s (3.9)
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The output of the third filter is given by

(0 = e [ (s (e
/1 — €5 /0
= VarpR bi(0) + v/azerpl bo(—1)

+y/as(1 — €)p55 "5 (0) + n5(0), (3.10)
where
" 1 T

PR = \/1_:? /0 ST (t)sq(t)dt

R'L

pRL = B (t)sk(t)dt

5 r-—-——-lﬂez - [ sF sk

T

R'R R R

pBR = sE () sB(t)dt 3.11

g \/(1_62)(1_62)/ (s (3.11)
and

1T ,
= / n(t)s dt . (3.12)
/1 —¢€, /0

Combining Egs. (3.5), (3.7) and (3.10) in a matrix form,

z'(0) = P'Ab(0) + n'(0), (3.13)
where
1, Pl'z /’fz
P = P%’l P%2L P%z ) (3-14)
p Rt pRE
A = diag (\/ch,\/(-;gag, V(11— 62)a2>
= diag (o, 9, 03), (3.15)

b(0) = [b1(0), ba(—1), b3(0)]" and m'(0) is a zero-mean Gaussian noise vector with

the covariance matrix,

1 I Rl
- P21 P2 i‘ No
5
Pz1 0 1
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3.2 Decorrelating Detector
In this section both non-adaptive and adaptive decorrelating detectors are examined
when the user code delay estimations are not precise. Their BER performances are

also formulated in the following sub-sections.

3.2.1 Non-Adaptive Decorrelating Detector

The non-adaptive decorrelating detector was explained in Section 2.2. It decorrelates
the signal vector obtained at the matched filter-bank output by multiplying it with
the inverse of the cross correlation matrix. The cross correlation matrix is obtained
from the user codes and their delay estimations. For two asynchronous CDMA users
when the delay estimation of the second user code is erroneous, the receiver will

assume that the cross correlation matrix is

1 L' R’

) 1 P
P=|p 1 0 (3.17)
pRO 1

and use it to obtain the output of the decorrelating detector. That is

2(0) = P'2'(0)

= JAb(0) + £(0), (3.18)

where J = P7'P’ and £(0) = P~'n'(0). Comparing Egs. (3.16) and (3.17) we
note that E{n’(0)n(0)} = PNy/2. Therefore £(0) is a Gaussian noise vector with
covariance matrix P~ Ny /2.

Note that J is not a diagonal matrix. Therefore, the use of the inverse of P as a
linear transformation on the matched filter-bank output vector cannot decorrelate the
matched filter-bank output vector. That is, the non-adaptive decorrelating detector
is no longer near-far resistant. This results in a substantial BER performance degra-

dation for the non-adaptive decorrelating detector. The BER for the kth user can
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be calculated as

T
BER, — _15 Z 0 (Jkk\/a—k+.7kbk> k=123, (3.19)
2 bie{) e

where Jg, is the kth diagonal element of J, «y is the kth diagonal element of A, 3,
is the kth row vector of J without its kth element, by is the bit vector b without
its kth element and of, is the variance of ;. The set {-} contains all the possible
combinations of bit vector by.

The BER performance of the first user is calculated for 2 asynchronous CDMA
users. It is assumed that the actual second user code delay is 0.4 and estimated to
be 0.35 at the matched filter-bank. The corresponding cross correlation matrices at

the matched filter-bank and at the decorrelating detector are

1 0.3162 0.7746 |
P’ =] 0.3101 0.9354 0 , (3.20)
[ 0.9297 0.0981 0.9608 |
and )
1 0.3101 0.9297
P = 0.3101 | 0 , (3.21)
| 0.9297 0 1
respectively.

Figures 3.2 and 3.3 depict the BER performance of user-1 using Eq. (3.19). The
first figure shows the BER performance of the user-1 as a function of SNR; when
SNR; is 4 dB above and below SNR;. The second figure shows the BER performance
of user-1 as a function of SNR; — SNR; when SNR; is fixed at 6 dB, 8 dB and 10

dB. Note that in all cases the performance is very poor.
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-2
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10

Figure 3.2 Numerical BER performance of the non-adaptive decorrelating detector
for fixed interference and variable SNR;.
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10

--------- : SNR, = 6 dB
---- : SNR; = 8 dB
—— : SNR; = 10 dB

bes oo d F T T T S T O T T AU T S SO

o -
—
(=]

10 -8 -6 -4 -2 0 2 4 6
SNR;— SNR;

Figure 3.3 Numerical BER performance of the non-adaptive decorrelating detector
for variable interference and fixed SNR;.
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3.2.2 Bootstrap Decorrelating Detector

Since the code delay estimations used at the one-shot matched filter-bank are
erroneous, the cross correlation matrix obtained at the matched filter-bank is also
erroneous. Using the inverse of the cross correlation matrix that corresponds to
erroneous delays, to transform output of the one-shot matched filter-bank, results in
BER performance degradation. Instead we propose to use the bootstrap adaptive
decorrelating detector for this purpose. The bootstrap decorrelating detector for

two asynchronous users is depicted in Figure 3.4.

.}‘_’1_2?

z1(0) (1)) e b,(0)
™~ S —

l/wzl <3 Y

W12 'gu{?
23(0) | A\ 22(0) = ba(—1)
W23 <7“9_1<)%\
z3(0) N 23(0)

=) I wi0)

Figure 3.4 Adaptive bootstrap decorrelating detector for two asynchronous CDMA
users.
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From Eq. (2.17) the bootstrap decorrelating detector output can be written as

2(0) = &(0) — Wa(0), (3.22)

where
0 wy wis
W = Way 0 Wo3 | - (3 23)
wz w3z O

3.2.2.1 Steady State Weights The kth output of the decorrelator can be
expressed as,

2 = Tk — 'w;{:c;c (3.24)

where wf is the kth row vector of W with the element wy; deleted and x; is the
vector obtained from @ by deleting x.

For controlling the weights, we use the steepest descent algorithm which simul-
taneously reduces the absolute value of the correlation between the outputs of the

decorrelator and the decision on all other outputs. That is, the weight wy is

controlled by the recursion

wg — wi — pE{zsgn(z)}, kI=1,...,K, k#L (3.25)

The above recursion reaches steady-state in the mean when E{z;sgn(z;)} = 0. Note
that wy,, for example, is used to cancel the residue of by(—1) at the output of 2.
It will settle down only when that residue (being correlated with f};(wl)) is zero.
But any reduction of by(—1) at 2z; will improve 4,(0) (smaller error), being more
effective in reducing the residue of b1(0) at z; and z3 through the weights wy; and
way. Therefore, the process of residue cancellation is enhanced successively which
justify, using the name “bootstrap” in previous applications.

Eq. (3.25) can be written in vectoral form as

wy, — wyi — pE{zsgn(z)}, (3.26)
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where again zj is obtained from 2z by deleting z;. The steady state is reached if
E{zsgn(zx)} =0 for k =1,2,3.

In the following derivations the cross correlation matrix is assumed to be non-
singular. Let sgn(zg) = bi. If we assume the SNR’s are large enough so that the main
contribution to the decorrelating detector output error is the multiuser interference,
then E{z;by} can be approximated by

E{zby} ~ [I—2Pr(b;is erroneous)| E{z;by }

~ E{zkbk}. (3.27)

Equating E{zxbx} to zero and using the above approximation we get

E{Zkzk} | E{(Pkk\/dkbk -+ pgAkbk + ng — w%mk)bk} =0, (3.28)

where py is the kth term of the diagonal of P, the v/a, is the kth diagonal term of
A, the p, is the kth row vector of P without its kth element and the Aj is a matrix
obtained from A by deleting its kth row and column.

From the above equation
E{pisva bibi} + E{(pf Axbr)bi} + E{nib} — E{(wf®,)bi} =0.  (3.29)

It is easy to show that E{bibr} = 0O, E{(pf Abi)br} = Axpy, and E{nib;} = 0,
so that

E{(wizi)b} = Arp,. (3.30)
From (2.8)
A; O by
wkz[Pk Pk}[o \/Ek][bk]+nk
= P,A;b. +pk\/5kbk -+ 1. (331)

where Py is obtained from P by deleting its kth row and column and the p, is the

kth column vector of P without its kth element. Therefore,

E{(w{mk)bk} = Akaf'wk. (3.32)
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The steady state weights can be found from Eqgs. (3.30) and (3.32) as

w! = pl P, (3.33)

3.2.2.2 BER Performance The decorrelating decorrelator’s steady state output
for kth user, k = 1,2,3, can be written from Eq. (3.24) together with Eq. (3.33),

2 = pekvVarbe + pi Arbi + 1k — pl P (PrArby + ppv/aybe + ny)
= (prr — PLPL PR)Varb + ni — pf Pying. (3.34)

Note that the decorrelating detector perfectly cancels the interfering signal

energy. On the other hand, the desired user bit energy is modified by (1—pf P;'p,)

bl

and the noise variance is given by
o, = E{(n—py Py'ny)’}
= (1L+ p{P;'CrP;Tp)No/2 (3.35)

where C} is obtained from the covariance matrix C by deleting its kth row and

column.

From the above equation, the BER for the kth user can be calculated as

g¢

(3.36)

k

where Q(z) = \/—12—;—[;0 e~V 2 qy.

3.3 Simulation Results
A two user one-shot asynchronous CDMA system is simulated with the actual delay
of the second user signature sequence with respect to the first user e being 0.4 and
the estimated delay € being 0.35. The resulting cross correlation matrix at the

matched filter-bank with the delay estimation error is assumed to be

1 0.3162 0.7746 |
P=03101 09354 0 |. (3.37)
0.9297 0.0981 0.9608
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The matched filter-bank output vector is then applied to the non-adaptive
decorrelating detector as well as to the bootstrap separator. The BER performance
of the desired user (user 1) is depicted in Figure 3.5 and Figure 3.6 for various desired
and interfering signal energies.

1t is observed that the non-adaptive decorrelating detector is very sensitive to
the signature sequence delay estimation errors, whereas the bootstrap separator is

not so sensitive to the delay estimation errors.

1 0 9 T T I 1 T 3
: ]
————————————————————————————— A-—---~-—-—1

V)
- Conventional Decorrelator

107

1072 .
=
5
[na)
a ——:SNRR2 -SNR1 = -1 dB
10 ¢ e
E -==-: 8SNR2-SNR1 =1 dB .
3
t N ]
Adaptive A
107* 3 Decorrelator
:
10‘5 1 ¢ A 1 1
0 2 4 6 8 10 12
SNRR1

Figure 3.5 Simulated BER performance comparison of the adaptive and non-
adaptive decorrelating detectors for fixed interference and variable SNR;.
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BERL

Adaptive [ . SNR 4B 1
-4 Decorrelator ‘ =0
M | eeae- : SNRRI = 8 dB E
: SNRI = 10 dB
10“5 1 1 S ! I 1 I 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

Figure 3.6 Simulated BER performance comparison of the adaptive and non-
adaptive decorrelating detectors for variable interference and fixed SNR,.
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3.4 Summary
In this chapter we have compared the robustness of adaptive and non-adaptive decor-
relating detectors against the code delay estimation error. The delay estimation error
is a problem of asynchronous (up-link) CDMA communication. Therefore, we used
the one-shot detection scheme.

The effect of the code delay estimation error on the matched filter-bank was
derived in detail. Both the adaptive and non-adaptive decorrelating detector BER
performances are obtained for comparison. Because of the code delay estimation
error, it is observed that the non-adaptive decorrelating detector is no longer near-
far resistant and its BER performance depreciates significantly. On the other hand,
the adaptive decorrelating detector (the bootstrap separator) is robust against the

delay estimation error and has a superior BER performance compared to the non-

adaptive decorrelating detector.



CHAPTER 4

ADAPTIVE TENTATIVE SOFT LIMITER FOR ADAPTIVE
MULTI-STAGE CDMA DETECTOR

When the interfering signal bit energies are low, the tentative bit estimates for these
signals, obtained at the decorrelating detector output, are not accurate. It is observed
that if the hard limiters are eliminated and these signals are used directly instead
of their bit estimates a better BER performance is obtained for the canceller in
the low interference region. This is depicted in Figure 4.1 for two synchronous
CDMA users. Wherein two-stage detector without hard limiters perform better
than one with the hard limiters when SNR; — SNR; < —1 dB. This is the main
motivation for using soft limiter [11]. For setting up the thresholds of these limiters
[11] suggests a “heuristic formula” which requires signal measurements at the output
of the decorrelating detector.

In this chapter, we adopt the idea of setting the soft limiter thresholds
adaptively. Thus the major drawback of the heuristic threshold method, the need
for signal measurement and evaluating the threshold values, are avoided. In the
following section the system model used is described. Then, in Section 4.2, the
detector’s adaptive optimal parameters, that is, steady-state canceller weights and
steady state threshold values, are evaluated. Also in this section the iteration
algorithms for both canceller weights and threshold settings are described. In
Section 4.3, a two-user case is demonstrated as an example. In this section also the

BER performance of the two-user system is analytically evaluated and conclusions

are drawn from numerical calculations.
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............................................

.......................................................

......................

Two-Stage Detector w/ Hard Limiter : :
— ™ — Two-Stage Detector w/o Hard Limiter """"""
- Single-Stage Detector (Decorrelator) : :
- L i i ; i i i i
-2 0 2 4 6 8

10
-10 -8 -6 4
SNR, — SNR;, dB

Figure 4.1 BER performance comparison of a two-stage detector, with hard limiter

and without hard limiter. SNR; = 8 dB and p = 0.7.



35

4.1 System Model
Both synchronous and one-shot asynchronous CDMA communication systems are
briefly explained in Chapter 2. These communication systems are essentially
equivalent except for system dimensions. That is for K users the synchronous
CDMA system has K dimensions, whereas the asynchronous CDMA system has
2K — 1 dimensions. Without loss of generality we consider synchronous CDMA

communication.

The soft limiter for cancelling the Ith user interfering signal from the kth user

signal is given by

f(z;) _ { Zz/tkg if |z1| <ty

sgn(z) otherwise, =L K, l#k, (4.1)

where ty; 1s the threshold value.

Let Ay = 1/t3. Then the above equation can be written as

1 if g > 1
fm) =9 ma i —1<mu<1 (4.2)
-1 if gy < —1.

where 1, = z;Ag. Therefore this function can be implemented with a gain whose

value is Ay followed by a soft limiter with unity slope, as depicted in Figure 4.2.

A 1
2 ]y Nki —1 i/ 1 M

Figure 4.2 Soft limiter with adaptively controlled threshold.
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With the soft limiter implementation of Figure 4.2, Figure 4.3 depicts a block

diagram of the proposed two-stage (decorrelator-canceller) adaptive detector.

. .

n

e
[y

SRR

2K

it

Figure 4.3 Two-stage (decorrelator/canceller) detector with adaptive soft limiter.

4.2 Optimal Parameters
From Figure 4.3 the adaptive decorrelating detector thresholds for a K-user CDMA

system can be represented in a matrix form as

0 A2 - Mk
Aar 0 oo g

Ak1 Agz o+ 0
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As shown in Eq. (2.24), the adaptive canceller weights for the K-user CDMA

system is represented in a matrix form as

0w - wg
U21 0 - wg

v=| & U (4.4)
ug; ugz -+ 0

In this section, the algorithm for adjusting the adaptive parameters given in
Eqs (4.3) and (4.4), that is, for the weights and the thresholds, is first stated. Then

the optimal (steady state) values of these parameters are found for the K-user CDMA

systemn.

4.2.1 Adaptive Control Algorithm

In order to control the adaptive weights and the threshold values, a steepest descent
algorithm, which minimizes the desired user’s energy with respect to the interfering
users, is used.

The adaptive weights for the kth user in terms of the adaptive threshold values

are updated iteratively at the bit intervals as follows:
uy oE{yi}
Augr(Arr)
ukl()\kl) — ukz(/\kl) + QuE{ykf(nkl)}, [ = 1, P ,f{, { 75: ]C., (4.5)

g Awt) —  wri( M)

where p is the step size of the convergence. Then the adaptive thresholds are updated

at the same bit intervals as follows:

OE{y}}
Al — A — ”W
d
Mi — Mg+ 2pE{yrunz J;(ﬂkz)}
Nkl
2uE{yrunzi} if nu| <1 _
A — A+ { 0 otherwise, [ = 1,..., .K, l 75 k, (46)

where we used the fact that

- , 47
dAy : dnii (47)

df () _  df ()
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and

df (1) _{ L if | < 1 (4.8)

dnw | O otherwise,

since the f(nx) is a soft limiter with unity slope (see Figure 4.2).

Note that the weights ux are a function of the thresholds Ag. Hence, the

notation wug(Ag) is used in Eq. (4.5) for the weights.

4.2.2 Optimal Weights

From Eq. (4.5), when the algorithm for the adaptive weights converges, we have

OE{yi} _ __ 0 T 2
m — 8uk(}\k)E{($k“'uk(Ak)f(nk))}

= —2E{(zr — vl (Xe) f(m)) f (1)}

=0 (4.9)

where u(Ax) is the kth row vector of U without its kth element.

From the above equation, the steady-state values of the adaptive weights in

terms of the thresholds for the kth CDMA wuser are

Ukopu(Ae) = E{f(me)f" (m)} 7 E{zif(ni)}

= E{f(m)f" (ny)} " AE{f(n)b] } o, (4.10)

where Ay is matrix A without its kth row and column and p, is the kth row of

matrix P without its kth element.

In the above equation, E{f(n,)f%(n,)} is a (K — 1) x (K — 1) matrix with
diagonal elements E{f(n1)*}, 1=1,...,K, [# k, derived in Appendix A, and off
diagonal elements E{f(nu)f(nk)}, L,i=1,....K, L,j#k, [ #j. From Eq. (A.5),
the diagonal elements are

2

E{f*(m)} = ;% [(Zao — ap)e™ %/ — (200 + Ch)e““?m]

402, (14 ad) (L - Q(an) — Qlea)] + Q) + Qlaz), (4.11)
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where ag = Auiy/@i/ o, 01 = (1= Auy/@)/ oy, and ez = (14 Auy/a1)/ oy, The oft

diagonal elements can be calculated as

E{f(nu)f(n;)} = E Z // F ) f Cag )P (e Mg )i s (4.12)
blb s=1

where b; and &; are the [th and jth user bits respectively. Function p(n, 7k;) is the
joint Gaussian density function of the random variables ni; and ;. Both random
variables 75 and ng; span the intervals (—oo, —1], [~1,1] and [1,00). Therefore in
the above equation the integration is performed over 9 different regions. Region D,

is the appropriate region of integration.
The term E{f(n,)bl} in Eq. (4.10) is a diagonal matrix with the diagonal
elements B{b f(nu)}, 1=1,...,K, 1#k, derived in Appendix A. From Eq. (A.2)

B{buf )} = T8 — ) 4 A/ {1 — Q) = Qoa)] + Qen) — Qo).
(4.13)
where o and a3 are defined in Eq. (4.11).

4.2.3 Optimal Thresholds

From Eq. (4.6), when the algorithm for the adaptive thresholds converges, we have

8}?&; B %E{(mk —ui f(m:))*}

= 20 {(es ~ ul f(n,)) L)

}

= 0, (4.14)

where 9E{y?}/OAy is a vector with elements 0E{yf}/0 gy, 1 =1,...,K, 1 # k.
The Uy, is a diagonal matrix with elements uy, {=1,...,K, 1 # kand df(n,)/dAx
is a vector with elements df (ng)/dAw, 1=1,.... K, l#Ek.

Assuming all the weights for the kth user, uy;, are non-zero. From the above

equation we have

Bi(es —ulfn) Ly = o, (0.15)
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From Eq. (4.15) the adaptive weights in terms of the optimal threshold values

for the kth user, can be calculated as

df(’?k)

wshua) = BT 7,1 o, L0,

{df(ﬂk)

()} (L ("’“) Mo (4.16)

In the above equation, E{[df(n;)/dA:]bT} is a diagonal matrix with the
diagonal elements E{bidf (nx)/dAnt}, 1=1,...,K, [+#k, derived in Appendix A.
From Eq. (A.7)

P {0} = S { et 50 i - Qe @l
(4.17)
where o and «y are defined in (4.11).
The term E{[df(n)/dA)f7(ne)} in Eq. (4.16) is a (K — 1) x (K — 1) matrix
with the diagonal elements E{f(nu)df (nx)/dMu}, [=1,...,K, [# k, derived in
Appendix A, Eq. (A.10):

d 0-2 2/0 —af2
E {f(nkl) "’__"‘Z(/::]k’zl)} = __—Akl\n;lé; [(20:0 - ag)e"%/ — (2&0 + al)e ogf ]
+ S (1+ o) [1 - Q) - Q) (4.18)
ki

and off diagonal elements E{f(nu)df(m;)/d i}, L,i=1,...,K, L,j#k 1|#7.

The off diagonal elements can be calculated as

E{f(ma)df (nx;)/dAe;} = — ZE// Slma)= (773) P(Mets Nkg ) deedng. (4.19)

s=1

4.3 Two-User Case
The block diagram of the proposed scheme for two-user CDMA is depicted in
Figure 4.4.
The evaluation of Eqs. (4.12) and (4.19) requires numerical integration over the

specified regions using joint Gaussian density function. Nevertheless, using two-users



41

v ‘A:i;pfiv_e_ _)
, Control :

Z1
r() MATCHED DECORR.
> FILTER DETECT.
BANK |

gt

Figure 4.4 Two-stage (decorrelator/canceller) detector with adaptive soft limiter
for two-user CDMA.

eliminates the need for using numerical integration. Therefore, in this section, the
optimal canceller weights and the optimal soft-limiter thresholds are evaluated for a
two-user synchronous CDMA system in order to obtain the BER performance of the

system as well as to compare the performance of the system to the performances of

the previously implemented systems.

4.3.1 Optimal Canceller Weights

To find the optimal weight for the canceller stage, we write

y1 = o1 — U12f(A1222). (4.20)

Equating the derivative of E{y?} with respect to u, to zero we find

E{$1f()\1222)}.
E{f*(Aaz2)}

Note that Eq. (4.21) describes the optimal weight in terms of the threshold 1/A,

Ur2,0pt{ A12) = (4.21)

and other system parameters. Using (4.10), (4.11) and (4.13) we get

u (/\ ) _ p\/a'_i{Gl(ah 0,’2) + )\12\/55(;3(0’170{2) + Q(O[]) — Q(az)} (4 22)
2P 120 G (oo, 01, atg) + 02,(1 + ad)Ga(en, @2) + Q(en) + Q(a)’ '
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where

Gi(on, o) = f\/%(e—aéh_e—a?/z)’

2
ag
Ga(ag, 0, c0) = —2= ((2a0 — )" — (200 + al)eaﬁm) ’

V2T
Ga(ar,02) = 1— Q1) — Q(az),
Qo = ’\12\/5;/077127
oy = (1= Mavas)/og,,

Q2 = (1 + )‘12\/—55)/0-77121 (4'23)

and Qo) = # e e~ 2.

The hard limiter case can be obtained from Eq. (4.22) by letting A2 go to
infinity. The first terms in the numerator and denominator clearly go to zero. The
second term can be shown to go to zero by applying L’Hospital’s Rule.

Thus, we are left with

| B . Qo) — Qo)
Jim uzopt{M2) = pi/az ,\11215100 Q1) + Qo)

= oyl - 2q(y 2Ly (1.24)

g

which is the same result obtained in [24].

4.3.2 Optimal Threshold Level
To find the optimal threshold, by using Eq. (4.14) we get

QE{yi} . df (M2z2) df (M2z2) | _
—(9—)\1-;——2141215' f(AHZZ)W ~ 2up B W = 0. (4.25)

For uys # 0

U ()( ) — E{xldf(’\mzz)/d)\lz}
12(AM2,0pt) = E{fOzz2)df My2z2) [dAss}

Note that the above equation implicitly describes A;p opt as a function of the weight

(4.26)

Uq9.
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Using Eqs. (4.16), (4.17) and (4.18) we get

P\/a2]G1(e, 03) + Ai24/a2G3 (0, 3))
Ga(ao, a1, 0n) + 07, (1 + af)Ga(on, a2)’

where g, ; and g are defined in Eq. (4.23). Clearly, for the definition of g, ay

u12()‘12,opt) =

(4.27)

and oy in the above equation we use Aqg opt.

If we define the terms in the numerator of Eq. (4.27) as A and those in the

denominator as B, then Eqgs. (4.22) and (4.27) can be written as

A+ p/a3[Q (1) — Q(az)]
B+ Q) + Q(a2)

u12,0pt()‘12) =

(4.28)

and

A
u12(A12,0pt) = VoL (4.29)
respectively.

To obtain the optimal weight and optimal threshold wuis4p: and Aizepe, Wwe

equate Eq. (4.28) to Eq. (4.29) and get

U12,0pt( A12,0pt) = pr/zlQ(en) — Qlen)] -4
op o Qo) + Q) B

_ py/a2[G1( a1, az) + A2\ /a2G3(ay, a3))
Gz(&o,al,az) +al (1 + a[z))G3(a17a2).

m2

(4.30)

Solving Eq. (4.30) give us the optimal threshold setting Ay3 ope. With this value,

_ p\/@[Q(al,opt) - Q(a2,opt)]
U12,0pt( M2,0pt) = Q(crm) + Qlonm) (4.31)

where

@ opt = (1= Arz,0ptn/a2)/ 0,5,

Qaops = (14 Mzopty/a2)/ 0y, (4.32)

and Opp = /\120’/\/1 - ,02.

From Eq. (4.29), after some algebraic manipulation we can get the value of the

optimal threshold t12 = 1/A\a:

tlZ,opt = —\/r_::—'?(Q(al)“Q(a2))
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. (1 + SNRg’p)Gg(al, 012) — :7%? SNRg,pGl (C(l, az)
V2Gia(on, @) + /SNRq,,(Q(en) + Q(0))Ga(0u, )

where Gi(a, az) = Q(a1)e /2 — Q(az)e™d/? and SNRy, = as(1 — p?)/o. This

(4.33)

equation gives implicitly the dependence of the optimal threshold o, on SNR; and

p.

4.3.3 BER Performance and Numerical Results

For any setting of Ao, the optimal weight w1z pi(A12) is given by Eq. (4.22). With
this weight
1 6 + J/a 61 —
Pa = i+l g =g,
o o
b + \/a by — \/a
H Y - g2y 0y

a

1 1 Lot ve N~V (M2 — Mizy/a2)"
i {\/m L0 - e e -

)dmz
me

< [0 (B By A B

V2ro,, /- 205,
(4.34)
where
b1 = pag(c—1), by = pJaz(c+1),
Y1 = pr/az(cma — 1), 72 = py/az(ema + 1), (4.35)
and ¢ = uyy(t12)/ py/az. Note that for 113 = t15,0pt, using Eq. (4.30) we get
¢ = Q(al,opt) — Q(a2,opt) (436)

" Qenop) + Qazopt)”

From Eq. (4.33) it is clear that the optimum threshold setting ¢4 is independent

of SNR;. The solution of Eq. (4.33) numerically as a function of p is given in
Figure 4.5, with SNR; as a parameter. In Figure 4.6, we depict ¢120pt as a function

of SNR; for p = 0.7. In Figure 4.7 we compare the value of the output energy
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obtained with the hard limiter and with a threshold calculated according to the
heuristic value of [11]. The corresponding probability of error for these cases is given
in Figure 4.8. For comparison, we add to this curve the probability of error at the
output of the decorrelator. Figure 4.9 depicts the same, except for p = 0.3.

Note, particularly in Figure 4.8, that the error probability with the heuristic
setting 1s better in some regions than with the optimum setting of the threshold. This
is due to the fact that the optimization was performed with respect to minimum
encrgy, not error probability. In Figure 4.9 the performance is almost the same.

Nevertheless, the advantage of the adaptive threshold setting is in disposing the

need for signal measurement.
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Figure 4.7 Output energy of desired user, E{yi}, with hard limiter, heuristic
threshold and optimal threshold. SNR; =8 dB, p = 0.7.
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4.4 Summary
In this chapter, the idea of using a soft limiter for the tentative decision at the
decorrelating detector output is extended such that the threshold of the soft limiter
is set in an adaptive manner. This scheme, being adaptive in nature, does not
need any measurement of the signal energies. The threshold is set using the energy
ninimization algorithm.

Optimum (steady-state) canceller weights and optimum threshold values are
derived for K users. For the ease of analysis, a two-user case is evaluated and its BER
performance is compared to the two-user hard-limiter and the two-user soft-limiter
with a heuristic threshold. It is demonstrated that the adaptive soft-limiter performs
better than the hard-limiter and is almost as good as the heuristic soft-limiter. Note
that the adaptive soft-limiter does not need any signal measurement and do not rely

on a heuristic calculation. Therefore it is preferable to use the adaptive soft limiter

at the decorrelating detector output.



CHAPTER 5

BOOTSTRAP SEPARATOR FOR ASYNCHRONOUS CDMA
COMMUNICATION WITH SINGULAR CROSS-CORRELATION
MATRIX

The detection of K asynchronous CDMA user data by using the one-shot detection
scheme was explained in Chapter 2. At the one-shot matched filter-bank the
first user signature sequence is matched in full and the remaining K — 1 user
signature sequences are matched partially generating two outputs for each partial
user. Therefore the resulting partial cross correlation matrix (PCCM) has (2K —

1) x (2K — 1) dimensions and can be singular. When PCCM is singular then the

bootstrap algorithm does not converge and hence cannot be used.
In this chapter, first we prove the non-convergence of the bootstrap algorithm
analytically when the cross correlation matrix is non singular. Then, two different

solutions are proposed to avoid the non-convergence problem for the bootstrap

algorithm.

5.1 The Convergence Problem of Bootstrap Decorrelator

First we remark on the fact that the singularity of PCCM P has been demonstrated
with actual Gold code sequences. Singularity occurred for certain set of relative
delays between the codes. In order to examine the convergence property of the
bootstrap decorrelator, in the following discussion P is assumed to be singular.

The signal vector @ generated at the one-shot matched filter-bank output is
applied to the bootstrap decorrelating detector. The bootstrap decorrelator was
briefly explained in Section 2.2. After a sufficient number of iterations, when the

adaptive weights converge to their steady state values, from Eq. (2.20):
E{zsgn(z)} =0, i,7=1,...,2K—-1; i#}], (5.1)

where z; is the 7th output of the bootstrap decorrelator.

52
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Substituting 2; and z; into the above equation, we get

E{zsgn(z)} = E{viesgn(vie)}
= E{vIPAbsgn(v] PAb+¢;)}
+ E{&sgn(’u?PAb + &1, (5.2)

where £ = vI'n and ¢; = vfn.

The first term in the above equation can be written as

E{v] PAbsgn(vI PAb + ¢;)}
= Ep{vIPAb(Pr{v] PAb +¢ >0} — PrivI PAb + ¢; < 0})}
= 27K 5 »TPAb(Pr{¢; > —v! PAb} — Pr{¢; > v] PAb})

be(}

'v;rPAb

G'Ej

= 27D 5 TP AB[L ~2Q(
be{}

N, (5.3)

where the set {-} contains all 235-1) combinations of bit vector b.

The second term in Eq. (5.2) can be calculated as (see Appendix B)

(9K vl Pv; 20, [vT P AbJ?
E{ésgn(v] PAb+ &)} = 2700 37 ol = (——J—z—z—]-)- (5.4)

exp
ber) v;Pv; \2x o
Substituting Eqgs. (5.3) and Eq. (5.4) into Eq. (5.2) we get

T
E{zisgn(zj)} = ’U?P {2"(2K"1) Z Ab[l _ 2@('0_,' PAb)]

be{} 74

J

beis v;erj 27 20%
= 'v;-TP'I'j, (55)

T 2
4o-(2K-1) Z v, 20 exp(—[vj P Ab] )}

where r; is the term inside the curly parentheses. Combining terms for all ¢ and j

we get

E{zsgn(z7)} = VPR, (5.6)
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where R is a matrix whose columns are r;,, ¢ = 1,...,2K — 1. As a result of
Eq. (5.1), for the adaptive weight to converge, the off diagonal terms of Eq. (5.6)

necessarily vanish, leaving the diagonal terms E{zsgn(z;)}, where from Eq. (5.5)

vTPAb

0’5.

B{zsgn(z)} = 27@K-U 3 TP AB[1 - 20
be{

)

T

202 (5.7)

2m bels
Note that both terms on the right-hand side of the above equation are greater

than zero for every bit vector b. Therefore,
E{zsgn(z)} >0 i=1,...,2K -1, (5.8)

and the diagonal matrix in Eq. (5.6) has full rank. Since P is assumed to be singular,
however, then E{zsgn(zT)} is also singular and the diagonal matrix in Eq. (5.6)

cannot be a full rank matrix. The only possibility that satisfies Eq. (5.6) is

Blusga(z)} 20, 365 i#j. (5.9)

Therefore, the bootstrap algorithm does not converge in the presence of a singular
cross correlation matrix. On the other hand, if P is non-singular then as a result of
Eq. (5.8), when the bootstrap algorithm reaches steady state, the left-hand side has

full rank only if R is also full rank. As a result V' is unique.

5.2 Proposed Solution I
The contradiction presented in Eq. (5.6) is due to the PCCM P not being full rank.
The solution to the convergence problem presented here is based on using a full
rank part of the P. First, the dependent rows in P are determined by using the
adaptive power minimization algorithm. Then the dependent row corresponding to
the minimum partial bit energy is eliminated and the full rank condition of the cross

correlation matrix is checked again by the adaptive power minimization algorithm. If
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the cross correlation matrix is full rank then the bootstrap algorithm is used on the
remaining independent matched filter-bank outputs for the decorrelation. Otherwise,
the previous procedure is repeated until the cross correlation matrix is full rank.

Minimum Power Algorithm

Adaptive Weight Contol

LW\ .
1
' A Y
o v e v o o e e e o e A o e
Bootstrap Algorithm
MATCHED e |
r(t) | FLTER C | Adaptive Weight Control |
BANK ) :
]
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\ ]
i oz
: W 1 -
1
: i
1 t

Figure 5.1 Proposed adaptive one-shot decorrelating detector for the dependent
user codes.

5.2.1 Determination of Dependent Users

When the PCCM of the one-shot matched filter-bank is singular, some of the row
vectors of this matrix depend on each other. In this section, it is proven that one
can identify these dependent rows by applying the adaptive power minimization
algorithm to the output of the one-shot matched filter-bank.

The one-shot matched filter-bank output signal vector can be written as

xz=PAb+n. (5.10)
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The adaptive power minimization algorithm can be viewed as a (2K —1) x (2K —1)
linear transformation applied to the output of the one-shot matched filter-bank in
such a way that

z=Ve (5.11)
where

V=I-W (5.12)

isa (2K —1) x (2K — 1) transformation matrix, I is identity and W is the adaptive

weight matrix

0 Wiz Tt Wi2K -1
Wa1 0 S WgK -1
W = . ) ) " . (5.13)
WaK-—-1,1 W2K-12 °*° 0

The adaptive power minimization algorithm has (2K —1) x (2K —2) adaptive weights

updated iteratively at each step. The adaptation rule is given by

3
wij = wi = pg— Bz}
ij
wi; — wy — 2uB{zz;} 4,7=1,...,2K —1; 1], (5.14)

where u is the step size of the convergence.

Initially these weights are set to zero and after a sufficient number of iterations

they converge to their steady state values. The convergence of the weights is achieved

when
E{ziz;} =0, Vi,7; i #7. (5.15)
From Egs. (5.10) and (5.11),
E{zaT} = E{(VPAb+ Vn)(b"APT +n")}
VPA'P" + VPo?

= VPQ (5.16)

il

where Q = A2PT 4+ Io2.
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Claim 1: Q is always non-singular.

Proof: Note that A?PTA? is a positive semidefinite matrix. That is, its
smallest eigenvalue is zero. On the other hand A20? is positive definite matrix
with the smallest eigenvalue greater than zero. Therefore the smallest eigenvalue of
A”PT A? + A%0? is greater than zero [29]. That is, A2PT A®+ A%6? is a non-singular
matrix. Since

A’PTA? + A%? = (A’PT + 15%)A?
= QA’ (5.17)
is non-singular then @ is also non-singular. (Q.E.D)

Claim 2: At the steady state, the signal power of the outputs corresponding

to the dependent rows of P are zero.

Proof: From Eq. (5.15), if the algorithm converges, then the matrix E{zzT}
becomes diagonal whose elements are E{zz;}. From Eq. (5.16), however, this

diagonal matrix must be singular if P is singular. That is,
E{zz;} =0, 34, i=1,...,2K~1. (5.18)
Now, when the algorithm converges the sth row of Eq. (5.16) is given by
[0 - 0 B{az} 0 -+ 0] =2TPQ, (5.19)

where v/ is the 5th row of the matrix V.

If the ith row of PQ does not depend on the other rows, then in the above
equation, for E{zz;} to be equal to zero, v;; has to be equal to zero, a contradiction

since by definition in Eq. (5.12) v;; is equal to 1. Therefore
E{zz;} #0, if the :th row of PQ does not depend on the other rows.  (5.20)
But v; = 1, then:

for E{z;z;} =0, it is necessary that the ith row of PQ depends on the other rows.

(5.21)
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From Egs. (5.10) and (5.11),

E{z}} = E{(vIPAb+vIn)bTAPTv; + nTv,)}
= vg‘PAzPT'v,; + 'u;TPP'v,,-or2

v PQu;. (5.22)

Substituting Eq. (5.19) into the above equation, we get

E{z}} = [0 - 0 E{zz;} 0 --- D]vé

= E{Zﬁl),‘}, (523)

where we again used the fact that v; = 1. Combining the results of Eqgs. (5.21) and
(5.23), we conclude that if the power of the ith output obtained by using the adaptive
power minimization algorithm, E{z?} is zero, then the ith row of PQ necessarily
depends on the other rows. The situation is the same for P since @ has been shown

to be non-singular. (Q.E.D)

5.2.2 Weight Convergence of Bootstrap Separator

Upon identification of the dependent rows, the row that corresponds to the minimum
bit energy (that is, the partial user with minimum 7) is eliminated. The elimination is
done by not correlating the received signal with the user’s partial signature sequence.
After eliminating all the dependent rows of the cross correlation matrix P, the
outputs of the one-shot matched filter-bank with a full rank P are applied to the
adaptive bootstrap separator for signal separation.

The modified matrix P is a full rank rectangular matrix. In order to distinguish
it from the square and singular P, we use P. Similarly, we use “tilde” for the
other modified parameters such as the one-shot matched filter-bank correlation noise
vector i, the output signal vector &, the adaptive bootstrap separator transformation

matrix V', the weight matrix W and the output signal vector matrix z.
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Let P be a K x (2K — 1) matrix where K is the rank of P. From Eq. (5.5),

when the adaptive weights of the bootstrap separator converge, we have

T I
L ore s TPAb
E{zsen(z)} = 27CKD 3 a7 PAbl - 2Q(-——)]
be{} ¢
51 Pp; 20¢ [v] P Ab]?
4D 5 Biom® TG g WS (504
bgf}f’ Bot, Vor P(——5) (5:24)

where Py, is the K x K covariance matrix of #2, obtained from P by eliminating the
columns corresponding to the rows that were eliminated to generate P from P. The
; is the ith row vector of V. As in Eq. (5.8), E{%sgn(z)} > 0for k =1,...,K.
Rewriting Eq. (5.24),

”TPAb

E{zsgn(3)} = 7P {2 GE=D 37 Ab[L —2Q(- )]

bey %,

Ioo; 20¢
49-(2K-1) nY; &5 exp _
bX{:} F Pat; V2 ( 208

~

= #TP#; i,5=1,...,K, (5.25)

where we use PI, = Py with I, a (2K —1) x K matrix, wherein the rows corre-
sponding to the eliminated rows are all zeros and #; is the term inside the curly
brackets in the above equation.

The above equation can be written in a matrix form as:
E{zsgn(37)} = VPR, (5.26)

where R is (2K —1) x K matrix whose columns are #; with j = 1,..., K. When the
bootstrap algorithm converges, the left-hand side of Eq. (5.26) is a diagonal matrix
with all positive terms, having full rank. Therefore R must have a full rank, K,

resulting in a unique solution for \
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5.2.3 BER Performance Analysis

The 1th output of the bootstrap separator can be written as

N2
)
]

GEE

Wz

-~

Vabi + Q?A,-,b_i +#; —wlE;

I

Vb + pl Ab; + v — @l (P AD; + p/aibi + 1)
= Vai(l - @ p)b + (p] — @] P;)Ad; +v]n, (5.27)
where, in the above equation, the underlined vector is the vector without its sth

element and the underlined matrix is the matrix without its ¢th row and 2th column.

The BER for the th user is

11—'17)?~ + T—‘~;T1~D‘i Aibi
BER; = 27(K-2 %~ Q(\/a_( w2 USE’ @ B)Ab ) (5.28)
b.e{ £

where the set {-} contains all 2252 different combinations of b,.

5.2.4 Simulation Results

Using length-seven Gold codes, a desired user (first user) and two interfering users
are simulated with asynchronous CDMA communication. The interfering user signals
are delayed with respect to the desired user so that the left half of their codes are
equal. That is, the second and fourth one-shot signature sequences are dependent.

The corresponding cross correlation matrix at the output of one-shot matched filters

is

1.0 0 -0.169031 0 —0.169031
0 1.0 0 1.0 0
P = —0.169031 0 1.0 0 0.2 . (5.29)
0 1.0 0 1.0 0
—-0.169031 O 0.2 0 1.0

The BER performance of the adaptive bootstrap separator and its conven-
tional (using pseudoinverse matrix) counterpart is depicted in Figure 5.2, for various
desired and varying interfering users’ SNRs. This figure shows similar behaviour

to that with non-singular cross correlation matrix; that is, for low interference, the
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BER performance of the bootstrap separator is better than the performance for the
conventional decorrelator, whereas for high interference it is the same. Of special
interest is the curves with SNR; = SNR; as it reflects the performance with power
control.

Figure 5.3 repeats the results of the Figure 5.2, except that the singular cross

correlation matrix obtained for the non-equal delay case,

1.0 —0.534522 —0.507093 0 0.654653
—0.534522 1.0 0 —0.707107 0
P = | —-0.507093 0 1.0 0.447214 —0.258199 |. (5.30)
0 —0.707107  0.447214 1.0 0
0.654653 0 —0.258199 0 1.0

We finally conclude that the bootstrap algorithm with the adaptive rank test
and update, can still be used for asynchronous CDMA communication, with any
cross correlation matrix; singular or non-singular.

The resulting algorithm depicts the BER performance better or equal to what
can be expected for the decorrelating detector. We emphasize that although the
bootstrap approach require some more complexity, its ability to adapt to changing

conditions of the wireless communication environment is desirable.
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10

SNR; = SNR;, =23 |oroeivememeiniiiviiniin,

BER,

SNR;, dB,i=2,3

Figure 5.2 BER performance of three asynchronous
non-adaptive decorrelating detectors.

users using the adaptive and
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BER,

0 2 4 6 8 10 12 14 16
SNR;, dB, i=2,3

Figure 5.3 BER performance of three asynchronous users using the adaptive and

non-adaptive decorrelating detectors.
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5.3 Proposed Solution I
The second proposed method for avoiding the non-convergence of the bootstrap
algorithm takes advantage of using a soft limiter for the weight updating scheme.
1t is shown analytically that using a soft limiter rather than a hard limiter for the
weight adaptation scheme does not introduce the problem of convergence. This idea
is supported with simulations of several asynchronous CDMA users when the one-

shot cross correlation matrix of their signature sequence is singular.

A

L b

ONE-SHOT
——>1 MATCHED
FILTER BANK

Zp

Figure 5.4 Modified bootstrap decorrelating detector for the users with dependent
signature sequences.

5.3.1 Convergence Analysis

When the algorithm converges,

E{zf(z)}=0, 4,j=1,...,2K—1; i#j, (5.31)
where
Z o= vim
= v, PAb+§, (5.32)
v = vy o vigk_1 ] and & = v¥in.
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In Section 5.1, it was shown that when f(-) = sgn(-) (i.e. hard decision
function), the adaptive weights do not converge if the PCCM is singular.

In order to resolve this problem, we propose the discrimination function:

1 if 2; > 1
flz) =< zft if—t<z; <t (5.33)
-1 ifz; < —t,

where t is a real number called the threshold. Then

E{zif(z)} = E{(v{PAb+&)f(viPAb+E)}

= E{v]PAbf(vIPAb+ &)} + E{&f(v] PAb + &)} (5.34)

Both terms in the right hand side of the above equation are derived in Appendix B.
Then

Blaf(s)) =7 ¥ fah -t - oY)
be{ i 4
iC; R g 3 .4 ]2 .12
+ SQ( L - QLN+ szf_w[exp(——-—-—[";jgj] ) - exp(————-[cgagl )
vl Po, U?J. c;—t c;+t
ToTpy, 1 o) T e ”} ’ (5:35)

where ¢; = v PAb and ¢; = vaAb, 1,7 =1,...,2K — 1.

In the limit when ¢t — 0, using L'Hospital’s rule, we can show that the second
term in Eq. (5.35) cancels out the third term with the result in Eq. (5.5). Note that
P is positive semidefinite; then, for E{z f(z;)} =0, v; cannot be an eigenvector of
P since then v] Pv; = 0, and the equation cannot be satisfied.

For a quite small ¢ the sum of the second and third terms of Eq. (5.35) is almost

zero, leaving

E{z Z; = 2_(2K_1) { 1 — ] - _ E‘Li_..t.
{zif(2)} b[::{_} all = Q( o ) —Q( - )
’viTP’U'O‘gj c; -1 c; + 2
e - gt

O¢, O¢y
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T —(2K-1) 2-(2}(”1)"’1
= vl P {2 3 Abau(t)-l-—wug—— > az(?)
be() TP be(y
=0, 2,7=1,...,2K~1; i#7, (5.36)
where
C; ¢+t
aslt) = 1~ QL) - (It
EJ J
2
) _ f'_ﬁ_v ¢ —1 _ ¢ +1
wnll) = AL - (L)
||'v3||fp = v?ij>0. (5.37)

Note that aq;(¢) > 0 for ¢ > 0 and any ¢;, and ag;(t) > 0 for any ¢ and any ;.
From Eq. (5.36) we get:
TPUJ

vIPA Y bay;(t) = > aglt), 4,i=1,...,.2K—1; i#j (5.38)
o il 2,

We may also write Eq. (5.36) in the form of

E{zf(z;)} = v{ Pr; (5.39)

where r; is the term inside the curly brackets. Then

E{nf(z)) 0 e 0
PO = 0 E{zu:f(zz)} 0
0 0 oo B{zk_1f(z2x-1)}
= VPR (5:40)

From Eq. (5.36), when P is singular E{z; f(z;)} must be equal to zero for as
many ¢ as the nullity of P. Therefore, from Eq. (5.36),

E{zif(z)} = 27®IPA Y bay(t)+ Y aui®),

be() be(}
v/ PA Y baui(t) = — 3 ay(t) for these i’s (5.41)
be() be(}
and v] PA Y bay(t) # — Y, au(t) for the other ’s; (5.42)
be(} be()

where: = 1,...,2K — 1. Considering Eqgs. (5.38), (5.41) and (5.42) we conclude that

steady state weights exist.
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5.3.2 BER Performance Analysis

The adaptive weights for the K asynchronous users can be found using Eq. (5.36).

The 2th output of bootstrap separator can be written as,

z; = \/a—,,b, + &TAb +n; — _":U._iTic_i

A=)

Il

Vaibi + pl Ab; + ni — w] (PiAb; + pJ/aibi + 1)

= (1-wlp)vabi+ (o7 —wlP)Ab; +ni—wln,  (543)

where, in the above equation, the underlined vector is the vector without its ith
element and the underlined matrix is the matrix without its ¢th row and ith column.

The BER for the sth user is

1- 7 ; % 1 )£
BERz — 2~(2K—-2) Z Q(( w; 21)\/6—“-}; £ ), (544)

(p] ~wlP)AD
.l_)ie{‘} &

where the set {-} contains all 2*%-2 different combinations of b;.

5.3.3 Simulation Results
Three asynchronous users with the same code sequences as in Section 5.2 are
simulated using the proposed scheme.

In order to observe the effect of the threshold setting on the adaptive weight
convergence, the threshold of the soft limiter is changed from 1075 to about 10° for
desired and interfering user’s SNR equal to 8 dB. The bootstrap separator’s weights
converge for a wide range of threshold settings. The results are depicted in Figure 5.5.

With a threshold of 2.0, the adaptive bootstrap separator is simulated for
various desired and interfering user SNRs. The separator weights converged for all
the cases.

The BER performance of the adaptive bootstrap separator and its non-adaptive
counterpart is depicted in Figure 5.6 and Figure 5.7 for various desired user and inter-

fering users’ SNRs. From these figures it can be observed that, for low interference,
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the BER performance of the bootstrap separator is better than the performance for

the non-adaptive decorrelating detector, whereas for high interference it is the same.

Bit Error Rate

! L
-5 -4 -3 -2 -1 0 1 2 3 4
log10(Threshold)

Figure 5.5 The effect of threshold setting on the convergence of adaptive decorre-
lating detector.
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—: Adaplive

— ——: Non-Adaplive |:::::]

.........................................

R S SNR, = 6 dB

BER,

Figure 5.6 BER performance of one-shot adaptive and non-adaptive decorrelating
detectors for three asynchronous CDMA users with dependent codes.
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BER
;
/:

— : Adaplive
— — = Non-Adaplive |*1:

Figure 5.7 BER performance of one-shot adaptive and non-adaptive decorrelating
detectors for three asynchronous CDMA users with dependent codes.
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5.4 Summary
In this chapter we analysed the non-convergence problem of the adaptive bootstrap
separator, which occurs whenever the cross correlation matrix of the user codes is
singular. The singularity of the cross correlation matrix is a common phenomenon
for the one-shot detection of asynchronous CDMA users. We proposed two different
schemes as a solution to the convergence problem. The first scheme was based on
obtaining a full rank cross correlation matrix by eliminating the dependent rows of
the cross correlation matrix in a sequential manner. For this procedure, an adaptive
power minimization algorithm was used. The second scheme takes advantage of
using soft limiter as the discriminator function for the weight update rather than the
hard limiter. BER performances of both methods were obtained by simulating three
asynchronous CDMA users. The performance results of both proposed adaptive

schemes are better than the performance of the non-adaptive decorrelating detector.



CHAPTER 6
CONCLUSION

We began this dissertation by addressing the need for an increase in the capacity for
mobile radio communication. The capacities of the multiple access schemes currently
in commercial use such as FDMA and TDMA are well below the required demand for
the future generation of mobile radio communication. The CDMA multiple access
scheme emerges as a possible solution to the growing demand for mobile communi-
cations. The capacity of CDMA is limited by the multiuser interference from the
other users. The cancellation of multiuser interference for CDMA communications
is one of the active research areas in the recent years.

Since the characteristics of the mobile communication environment are time
varying, it is desirable for the detector to adapt itself to the changing conditions of
the communication environment. Throughout this dissertation, the focus was on the
adaptive schemes, for the cancellation of multiuser interference.

In Chapter 3, the advantage of using the adaptive decorrelating detector rather
than the non-adaptive decorrelating detector is demonstrated by comparing their
BER performance in an asynchronous CDMA environment with erroneous code
delay estimation. It is observed that the non-adaptive decorrelating detector is very
sensitive to the delay estimation errors, whereas the adaptive decorrelating detector
is very robust. This adaptive decorrelating detector can be used as a first stage in
the multi-stage CDMA detector.

In Chapter 4, an adaptive two-stage CDMA detector is proposed with an
adaptive threshold setting algorithm. This algorithm finds the optimum threshold
values by minimizing the energy at the output of the canceller stage with respect to
the interfering signals. It is observed that minimizing the output energy is not the
same as minimizing the BER of the desired user. However, the difference between the

minimum BER and the BER corresponding to the minimum energy for the desired

72
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user is almost negligible. Therefore, the optimum threshold is found according to
the adaptive energy minimization algorithm. Selecting the adaptive decorrelating
detector studied in the Chapter 3, for this two-stage detector, makes the whole
structure totally adaptive.

Finally in Chapter 5, the problem of non-convergence for the adaptive decor-
relating detector is studied. It is analytically proven that the adaptive decorrelating
detector weights do not converge when partial signature sequences which occur in
one-shot asynchronous CDMA detection are dependent. Two different solution are
then proposed and analysed using adaptive schemes. It is observed that both of

the proposed schemes have better BER performance compared to the non-adaptive

decorrelating detector.



APPENDIX A
DERIVATIONS FOR CHAPTER 4

A.1 Derivation of E{bf(nu)}
It is easy to show that E{bf(nu)lb = 1} = E{b;f(nu)|b; = —1}. Therefore,

o0 __m\2
Binson)) = e [ e (<P e ()

Mt
where 7 and o7, are the mean and the variance of the Gauissan random variable
Mii-
With b; = 1 and therefore g = Az = Au(y/ar + &) and T = Auy/ar. Then
evaluating the integral over its three regions, (—o0,—1], {~1,1] and [1,00), with
change of a variable, z = (Nw — Tki)/ Tne» We get

E{bif(nu)} = _J}E_; [ raas [ oo+ Nav/a)e = /2ds] (A.2)

= ”\/ﬁ (ew%/z — e—aﬁ/a) + Apv/ar {1 — Qon) — Q)] + Q) — Q(ex2)

where aq = (1 = Ayy/ay) /oy, and ag = (1 + Aki/a1)[ Oy,

A.2 Derivation of E{f*(nu)}
The E{f*(nu)} can be written as

B ) = LB )b =1} 4+ S Bl = =1} (A9)

It is easy to show that conditioned on b = 1 and b = -1, both terms in the right

hand side of the above equation are equal. Therefore,

E{ff(ne)} = E{f*(mu)lbr =1}
= \/—2—;0%1 /:o () exp (“ (st — duar/i) ) dnki

- 207271:1
1 ® 12 (Uk!"'\kh/al)2>
= exp | — d
Toro b 709 p (- i
1 o (k1 + Awn/ar)?
+ / £ (ma) exp (-— dyw. (A4
V2m oy, Jo 202, (A-4)
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Substituting z1 = (9x — Awy/@1)/ 0y, in the first integral, z; = (nu + /@1)/0n, In

the second integral in the above equation and performing the integration we get

2

E{f*(m)} = \C;’j?_’“;? [(20{0 — a2)e-a§/2 — (200 + al)e—a'f/z]

+o, (14 ag) [1 - Q) — Q(a)] + Q) + Q(aw), (A5)

where ap = Apn/ar/on,, o = (1 — Apn/@)/on, and oz = (1 + Aun/ar) /oy,

A.3 Derivation of E{bdf(nu)/d\u}
It is easy to show that E{bidf (nx)/dA\n} = E{bizidf (ni)/dnw } and E{byzidf (nw:) /dn[b; =
~1} = E{bizidf (ne )/ dnwa|bi = 1}. Therefore,

E b(Z[M = F blzlmlbgzl
AN dﬁ

1 "7kl (k1 — Akin/ar)?
= — d A6

nkl
Changing variable, = (91 — Any/a1)/oy,,, in the above equation and performing

the integration we get,

df (7w1) LD JCE TR s Yy R
E {b " } g {\/_—(e 12— ey 4 dpy/ar 1 — Q(a) — Q(az)]} ,
(A7)

where o and ay are defined in (A.5).

A.4 Derivation of E{f(nkz)df(’l)k[)/d/\k[}

e { o L2 = L5 { o) L0 = <1+ 2 o L 1}

It is easy to show that, both terms in the right hand side of the above equation are

equal. Therefore,

E{f(n )dfi(;“)} - E{f(w)zzdj;gl’:’)}=ﬁz{ £ ()2 L) ("’”’)lb _1}

1 L (Mwt — )\kl\/—)
I SR L dnie. .
Bmon /_ Dy P ( 52 ma. (A9)

771:!
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Changing variable ¢ = (nx — Ap\/G1)/ 0y, and performing the integration gives

d o . )
E {f(nkl) {Z(;:)} = )Tlm' {?’—2%[(2050 — e/ (200 + oy )e™*/?]

+on, (14 o)1 = Qo) — Q(an)]} - (A.10)

A.5 Derivation of P,

P, = %[PT‘(M < u13(Ma) f(a) — py/azbs — aq)
+ PT‘(TLl > ’qu(Am)f(?hz) —_ pﬁ;bz + \/(?1-)] (All)

By using the fact that Pr{ma < —1,b2) = Pr(n12 > 1,~b2) we can write,

Py, = [Pr{m < ui(hiz) — py/azby — 1/a1)
+ Pr(ny > uya(Me2) — py/azbs + 1/a1)| Pr{n, > 1|bs)
1
+ i{P‘f‘(m < uu()\u)?hz — py/azby — a1, a2 < [1])

+ Pr(ny > u1a(Mz)ma — pv/azby + /ay, miz < [1])].

(A.12)
By letting
51 = pvaslc—1), 6= pyfas(c+1),
71 = pyaz(enz — 1), Yo = py/ax(emz + 1), (A.13)

where ¢ = ui2(A2)/p\ /a3, we get

P, = %[Pr(nl < & — \/aD) + Pr(ny > 61 + \/aD)]| Primsz > 1jby = 1)
+ %[mnl < 8y — /a1) + Pr(ny > 65+ v/a)]Primz > 1]by = 1)
+ %{Pv{nl <y —+far, —1 < <1lbp=1)
+ Pr{ny > m + /a1, =1 <mg < 1oy = 1))

1
+ Z[P”(nl <Y — a1, =1 <t <1lby = —1)



i

+ P«,(nl > v+ \/Zﬁ, -1 <me < 1152 = “1)]
Q) 4 oY 0 an)

-

+%[1—Q(52—‘/-)+Q(52+‘/—)]Q( )+ 5L - Qen) - Qlan)]

1 Y1 + /a1 \/-1 ~(7712 Mav/Gz)”
z{m%/_@( ) - QYA s
1

1

207,
+{ 1 /I[Q(E%\/_—)_Q(K%@)]exp( (o + da/a)" ) }

2
20-7332

(A.14)



APPENDIX B

DERIVATIONS FOR CHAPTER 5

B.1 Derivation of E{&sgn(vi PAb+ )}

In order to calculate the second term in Eq. (5.2), we use a linear transformation

[Eg}zm ?HS\J] (B.1)

such that,

where
_ JERIEE) - B e
E{fz} (B.2)
and
oo Ble&) _ BloinnTv;} o’ Po, (B.3)

E{&?}y  E{vinnTv;} ol Puv;
Note that A\; = (§; — G&)/F,  A; =& and E{\;A;} = 0. From Eq. (5.2) we

can write,

E{¢sgn(vIi PAb+¢;)} = E{(FX\+G);)sgn(v] PAb+ X))}

Il

GE{¢;sgn(vi PAb +¢;)}, (B.4)
since \; and ); are uncorrelated. From the above equation,

E{fjsgn(v?PAb +&)} = Eb{fjsgn('uerAb +&5), 'U;‘rPAb + & > 0}

+ Eb{ﬁjsgn(vTPAb +¢&;),vT PAb + ¢ < 0}

-vTPAb

_ o—(2K-1) bz [ / VTP ab Eipe, (£5)dE; — /_ :, &P&j(fj)d&]

e{}
= 9 K-y bz U_:TPAb €jpaj(€j)dfj+/1:PAb §jP£j(5é)d53}

(e ’
— (2K1205’{/ ¢ exp(— 2 d§+/ 56(62)5
- PR FUSAIFE RS PV RS ’

[v] P Ab? [v] PAbJ”

_ o-(2K-1) p(— —
_ g-(2K-1 bez{}m[ 207 ) + exp( 207 )]. (B.5)

Substituting into Eq. (B.4) results in Eq. (5.4).

78



79

B.2 Derivation of E{zf(z;)}
The first term in Eq. (5.34) can be calculated as follows:

E{v{ PAbf(v] PAb +¢;)} = Ep{v] PAbf(vTPAb + ¢;),vTPAb + & > 1)
+ Ep{v] PAbf(v] PAb+£),vT PAb+ & < —t}
+ Ep{v] PAbf(vTPAb + ¢;), 0T PAb + ¢; < |1]}

= 27CK-0 %" 4TPAbPr [{fj >t—v] PAb} — Pri¢; < —t —vTPAb}
be(}
t-vTPAb r
+ fq_v]rpAb(”i PAb+ fj)Pc,'(fj)dfj]

‘ TPAb—t TPAb 4t

= 20 PA Y "{h S g
be{y O¢; o¢;
vT P Ab vg’PAb~t) 0 U;FPAbH)]

t [ o¢, o
s &
o7 ik
[v; PAb — ] )]},

O¢; ['vaPAb—}-t]?' i

+ expl—————5—) — exp(—
t\/27r[ o 20?}. ) p{ Zagj

(B.6)

where pg; () = (1/V2r0¢;) exp(—£}/20%) and Q(z) = (1/v27) f;° exp(~y?/2)dy.
[n order to calculate the second term in Eq. (5.34), we use the linear trans-

formation given in Eq. (B.1). Hence the second term in Eq. (5.34) can be written

as

E{&f(v]PAb+ &)} = E{(FX+G))f(v]PAb+);))

= GE{{f(vIPAb+¢;)}, (B.7)

where

E{¢; f(v] PAb + &)} = Ep{¢;f(v] PAb + §;),v] PAb + ¢; > t}
+ Ep{&;f(vTPAb + ¢;),v T PAb 4+ ¢; < —1}

+ Ep{€;f(vT PAb + §;),v] PAb + & < [t]}

= 27t 3 [/w £ve, ()6 — /“t””fPAbap ()46
ol -vTPAb iPg;\85)a; o iPg;\G5 )48
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t~'vTPAb o7
j t-—'vTPAb j PAb+ 67)3)5:(53)‘1’53
 PAb 4 1] T PAb - )2
= o-OK-) ¥ Th Lgfi____) L0 ]
p(——
be(} ‘/— 20}, 207 )]
2"(21< 1) { T o¢; ['UTPAIJ + t]Z ['UTPAb _ t]2
+ 2. {v; PAb— L exp(—~ — exp(—————)]
t be(} ! V21 20? 20'?,

g T 2 T 2
T8 W TPAb — ) exp(— L EAL = g _[pTPAb + 1]
+ o [(’Ug ) exp( 20% ) (vj PAb + t)exp( 20‘?’_ )]

vIPAb -t vITPAb 4+t
+opla ) g ), )
& ¢,

It is easy to notice that the first and second terms in the above equation are cancelled

by the third, and substituting it into Eq. (B.7) we get

o-(2K-1) Vi Pvu7 UEJ > [Q(v?PAb—t)_Q(vaAb+t)].

g¢

E{&if(v] PAb+¢;)} =

3

(B.9)
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