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~ pread spectrum has becn very

successfully used by the military for decades. Recently, spread-
spectrum-based code division multiple access (CDMA), has taken
on a significant role in cellular and personal communications.
Multiple access allows multiple users to share limited resources
such as frequency (bandwidth) and time. There are a number
of multiple access schemes including more than one type of
CDMA. We shall concentrate on one type, dircet sequence
CDMA (DS/CDMA). CDMA has been found to be attractive
because of such characteristics as potential capacity increases
over competing multiple access methods. anti-multipath
capabilities, soft capacity. and soft handoff.

We shall not cover all the background of DS/CDMA ., since
that has been well explained in recent literature (e.g., [1]). In
fact, this article may be viewed as a supplement to that litera-
ture with an update on some potential enhancements to the
versions of DS/CDMA currently being developed [2-4]).) We
will show that there is a natural modification of the present
systems that is potentially capable of significant capacity
increases. By “natural modification” we mean a modification
that can be made conceptually clear, not that it is easy to imple-
ment. Indeed. the optimal multiuser detector is much too
complex and most of the present research addresses the prob-
lem of simplifying multiuser detection for implementation. The
objective of this article is to make the basic idea intuitive and
then show how investigators are trying to reduce the idea to
practice. We also indicate multiuser recciver structures with
potentially acceptable levels of complexity and address potential
obstacles for achieving theorctically predicted performance in
practice. As a result of these investigations, an answer (o the
following question is expected: Is there a suboptimal multiuser
detector that is cost effective to build with significant enough
performance advantage over present day systems? A definitive
answer is not yet available,

We will first review some salient features of CDMA systems
needed for the discussion to follow.

Limitations of a Conventional CDMA System

A conventional DS/CDMA system treats each user separately
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! A comprehensive reference set on spread spectrum until 1985 is [5).

as a signal, with the other users considered as either interfer-
cnce, e.g.,Multiple Access Interference (MAI), or noise. The
detection of the desired signal is protected against the inter-
ference due to the other users by the inherent interference
suppression capability of CDMA, measured by the processing
gain. The interference suppression capability is, however, not
unlimited and as the number of interfering users increases,
the cquivalent noise results in degradation of performance, i.e.,
increasing bit error rate (BER) or frame error rate. Even if the
number of users is not too large. some users may be received at
such high signal levels that a lower power user may be swamped
out. This is the near/far effect: users near the receiver are
received at higher powers than those far away, and those fur-
ther away suffer a degradation in performance. Even if users
are at the samec distance, there can be an effective near/far
effect because some users may be received during a deep fade.
DS/CDMA systems are very sensitive to the near/far effect and the
recent success of DS;CDMA has, in large part, been due to the
successful implementation of relatively tight power control,
with attendant added complexity. There are thus two key limits
to present DS/CDMA systems:

* All users interfere with all other users and the interferences

add to cause performance degradation.
* The near/far problem is scrious and tight power control, with
attendant complexity, is needed to combat it.

Multipath Propagation

One other aspect of CDMA that we need to review is the ability
to combat multipath reception of signals [6]. Due to multiple
reflections. the received signal contains delayed. distorted
replicas of the original transmitted signal. First, consider what
happens in a non-spread-spectrum system. When the multiple
reflections, called multipath signals or simply multipaths, from
one transmitted bit are received within the time duration of one
bit, the received signal consists of the superposition of several
signal replicas, each with its own amplitude and phase. It is
important to recognize that this superposition is the addition
of complex quantities. Due to the motion of the mobile (or, even
of the base station in some systems), the relative phases of the
received signals are continually changing. This results in suc-
cessive reinforcement and interference of the superposed
multipath signals. resulting in verv large time variations in the
received signal. Such variations are referred to as Rayleigh fading
(or Rician fading, if there is a direct component in addition to the
reflections). The variations due to Rayleigh fading arc a serious
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cause of performance degradation and a commu-
nication system must be designed carefully, tak-
ing that into account.

We shall refer to systems where all of the mul-
tipath signals arrive within one bit interval as “nar-
rowband.” On the other hand, the bit rate may be
so high that multipath signals from one bit arrive
over a duration longer than that of one bit. Such
systems will be called “wideband.” The Rayleigh
fading effect is less pronounced, because there are
fewer multipath signals from one transmitted bit
arriving during the bit duration.

CDMA systems are inherently wideband when
the chip duration, as opposed to the longer bit
duration, is compared to the time between muiti-
path receptions. One can then combat multipath
interference by multipath reception, whereby the
different multipath arrivals are considered as inde-
pendent receptions of the signal and are used to
give a beneficial time diversity. This is usually
done with a RAKE receiver, the name apparently
taken from the action of a rake with a number of
teeth pulling in a number of items simultaneously.
So, instead of multipath being just a source of per-
formance degradation, the multipaths are used to
provide the benefit of diversity [7].

Interference Cancellation and
Multiuser Detection

In a conventional CDMA system, all users interfere
with each other. Potentially significant capacity
increases and near/far resistance can theoretically
be achieved if the negative effect that each user
has on others can be canceled. A more fundamen-
tal view of this is multiuser detection, in which all
usersare considered assignals for each other. Then,
instead of users interfering with each other, they
are all being used for their mutual benefit by joint
detection. The drawback of optimal multiuser
detection is one of complexity so that suboptimal
approaches are being sought. There is a wide range
of possible performance/complexity combinations
possible. Much of the present research is aimed
at finding an appropriate tradeoff between com-
plexity and performance.

Multiuser Detection in Cellular Systems

In a cellular system, a number of mobiles com-
municate with one base station (BS). Each mobile
is concerned only with its own signal while the BS
must detect all the signals. Thus, the mobile has
information only about its own chip sequence
while the base station has the knowledge of all the
chip sequences. For this reason, as well as less
complexity being tolerated at the mobile (where
size and weight are critical), multiuser detection
is currently being envisioned mainly for the BS,
or in the reverse link (mobile to BS). It is important
to realize, however, that the BS maintains infor-
mation only on those mobiles in its own cell. This
plays a role in the limitations on improvements to
be expected in a multiuser detection system, to
be discussed next.

Limitations to Improvements

Before we discuss multiuser improvements to the
conventional DS/CDMA detector, itisimportant to
define factors that limit such improvement [1, 8].
One factor is intercell interference in a system that

cancels only the intracell interference? I. For
intercell interference which is a fraction f of the
intracell interference, the bound of capacity
increase (all of the intracell interference is can-
celed) is (1 + f)/f. For f = 0.55, this factor is 2.8
[1]. Observe that with a sectorized antenna, it is
conceivable to cancel users from another sector
and thus improve the bound.

Another limiting factor is the fraction f, of
energy captured by a RAKE receiver. That is, a
RAKE receiver with L branches or “fingers” will try
to capture the power in the L strongest multipath
rays, but there will be additional received power

-W will show that there is a natural modi-

fication of the present systems that is potentially capable of
significant capacity increases. As a result of these investiga-
tions, an answer to the following question is expected: Is
there a suboptimal multiuser detector that is cost effective to
build with significant enough performance advantage over

present day systems?

in additional rays. For the conventional detector,

this is self-interference. Reference [10] gives

examples of the fraction of captured power. The
fraction of captured power is a function of chip
rate and delay spread as well as the number of

RAKE branches. So, combining the two effects

(measured by f and f.), the total interference

before cancellation is (1 + f)I (neglecting the

smaller self-interference due to uncaptured mul-
tipath power of the desired user). Cancellation
removes at most f./ so the bound on improve-
ment is (1 + f)/(1 + f-f.). For f, = 1, the above
bound of 2.8 on capacity improvement remains. For

fe = 0.5, the bound is reduced to 1.5.

It should be recognized that multiuser detec-
tion is used not only to increase capacity but also
to alleviate the near/far problem, and the preceding
bound does not account for that benefit. Relax-
ing the power control requirement actually trans-
lates into a capacity benefit which is, however,
more difficult to quantify than by the above sim-
ple signal/interference argument. A multiuser
detector could recapture part of this reduction by
reducing variability (or relax the requirements on
power control).

To put these constraints on improvements
into further perspective, we are assuming here
that multiuser detection is a candidate primarily
for the reverse link for reasons given earlier.
Since the reverse link is usually more limiting
than the forward link,? increasing the reverse link
capacity will improve the overall system capacity.
But increasing it beyond the forward link capacity
will not further increase the overall system capac-
ity. Thus,

* The potential capacity improvements in cellu-
lar systems are not enormous (order of magni-
tude) but certainly nontrivial.

* Enormous capacity improvements only on the
reverse link (the candidate for multiuser
detection) would only be partly used anyway in
determining overall system capacity.

* Hence, the cost of doing multiuser detection
must be as low as possible so that there is a per-

2 Intracell interference is
from interferers in the
same cell as the desired
user while intercell inter-
ference is from interferers
outside the cell. It has
been proposed that inter-
cell interference be can-
celed by explicitly
communicating this infor-
mation, or by adaptive or
blind methods (see [9]).
This research is at an ear-
lier stage.

3 Some cases in which the
forward link appear to be
limiting are given in [62].
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formance/cost tradeoff advantage to multiuser

detection.

The bottom line is that there are significant
advantages to multiuser detection which are,
however, bounded and a simple implementation
is needed.

Historical Background
The idea of interference cancellation arises in many
contexts. e.g.. noise cancellation in speech [11]
and adaptive interference canceling as in Chapter
12 of [12]. There are thus a number of non-CDMA
references with ideas similar to those being cur-
rently studied for CDMA. We should distinguish
between canceling noise which has no usetul pur-
pose (as in [11] and Chapter 12 of [12]) from can-
celing interference which is due to other signals
which are themselves to be detected. A couple of
non-CDMA cxamples in the latter category are
[13-15]. The CDMA case considered here is of

dﬂ a conventional CDMA system, all users

interfere with each other. In multiuser detection, all users are

considered as signals for each other. The drawback of opti-
mal multiuser detection is one of complexity so that subopti-

mal approaches are being sought.

the second type, where the signals being canceled
arc of interest also. It should be remarked, how-
ever. that the first type of cancellation also is of
importance in CDMA systems, e.g., in suppress-
ing narrowband interference (this is not discussed
in this article, but is discussed in Scction 5 of [3]).
Both types of interference cancellation have in
common the goal of removing from a desired signal
anoise-like interference. But in the second type
(the type considerced here), the fact that the sig-
nals being removed are themselves information
carrying leads to a new viewpeint, that of simudta-
neously detecting all the information carrying sig-
nals.

The first CDMA interference cancellation ref-
erences we are aware of are [16, 17]. Both of these
papers delincate a number of ideas that are present
in much of the ongoing research. Estimates based
on mean square crror and maximum likelihood
are discussed in [16]. Reference [17] shows how
cancellation is implemented by solving simultanc-
ous equations, in essence, by inverting a key matrix.
There were subsequently a number of papers with
variaats of the ideas of [16, 17]. Significant theo-
retical steps forward were taken in |18, 19] (with
carlier references). in analyzing the structure and
complexity of optimal receivers. Thiswork triggered
anewrescarch effortonsuboptimal algorithms. The
strong connection hetween MAT and intersymbol
interference (ISI) was also made in [18]. There
arc aspects of MAIL however, that are not shared
by ISI:
¢ The near/far problem.

MATLis affected by the relationship among user
chip sequences (codes) as well as by the imper-
feettons of the radio channel, while ISTis due only
to the channel.

Thus, while cqualization (used to combat 1S1)
will play a role in the multiuser detectors to be

discussed. it should not be expected that it can be
used without modification.

Recent survey papers include [8, 9] with many
further references. The rest of the references
here are cited as needed in the discussion.

Multiuser Detection:
Concept and Techniques

The CDMA Channel Model and
Approaches to Delection

A CDMA channel with K users sharing the same
bandwidth is shown in Fig. 1. The signaling inter-
val of cach user is 7 seconds, and the input alpha-
bet is antipodal binary: {+1. -1}. The objective is
to detect those polarities, which contain the
transmitted information. During the n-th signal-
ing interval, the input vector isx, = (x,', ...

%87 where x4 is the input symbol of the k-th

uscer. Userk (A= 1. ... K) is assigned a signaturc
waveform (or code. or spreading chip scquence)

si(r) which is zero outside [0, 7] and is normalized

! 2
Jsh(r)‘ dir=1
[}

Pulse amplitude modulation is employed at
the transmitter. The baseband signal of the k-th
user is

(=Y ke 1-iT-1, ), n
=

where 1 is the transmission delay. and ¢ £ is the com-
plex channel attenuation. According to (1), each
user’s signal travels along a single path. so this
model does not illustrate multipath propagation.
The effect of multipath is discussed in the section on
noncoherent multiuser detection. For synchronous
CDMA. the delay 1, = 0 for all users. For asyn-
chronous CDMAL. the dclays can be different.
The channel attenuation is a complex number

('f\ o \ M'll\ pr(/ef‘ ]

where w and 84 are the received power and
phase of the k-th user, respectively. The received
signal (at baseband) is the noisy sum of all the users’
signals:

«
YO = Y (+:zu). (2)
k=1

where 2(¢) is the complex additive white Gaussian
noisc (AWGN). The first step in the detection
process is to pass the received signal y(r) through
amatched filter bank (or a sct of corrclators). It
consists of K filters matched to individual signa-
ture waveforms followed by samplers at instances
nT+v. k=1,....K.n=1.2,.... The outputs
of the matched filter bank form a set of sufficient
statisties about the input sequence x, given v(r) [18].
Thus, we will consider the equivalent discrete-
time channel model which arises at the output of
the matched filter bank.

For the rest of this section, we will concentrate
on avery simplified DS/CDMA system. (There
are anumber of simplifications which will be exposed
in the rest of the article. In fact, cach relaxation
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of simplification will represent another factor to
consider for the multiuser detection system.) The
simplifying assumptions are as follows:

We Consider Real Channel Attenuations — The
real modelis convenient for analyzing coherent meth-
ods, and can be easily generalized to the complex
case. In the following section, we extend our
treatment to multiuser detectors for fading
channels, where complex attenuations need to be
considered.

Derivation of Multiuser Detectors is Presented
for Synchronous CDMA System — The synchro-
nous assumption considerably simplifies exposi-
tion and analysis and often permits the derivation
of closed-form expressions for the desired per-
formance measures. These are useful since simi-
lar trends are found in the analysis of the more
complex asynchronous case. Furthermore, every
asynchronoussystem canbe viewed as an equivalent
synchronous system with larger effective user
population {20], which is often explored in burst
CDMA communications. Moreover, synchronous
systems are becoming more of practical interest since
quasi-synchronous approach hasbeen proposed for
satellite [21] and microcell applications [22]. Itshould
be recognized, however, that the transition from syn-
chronous to asynchronous can considerably
increase the complexity of multiuser detection.
Throughout the paper, we address implementa-
tion issues and complexity increase for various detec-
tors for the asynchronous model.

Certain Parameters are Known Exactly —
Although multiuser detectors presented in this sec-
tion take advantage of completely known ampli-
tudes, and phases and delays do not appear in the
treatment at all, the next section addresses non-
coherent detectors which do not require the
knowledge of amplitudes and phases. Sensitivity
and robustness are discussed in a subsection titled
“Issues in Practical Implementations.”

For synchronous CDMA, the output signal
y(t) (2) for nT < t < (r + 1)T does not depend on
the inputs of other users sent during past or future
time intervals. Consequently, it is sufficient to
consider a one-shot system with input vector x,
= (x1, ..., xK)7, real positive channel attenuations
(amplitudes) ¢! = \/;lp, ..., & =JwK and real addi-
tive white Gaussian noise z(¢) with power spectral
density Ny. The sampled output of the k-th
matched filter (matched to the signature wave-
form of user k) is

T T K L
i = [ Y@ (O)dt = [, (0] s (0! +2(e) gt
0 0 Jj=1

3)

Kk . T T
=k £ Y e [ (s (ode+ [se(Oz(ryde
j#k 0 0

Note that y, consists of three terms. The first
is the desired information which gives the sign of
the information bit x; (which is exactly what is
sought). The second term is the result of the mul-
tiple access interference (MAI), and the last is
due to the noise. The second term typically domi-
nates the noise so that one would like to remove
its influence. Its influence is felt through the cross-

Code K &S
S| Codex |

n

B Figure 1. The CDMA channel model.

correlations between the chip sequences and the
powers of users. If one knew the cross-correlations
and the powers, then one could attempt to cancel
the effect of one user upon another. This is, in
fact, the intuitive motivation for interference can-
cellation schemes.

Suppose there are only two users in the sys-
tem. Let r be the cross-correlation between the
signature waveforms of the two users

T
r= J s1(D)sy(t)dt.
0

In this case, the outputs of the matched filters are

yl=clel + e + zlandy? = 22 + relx! + 22
4)
The MAI terms for users 1 and 2 are rcx? and
rclx!, respectively. If these terms were not pre-
sent, the single user systemwould result. The bit error
rate of the optimal detector for the single user sys-
tem serves as a lower bound on the performance
of any other detector. This single user bound is
wt

P(EY=(Q \ Ny (5)

where the Q-function

17 -y?
o(x)=—— exp[;de.
\/EK X 2

The conventional DS/CDMA uses the same
approach as the optimal receiver for the single
user system. It detects the bit from user by cor-
relating the received signal with the chip sequence
of user &. Thus, the conventional detector makes
its decision at the output of the matched filter
bank:

i = sgn(y). (6)

When MAI terms are significant, asshownin (3),
the bit error rate of this detector is high. Note that
MAI depends both on the cross-correlations and
the powers of users. In the 2-user example above,
if user 1 is much stronger than user 2 (the near/far
problem), the MAI term rc'x! present in the signal
of the second user is very large, and can signifi-
cantly degrade performance of the conventional
detector for that user. A multiuser detector called
a successive interference canceller (decision-
directed) can remedy this problem as follows.
First, a decision i! is made for the stronger user 1
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Matrix 1= |

filter R *

W Figure 2. The decorrelator for synchronous CDMA.

4 Note, also, that r and ¢!
are assumed to be known
exactly for this example.
We shall return to this
issue.

using the conventional detector. Since user 2 is
much weaker then user 1, this decision is reliable
from the point of view of user 2. So, this decision
can be used to subtract the estimate of MAI from
the signal of the weaker user. The decision for
user 2 is given by

2= sgn(yz —rclxj)
= sgn(c&? + rel(x! - 21) + 22)

™)

Provided the decision of the first user is cor-
rect, all MAI can be subtracted from the signal of
user 2.4 If we fix the energy of the second user,
and let the energy of the first user grow, the error
rate of the successive interference canceller for the
second user will approach the single-user bound.
Thus, this detector is successful in combating the
near/far problem. This simple example motivates
the use of multiuser detectors for CDMA channels.
Below, we will discuss several previously proposed
multiuser detectors.

The Decorrelating Detector
Asastep towards the most general formulation, con-
sider the matrix version of the equivalent discrete
time model (3). The outputvectory = [yl,y2,...,yK|T
can be expressed as

y = RWx+z, 8)

where R and W are K x K matrices, and z is a col-
ored Gaussian noise vector. The components of
the matrix R are given by cross-correlations between
signature waveforms

T
Ry j = [si(Ds;(0)ar. )
0

The second matrix Wis diagonal with W, given
by the channel attenuation c; of the k-th user.
For example, in a two-user system, the matrix

Rzlr,
r1

where r is the cross-correlation between the sig-
nature waveforms of the users (9).

Inspection of (8) immediately suggests a method
to solve for x, whose components x; contain the
bit information sought. If z was identically zero,
we have a linear system of equations, y = RWx,
the solution of which can be obtained by inverting
R (itis invertible in most cases of interest [23]). With

a Non-Zero noise vector z, inverting R is still an
effective procedure and actually optimal in cer-
tain circumstances, tobe discussed later. This results
in

j=Rly=Wx+:z 10
=

where it is seen that the information vector x is
recovered but contaminated by a new noise term
(Fig. 2). From (10), the signal of the k-th user is

k= chek + 2, (11)
The decision is * = sgn(j*).

Note that the decorrelating detector completely
eliminates MAI. However, the power of the
noise z¥ is Ny (R"1) x which is greater than the
noise power N at the output of the matched filter
(8). For example, for the two-user system with
the cross-correlation r, the noise power at the
output of the decorrelating filter is Ng/(1-r2). The
error rate of the decorrelator is given by

Wi

P (E)=0Q)| n
NoRi«

(12)

The performance of the decorrelating detec-
tor degrades as the cross-correlations between
users increase. In the asynchronous case the
decorrelating detector also reduces to matrix
inversion in a burst type communications, or is
given by linear, time-invariant K-input K-output
filter for the infinite length transmitted data [20].
In both cases the complexity of the detector grows
and several approaches have been proposed to
reduce the complexity, as addressed later.

The decorrelator has several desirable features. It
does not require the knowledge of the users’ pow-
ers, and its performance is independent of the
powers of the interfering users. This can be seen
from (11). The only requirement is the knowledge
of timing which is anyway necessary for the code
despreading at the centralized receiver. Observe
that neither signal nor noise terms depend on the
powers of interferers. In addition, when users’
energies are not known, and the objective is to opti-
mize performance for the worst case MAI scenario,
the decorrelator is the optimal approach [23]. In
addition, the noncoherent version of the decorre-
lator has been developed (see the following sec-
tion). These properties of the decorrelator make
it very well suited for the near/far environment.

Multiuser detection is closely related to equal-
ization for intersymbol interference (ISI) channels
[7]. For example, the decorrelating detector is
analogous to the zero-forcing equalizer. Similarly,
the MMSE linear multiuser detector [24] (also
given by a matrix inverse) is the multidimensional
version of the MMSE linear equalizer for the
single-user ISI channel. The linear structure of
these detectors often limits their performance. In
the following section, we will describe several
non-linear approaches to multiuser detection.

The Optimal Detector

The objective of maximum-likelihood sequence
estimation (MLSE) is to find the input sequence
which maximizes the conditional probability, or
likelihood of the given output sequence [7]. For
the simplified synchronous CDMA problem dis-
cussed above, the maximum likelihood decision
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for the vector of bits x is given by

max [ZyTWx-bTWRWb}
xE{-],+1}K

“This equation dictates a search over the 2K
possible combinations of the components of the
bit vector x. For asynchronous CDMA, the MLSE
detector can be implemented using the Viterbi
algorithm [18). The path metrics of this algorithm
were derived by identifying the asynchronous
CDMA channel with a single-user channel with
periodically time-varying ISI. The memory of this
equivalent channel is K-1 (the number of inter-
ferers), and therefore the resulting Viterbi algo-
rithm has 2K-1 states and requires K storage updates
per transmission interval. Although the optimal
detector has excellent performance, it is too
complex for practical implementation, and we
will not discuss it in greater detail. A suboptimal
detector which uses a sequential decoder instead
of the Viterbi algorithm was presented in [25].

x=arg

(13)

Non-Linear Suboptimal
Multiuser Detectors

In this section, we will consider several interfer-
ence cancellation methods which utilize feedback
to reduce MAI in the received signal. These algo-
rithms can be broken into three classes:
« Multistage detectors, e.g., [24, 26-28, 33}
« Decision-feedback detectors [29-31].
* Successive interference cancellers (this idea is
explicit or implicit in a number of papers).
Note: this classification is to facilitate exposition.
The three categories are not actually disjoint
and particular realizations of suboptimal detec-
tors may use combinations of the three classes.
The first two classes of algorithms are deci-
sion-directed. They utilize previously made deci-
sions of other users to cancel interference present
in the signal of the desired user. These algorithms
require estimation of channel parameters and
coherent detection. The algorithms in the third
class can use soft decisions (e.g., outputs of the
correlation receivers as in [32]) rather than hard
decisions to remove MAI components. They lend
themselves to noncoherent implementation. The
algorithms of the second and third classes employ
successive interference cancellation (also proposed
in {33]), which requires ordering of users accord-
ing to their powers. The signals of stronger users
are demodulated first and canceled from the signals
of weaker users. This technique provides an efficient
and practical solution to the near/far problem.
Several representatives from the three classes
of non-linear detectors are described below.

Multistage Detectors — A multistage detector
(Fig. 3) proposed in [26] uses (14) instead of (13):

R max [2yTWx-bT WRWb}
Gm=amy L)

X =x(n=1)1#k

(14)

The n-th stage of this detector uses decisions
of the (n-1)-st stage to cancel MAI present in the

—j" Sta1ge

y x(1) Stage | —
el 2 x(2)

| I )

|

™ Figure 3. The multistage detector.

received signal. Thus, maximization is over one
bit at a time, instead of over & bits, as in (13). Due
to delay constraints, it is desirable to limit the
number of stages to two. For example, consider a
two-stage detector with the conventional first stage
for the synchronous two-user system with the
cross-correlation r(4). The decisions produced by
the first stage (conventional) detector are 21(1)
and %2(1) computed as in (6). The decisions of
the second stage are ¥1(2)= sgn[y! - rc2#2(1)] and
%2(2) = sgn[y? - re! k1(1)]. The performance of
this two-stage detector depends on the relative
energies of the users. Clearly, if the first user is
stronger than the second, the decisions of the
second stage for user 2 agree with those of the
decision-directed successive interference can-
celler, described in the last paragraph of the sec-
tion on the CDMA channel model. Thus, for the
weaker user, the second stage produces more
reliable decisions than the first stage. However,
for the stronger user, feedback might not be ben-
eficial since the decision produced by the conven-
tional detector for the weaker user is poor. More
reliable two-stage detector results if the conven-
tional detector in the first stage is replaced by the
decorrelator [28]. This example illustrates the
issues which play a role in the design of multi-
stage detectors. Insummary, the two important ques-
tions are:
» How to choose the initial stage.
» How to choose the subsequent stages of pro-

cessing.

A discussion of different options for the initial
and subsequent stages is given, along with further
references, in [27].

Decision-Feedback Detectors — The detectors
proposed in [29-31] are multiuser decision-feed-
back equalizers, characterized by two matrix trans-
formations: a forward filter and a feedback filter.
These detectors are analogous to the decision-
feedback equalizers employed in single user ISI
channels [7]. However, in addition to equalization,
the decision-feedback multiuser detectors employ
successive cancellation. In each time frame, deci-
sions are made in the order of decreasing user’s
strength, i.e., the stronger users make decisions
first, allowing the weaker users to utilize these
decisions. The sorting is performed by any multiuser
detector with successive MAI cancellation. We
will explain the rationale for usinig this particular
order in the next section.

A diagram of the decorrelating (zero-forcing)
decision-feedback detector for synchronous
CDMA [30] is shown in Fig. 4. At the output of
the sorter, users are ranked according to their
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powers, so that the strongest user is ranked first,
and the weakest is ranked last. Following the sorter,
a noise whitening filter is applied. This filter is
obtained by Cholesky factorization of the correla-
tion matrix, which yields a resulting MAI matrix
that is lower triangular. Consequently, at the out-
put of the whitening filter, the signal of the k-th
strongest user ¥y is given by:

Ji = desired signal
+ MAI due to stronger users (1,..., £ - 1) + noise.
In particular, the signal of the strongest user §

is not corrupted by MAI, and can be demodulat-
ed first. This decision is then used to subtract
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™ Figure 5. Error rates for user 4 in the four-user system of [51}_ -

MALI from the signal of the second user, and so
on. For the asynchronous CDMA, several deci-
sion-feedback detectors were derived in [29, 31].
The performance of the decision-feedback
detector is similar to that of the decorrelator for
the strongest user, and gradually approaches the
single user bound as the user’s power decreases rel-
ative to powers of interferers. Thus, for the decision-
feedback detector, performance advantages with
respect to the conventional or the decorrelating
detectors are greater for relatively weaker users.
This is also the case for multistage detectors with
the decorrelating first stage. Figure 5 depicts typical
performance of several detectors for the weakest
user in a bandwidth efficient system. The signa-
ture waveforms for this asynchronous four-user
CDMA system were derived from Gold sequences
of length 7 [31]. (see also {28, 30].) In Fig. 5, the
conventional, decorrelating, decision-feedback
and multistage detectors are compared for the
weakest user (user 4). The powers of all users grow,
but the differences between the powers remains
the same. Note that the two-stage detector with
the conventional first stage is interference-limited.
Both the decision-feedback and the two-stage
detector with the decorrelating first stage have
excellent performance in this near/far scenario.

Successive Interference Cancellers — One approach
to successive interference cancellation is to con-
sider what would be the simplest augmentation to
the conventional detector which would achieve
some of the benefits of multiuser detection. This
can be explained most simply by referring back to
(3). In order to cancel the MALI, the factors x/c/
are needed, in addition to the cross-correlations.
These can be obtained either with estimates of
each of the factors x/ and ¢/ separately, i.e.,
separation of the bit estimate and power estimates.
Alternately, one can estimate the product x/c/
directly by using the correlator output. We shall
focus on the latter method because that requires
the simplest augmentation to the conventional
detector. It is found that using the correlator output
to estimate x/c/ is sufficiently accurate to obtain
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improvement over the conventional detector.

As mentioned previously, it is important to
cancel the strongest signal before detection of the
other signals because it has the most negative effect.
Also, the best estimate of signal strength is from
the strongest signal for the same reason that the best
bit decision is made on that signal: the strongest
signal has the minimum MAI, since the strongest
signal is excluded from its own MAI. This is the
twofold rationale for doing successive cancella-
tion in order of signal strength:

* Canceling the strongest signal has the most
benefit.

+ Canceling the strongest signal is the most reli-
able cancellation.

In a number of studies (see references in [8],
it has been shown that this method of cancella-
tion yields significant improvements over the
conventional detector (but substantially less than
the optimum multiuser detector).

Successive cancellation works by successively
subtracting off the strongest remaining signal. An
alternative (the parallel method) is to simultane-
ously subtract off all of the users’ signals from all
of the others. It is found [34] that when all of the
users are received with equal strength, the parallel
method outperforms the successive scheme (Fig. 6).
When the received signals are of distinctly different
strengths (the more important case), the succes-
sive method issuperior in performance (Fig. 7). The
important thing to note is that in both cases, both
the successive and parallel interference cancellers
outperform the conventional detector and the
unequal power case is the more important case.

The successive cancellation must operate fast
enough tokeep upwith the bitrate and not introduce
intolerable delay. For this reason, it will presumably
be necessary to limit the number of cancellations.
The ability to limit the number of cancellations is con-
sistent with the objective of controlling complexity
by choosing an appropriate performance/com-
plexity tradeoff. For more information and references
on successive interference cancellation, see [8].

Multiuser Detectors for Encoded Data

Error-control codes are essential for reliable per-
formance of cellular systems. There has not been
much work so far on performance of multiuser
detectors for encoded signals. When convolutional
codes are employed by all users, the MLSE detec-
tor is given by the Viterbi algorithm which is more
complex than the optimal detector discussed pre-
viously for the uncoded case (due to the additional
memory associated with each user) [35]. Since
the MLSE detector is too complex to implement,
several suboptimal methods were addressed in
[33, 36-40]. In [33], successive cancellation tech-
nique was presented fora CDMA system with orthog-
onal convolutional coding. [37] discussed multistage
detection for convolutionally encoded signals. The
authors divided various approaches to multiuser detec-
tion for encoded signals into two classes. The first
class contains the partitioned approaches, in
which a multiuser detector precedes the decoder and
does not utilize the decoded data. In the algorithms
of the second class, the integrated approaches,
the decoded symbols of the interferers are used
for MAI cancellation in the signal of the desired user.
Reduced complexity receivers, combined with
decoderswhich incorporate reliability information,
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were presented in [36, 38]. Applicability of turbo-
codes to CDMA mobile radio system using joint
detection was demonstrated in [40]. Reference
[39] addressed combined multistage detection
and trellis-coded modulation.

One issue to be cognizant of is that error con-
trol allows operation at a lower SNR, which can
reduce the improvements available with some
multiuser detectors.

Noncoherent Multiuser
Detection and Multipath
Fading Channels

of the discussion in the second section con-
centrated on coherent multiuser reception. The
underlying assumption is that the multiuser receiver
is able to estimate and track the phase of each
active user in CDMA scenario. However, as stated

For the sake of simplicity of exposition, most

IEEE Personal Communications * April 1995

53



: [Correlaton~ | i
Pecorrelating
C . filter
! Correlaton |
cos (wt)

Correfatoq | e
1 Decorrelating
T

I{6)

@

4

L 1 < Decision
sin (wt) ' i @ user K
T

Decision
user 1

. filter

Oali

L..

IFlgl;re 8 Dé;onelatfng multiuser detecto_r for DPSK signals.

3 This is the case in {2].
Other approaches are cur-
rently being investigated.

earlier, the reverse link of a cellular CDMA system
employs noncoherent reception since the pilot
signal which provides a coherent reference is not
available.> Therefore, the concept of noncoher-
ent multiuser detection and multiuser receiver
performance in multipath fading channels are of par-
ticular interest for practical CDMA systems.

As discussed in the section on multipath prop-
agation, multipath fading presents a major limita-
tion to the performance of wireless CDMA systems
such as cellular mobile radio, indoor wireless
communications, and personal communication
services. In these systems MAI is enhanced by
multipath propagation, and near/far effects are
produced not only by the difference in the distance
between the transmitter and receiver, but also by the
fading on the propagation paths. While multipath
propagation, usually encountered in an urban
scenario, offers inherent diversity, certain scenarios
in suburban areas may result in a single-path
propagation [6, 41]. This depends on whether the
individual multipaths can be resolved i.e., whether
the chip duration is small enough relative to the
separation between multipaths. In the case of single-
path propagation, small but nonzero cross-corre-
lations among chip sequences can cause a severe
near/far problem in the presence of fading. When
there is only a single fading path for each active
user and interference is relatively strong, there
are no means of diversity to overcome fading of
the desired signal below the level of MAI, unless
the explicit diversity using distributed antennas is
introduced. Since multiuser receivers alleviate
the near/far problem, they significantly improve
the CDMA system performance in the single-
path scenario [42-45, 61].

When the chip duration is small enough to
resolve the different multipath receptions, multi-
path diversity is exploited to improve the perfor-
mance in the presence of MAL The conventional
receiver in the case of multipath fading channel
consists of a bank of RAKE receivers, one for each
active user, at the base station and one for the
desired user in a mobile. A summary of the research
efforts on conventional reception techniques is
given in [46]. Consequently, having in mind the
multipath combining property of a RAKE receiver,
multiuser techniques in multipath fading chan-
nels utilize some form of RAKE structure at the

receiver front-end. With multipath resolution avail-
able, multiuser detection and multipath diversity
reception are combined to provide the reliable
receiver performance. An optimal MLSE receiver
for multipath fading CDMA channel presented in
[47] consists of the same front-end of coherent
RAKE filters, followed by a dynamic program-
ming algorithm of the Viterbi type. This optimal
structure provides the same order of diversity and
asymptotically has the same error probability as a
RAKE eceiver in the single-user case at the expense
of high complexity which is again exponential in
the number of active users.

All noncoherent multiuser techniques perform
in-phase and quadrature (/ & Q) demodulation
before the detection. The noncoherent multiuser
detection was first considered for differentially
phase-shift keying (DPSK) systems [48]. The con-
cept can be easily described as presented in Fig. 8.
The decorrelating operation is performed both
on in-phase and quadrature signal branches (after
I & Q demodulation), so the phase information of
the signal is preserved, although the phase is not
being explicitly tracked. Since the decorrelating
filter eliminates MAI, the same decision logic as
in the single-user receiver can be applied for DPSK
demodulation. Moreover, this type of detector
was shown to be optimally near/far resistant.

The resulting expression for the error probabil-
ity indicates that the performance loss compared
to coherent reception is the same as in a single-
user channel [48]. The realization and perfor-
mance of this noncoherent decorrelating receiver
do not depend on signal amplitudes and phases.

Since the RAKE receiver can be interpreted
as a combiner of the correlators outputs and the
combining method depends on the modulation
type, the concept of noncoherent linear multiuser
detection can be extended to the muitipath fading
scenario. To eliminate the effects of MAI prior to
the combining process, linear multipath decorre-
lating receivers [49, 50] perform the decorrelating
operation on KL correlator outputs, where L is the
number of resolvable fading paths and K is the
number of active users as depicted in Fig. 9. Con-
sequently, the equal-gain diversity combining for
DPSK signaling is performed on signals which
suffer from less interference. The performance
loss due to the noise enhancement in the presence
of other active users is modest, for the typical
mobile radio scenarios it is on the order of 3 dB
compared to single-user RAKE performance over
the whole range of SNRs [51]. Similar performance
degradations are observed for the coherent linear
multiuser receivers [52]. When a fraction of the
multipath power is captured due to limited num-
ber of RAKE correlators, only a portion of MAI is
eliminated by decorrelating operation and residual
MAI may cause the performance degradation
(recall the section on limitations to improve-
ments). In that case additional antenna diversity
was shown to be effective in reducing the effects
of the residual MAI [51]. Another combination
of interference cancellation and antenna diver-
sity was analyzed in [53].

Interference cancellation techniques for multipath
fading channels inherently employ the regeneration
of the interfering signals. The major difference
among numerous interference cancellation tech-
niques is in the methods for the channel parame-
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ters estimation and interfering signal reconstruc-
tion. A successive interference cancellation
receiver for noncoherent M-ary orthogonal mod-
ulation, which uses the outputs of the correlators
to estimate the signal amplitudes and hence does
not require any separate channel estimates, is
given in [32]. A noncoherent version of succes-
sive interference cancellation employs a combi-
nation of M-ary orthogonal signaling and CDMA
on the reverse link. After the I & Q demodulation
at the receiver front-end, the received signal is
correlated with respective I & Q chip sequences,
the user’s spreading code, and with all M-ary
symbols obtained from Walsh functions. The
interference cancellationalgorithmstarts by decod-
ing the strongest user first. The amplitude of the
decoded user is estimated from the correlator
output and the strongest user’s signal is regener-
ated using this estimate and the corresponding
chip sequence, and canceled from the received
signal. The cancellation is repeated until all users
are decoded or until alimited number of cancellations
are done. Since RAKE receivers are used in the front-
endin CDMA multipath fading channels, each mul-
tipath arrival tracked by RAKE is canceled from
the received signal using the appropriate correla-
tor output as shown in Fig. 10.

Again, for any of the multipath multiuser
detectors, the residual MAI problem could arise when
the number of canceled pathsissmaller than the total
number of multipaths in the channel.

Issues in Practical
Implementations
Complexity

Major obstacles to the application of the multiuser
detectors in practical wireless systems are process-
ing complexity and possible processing delay. The
optimal multiuser MLSE receiver is clearly too
complex for any application in a system with a

large user population, and most of the present
efforts are focused on implementation of subop-
timal structures. However, even the suboptimal
structures can lead to unacceptable levels of com-
plexity. For example, the decorrelating detector in
the asynchronous case results in a K-input K-out-
put filter implementation which is stable but non-
causal, so the appropriate delay has to be inserted
[20]. In addition, changes in timing and

de bottom line is that there are significant

advantages to multiuser detection which are, however,
bounded and a simple implementation is needed.

addition/removal of new users results in time-
varying coefficients of the detector.

To overcome these difficulties, the sliding
window decorrelating algorithm has been pro-
posed asa practical alternative, both for infinite and
finite data block lengths in asynchronous CDMA
systems. Rather than having the total length of
the received signal available for the construction
of cross-correlation parameters, only a finite-length
window of the signal is used for decorrelating
operation with the correction of the edge effects.
The resulting algorithm has to solve the linear
system of equations described in [50]. The major
cost in each iteration is due to recomputation of
the linear system due to the change in relative delays
among users, dynamic selection of multipath, and
voice activity exploration. The computationally effi-
cient algorithm for updating the coefficients of
the decorrelating filter is proposed by exploiting
the parallelism in the linear system solution [54].
The number of operations for the correction of the
matrix filter coefficients is on the order of KN,
where K is the number of active users in CDMA
system, and N is the length of the sliding window.
The readily available technology for high-speed
zero-forcing equalizers makes the decorrelator
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one of the simplest interference cancellation
techniques to implement [54].

The successive interference cancellation scheme
of the section on successive interference can-
cellers may be the simplest augmentation to the
conventional detector. The major complexity in
the multipath environment comes from tracking
each multipath at the RAKE receiver, which
involves, for each path M, coefficients corre-
sponding to the possible M orthogonal symbols
[32]. These coefficients are generated by a
Walsh-Hadamard Transform (WHT) and the speed
of performing the transform determines the pro-
cessing delay of the canceller. To ensure real-time
implementation, the cancellations, including the WHTS,
must be done fast enough to keep up with the sym-
bol rate in the CDMA system. The complexity of the
successive interference cancellation scheme can be
controlled by limiting the number of cancellations,
i.e., one can achieve a compromise between per-
formance and complexity. Observe that there is
decreasing improvement with subsequent cancel-
lations because cancellations are done in order of
strength of the different users’ signals.

Sensitivity and Robustness

Almost all of the discussions and analyses of mul-
tiuser detection have assumed a number of ideal-
izations. While multiuser detection hasbeen analyzed
thoroughly for both AWGN and fading channels, less
work has been reported on the underlying param-
eter estimationissues in CDMA channels, and con-
sequently, on the impact of imperfect parameter
estimates on the performance of multiuser
receivers. Clearly, for any type of tracking error (fre-
quency, amplitude, phase, or timing), the chip
sequences being canceled will be offset and imper-
fect cancellation will be performed. For fading
channel applications and noncoherent modulation
on the reverse link, timing synchronization plays
a vital role. It should also be emphasized that the

chip tracking is essential for any type of DS/CDMA
system and that tight code synchronization, with-
in a fraction of a chip duration, is required for the
reliable operation of the conventional detector. The
pertinent question is whether the tracking error
tolerable for the conventional detector is tolera-
ble for the cancellation receiver, or how much tighter
it must be for multiuser detection.

The problem of the impact of the synchroniza-
tion errors on the multiuser receiver performance
is inherently complex due to the nonlinear nature
of the solution and can be analyzed only to a cer-
tain degree. Afterwards, one has to rely on simu-
lations which brings another difficulty due to the
coupling effect from various parameters of the
CDMA system to the receiver performance. We will
briefly summarize the current status in this area,
which can be described more as the effort of estab-
lishing credential methodology, rather than trying
to give a definite answer.

In the case of decorrelating detector, tracking
errorsresult inthe mismatch of the cross-correlation
coefficients among different users. Analysis was
performed in [55], assuming the Gaussian distri-
bution of the tracking error and the performance of
decorrelating detector was assessed by simulation
using the standard deviation as the parameter. In
this case, Gold codes of length 15 were employed,
with three active CDMA users. The authors have
shown that the performance degradation due to track-
ingerrors is quite sensitive to the inequality of received
powers.

The impact of tracking errors on the performance
of successive interference cancellation receiver is
analyzed in [56]. For numerical results presented
here, the interference cancellation scheme was
subject to pessimistic conditions:

* Didnot use averaging of the correlator outputs for
amplitude estimates which significantly improves
cancellation performance.

* Assumed equal received powers (perfect power
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control). The improvement over the conventional
detector is much greaterin the more realistic case
of unequal received powers.

Figure 11 shows results for a processing gain
(number of chips/bit) N = 31, and the total num-
ber of users is varied from five to 20. There are
three curves each for the interference cancella-
tion scheme and the conventional detector. Each
curve represents different standard deviation e of
tracking error, normalized with respect to chip
duration (e = 0 is zero tracking error). The inter-
ference cancellation scheme retains superiority
over the conventional detector. Similar types of
results were found in [57] from simulation of the
scheme of [58]. For Rayleigh fading on one path
and mobile speed of 100 km/h it was reported that
interference cancellation technique is less sensi-
tive to imperfect power control and chip synchro-
nization. For example, for error in power control
with standard deviation of 1 dB with respect to
nominal received power, an error of 5 percent in
chip synchronization does not cause significant
degradation in error probability.

While it is premature to draw any general con-
clusions about robustness of the interference can-
cellation receivers at this point, there are some
promising results.

Several authors also addressed sensitivity of
coherent multiuser detectors to channel mismatch
(see references of [9] and [59-61]. While these
investigations are still preliminary, they bring
researchers closer to understanding performance
advantages of multiuser detectors.

Concluding Remarks

he theoretical bases of optimal multiuser

detection are well understood. Given the

prohibitive complexity of optimum multius-
er detectors, attention has been focused on sub-
optimal detectors, and the properties of these
detectors are well understood by now. The next
stagesof investigation, involving implementation
and robustness issues, are accelerating now and
will lead to determination of the practical and
economic feasibility of the multiuser detector.
Initial studies of robustness show that robustness
need not be a fatal flaw. Further investigations
into practicality will include actual hardware
implementations. This is the critical issue in
answering the question posed at the end of the
introduction to this article.
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