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ABSTRACT

The performance of blind multiuser detection methodsis known to
degrade in the presence of mismatches between the actual and the
presumed desired user signatures. Such mismatches may occur in
practical situations due to an imperfect knowledge of the channel
impul se response.

In this paper, we propose a new robust approach to blind mul-
tiuser detection in the presence of unknown arbitrary-type mis-
matches of the desired user signature. The formulations of our
robust multiuser receivers are based on the explicit modeling of
uncertainties in the covariance matrix of the desired user sigha-
ture/data covariance matrix and optimization of the worst-case per-
formance. The proposed methods have a computational complex-
ity comparable to that of the traditional blind multiuser detection
agorithms, while offer an improved robustness and faster conver-
gence rates.

1. INTRODUCTION

Linear receivers for multiuser detection have been widely consid-
ered in the literature as simple suboptimal solutions[1]-[4]. One of
the most popular solutions among linear receivers is the minimum
output energy (MOE) receiver [4].

Recently, blind multiuser detection techniques (which do not
require any training) attracted a great interest. These methods
are entirely based on the spreading code of the desired user and
are able to detect its symbols from the received data without any
knowledge of the channel or spreading codes of other users. For
example, a well-known Capon estimator has been adopted in [5]
for blind multiuser detection. However, the performance of the
Capon multiuser detector can degrade severely at low signal-to-
noise ratios (SNRs) and short data lengths.

In [4] and [6], two robust blind multiuser receivers have been
presented that exploit the idea of the MOE receiver. Interestingly,
the methods of [4] and [6] are essentially similar because both
of them lead to diagonal loading of the covariance matrix of the
received data. However, as shown in [7], the robustness of the
approach of [4] may be insufficient. Motivated by this fact, the
authors of [7] have proposed another solution to the robust blind
multiuser detection problem. Their approach uses the worst-case
performance optimization to improve the robustness of the MOE
receiver. Unfortunately, the method of [7] does not provide any
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closed-form solution and is not suitable for efficient on-line imple-
mentations.

In this paper, we apply the idea of the worst-case performance
optimization to blind multiuser detection and develop two closed-
form robust multiuser receiversin the presence of an arbitrary mis-
match in the desired user signature. Unlike the existing blind mul-
tiuser receivers, the proposed techniques can be applied to ran-
dom time-varying channel scenarios where the channel impulse
response, and, correspondingly, the desired user signature are sub-
ject to substantial fluctuations during the observation interval.

2. BACKGROUND

Consider a K -user synchronous CDMA system [1]. The received
continuous-time baseband signal can be modeled as [7]

m)sk(t —mTs) + v(t) @

where A, isthe received signal amplitude of the kth user, by, (m)
is the mth data symbol of this user, s (¢) is its signature wave-
form, T isthe symbol period, and v(t) is the zero-mean additive
random noise process with the variance 2. Let us consider the
short spreading code case assuming that the chip sequence period
isthe same as the symbol period [2]. Furthermore, we assume that
for each user, the data symbols are independent random variables
which are equally likely drawn from afinite alphabet.

We model the channel for each user as an FIR filter whose im-
pulse response is much shorter than the symbol period T, so that
the effect of inter-symbol-interference (1Sl) can be neglected [4].
However, the duration of the channel impulse response is assumed
to be comparable to the chip period 7., so that there is a substan-
tial inter-chip-interference (ICl) [6]. Using these assumptions, the
signature waveform of the kth user is given by [3]

Z Dgi(t —ITe) 2

where ¢, = [c(0), cx(1), ..., cx(L — 1)]7 isthe user spreading
code vector, g (t) isitschip waveform convolved with the channel
impulse response, L is the spreading factor (the number of chips
per symbol), T. = T /L is the chip period, and (-)” stands for
the transpose. In an ICl-free scenario, gx(t) spans only one chip
period, while in practice, due to the channel dispersion, g (t) can
span several chip periods and this may cause ICI.

Using the assumption that thereisno ISI, we obtain that
sp(t) = 0fort < 0ort¢t > Ts. Then, sampling (1) at ¢t =
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nTs +pT. forp =0,1,2, ..., L — 1 and using the vector notation,
we have

x(n) = Z Arbr(n)sg + v(n) (3)
k=1

where x(n), s; and v(n) are the data vector, the signature vector
of the kth user, and the noise vector, respectively. Assuming with-
out loss of generality that the first user is the desired one, let us
rewrite (3) as

x(n) = sa(n) +i(n) + v(n) 4
where
sd(n) = Aib (n)Sl (5)

contains the desired user data, while

K
i(n) & Z Apbr(n)sk (6)
k=2

contains the multiuser interference (MUI).

In the MOE method [4], the receiver coefficient vector f is
designed to minimize the output power subject to the constraint
which ensures that the receiver response to the desired user isdis-
tortionless. If the desired user signature vector s; is known, the
MOE multiuser receiver can be designed by solving

mfianRxf st. s =1 7

where (-)" stands for the Hermitian transpose. Inthefinite-sample
case, the data covariance matrix R is estimated as

. 1 N -
R. = N ; x(n)x(n) (8)

where N is the number of data vectors. Using R, instead of R,
in (7), the solution to this problem can be written as

fMOE = (S{{R;lsl)_lf{;lsl (9)

In practice, the precise knowledge of the desired user signature s;
may be unavailable. In this case, ignoring the effect of the un-
known channel, one can use ¢; instead of s; [4] and the MOE
multiuser receiver can be rewritten as

fror = (Cflﬂ;lcl)_lﬁ;lcl (10)

The receiver (10) is very sensitive to even a slight mismatch be-
tween c¢; and s1, see [4], [6], and [7]. To improve the robustness
of the MOE receiver, diagonal loading can be used in which R, is
replaced by ~I + R, where ~ isthe loading factor. Using this ap-
proach, the robust diagonally loaded MOE receiver can be written
as[4], [6]

(M +Ry) ‘e

X (11)
(T4 Re) s

for-MoE =

3. EXTENDED FORMULATION OF THE MOE
RECEIVER

Let usfind £ that minimizes the output power subject to the con-
straint which requires that the power contribution of the desired
user be a positive constant, i.e.,
min f7R.f st E{|f"sq(n)]’} = const (12)
Note that E{|f7sq(n)|?>} = |A:1|*E{|b1 (n)|*} " Rsf where
Rs £ E{s:sf’}. We stress here that in the case of determin-
istic (quasi-static) channels rank{R} = 1, while in the random
(time-varying) channel case the rank of R, can be higher than one.
Noting that the value of the constant in (12) doest not affect the
probability of error at the output of the symbol detector, we can
rewrite (12) as
min f'R.f st fIRf=1 (13)
The solution to (13) can be found using the Lagrange multiplier

method. The so-obtained vector of the receiver coefficients can be
explicitly written as

fop = P{Rx 'R} (14)

where P{-} isthe operator which yields the principal eigenvector
of a matrix (i.e., the eigenvector that corresponds to its maximal
eigenvalue). Note that the solution (14) does not change if we
multiply R or R, by an arbitrary constant. As any eigenvector
can be normalized in an arbitrary way, from (13) we obtain that
the resulting vector ., should be normalized to satisfy the con-
straint fjf)tRsfopt = 1in(13). However, the multiplication of the
receiver coefficient vector by any positive constant does not affect
the probability of error at the output of the symbol detector. Hence,
such anormalization isimmaterial.

In the deterministic channel case, we have Ry = s;s?, and,
therefore, (14) can be rewritten as

fopr = P{R:'Re} = P{R;'sis{'} =R 's;  (15)

where 3 should be chosen as 8 = (s’ Ry 's;)~" to satisfy the
constraint f£t51 = 1. Therefore, (14) reduces in this case to the
conventional MOE receiver (9).

Note that the traditional formulation in (7) assumes that the
desired user signature s; is a deterministic vector which does not
change during the observation time. However, in the time-varying
channel case (where the channel impulse response varies within
the observation interval) the desired user signature vector can fluc-
tuate. Hence, the conventional MOE receiver is not applicable to
scenarios with random channels where the receiver (14) has to be
used.

4. ROBUST BLIND MULTIUSER DETECTION

The solution (14) assumes that Rs is exactly known. In practice,
because of imperfect knowledge of the channel impulse response,
there is always a certain mismatch between the presumed matrix
R, and its actual value R. Therefore, we have

Rs = Rs + Es (16)

where Es isan unknown complex error matrix.
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Assume that the norm of Eg can be bounded by some known
constant € > 0:

Bl < e 17)

where || - || is the Frobenius norm. In practice, ¢ can be easily
determined by finding an upper bound on the ICI. For example,
exploiting some coarse knowledge about the channel (such as its
approximate delay spread, etc.), one can evaluate the maximum
possible amount of the ICI, and find a proper value of the parame-
tere.

To incorporate robustness against an arbitrary norm-bounded
mismatch between R and R, we modify the MOE problem (13)
to guarantee that for al possible R, the desired user power at
the output of the receiver is larger than a constant value, that is,
f7(Rs + Eo)f > 1 for dl ||Es|| < e. This constraint guaran-
tees that the desired user power will be not less than one for the
worst-case mismatch which corresponds to the smallest value of
f7 (R, + E,)f. Therefore, the proposed design should improve
the receiver robustness.

Using this idea, we can write the robust formulation of the
MOE problem as

mfianRXf st. 7 (R +E)f > 1 forall |Es|| <e (18)

Note that the constraint in (18) can be replaced by

min 7 (Rs + Es)f =1 19
[IEs|I<e ( ) (19)
The proof of this fact can be found in [8].
Now, we use the following lemmato simplify (19):
Lemma 1: For any fixed f and Ry,

”énlilg f7(Rs + Eo)f = 7 (R — eD)f (20)
Proof: See[8]. O

Using (19) and Lemma 1, the original robust multiuser detec-
tion problem (18) can be rewritten as

min f"R.f st fT(R—eDf =1 (21)

The optimal solution to (21) can be obtained using the Lagrange
multiplier method and is given by (see [8] for details')

fiob = P{R; ' (Rs —eI)} (22)

We seethat the robust multiuser receiver problem (18) hasasimple
closed-form solution (22) that applies negative diagonal loading to
the presumed covariance matrix of the desired user signature.

In the simple case when the channel is assumed to be deter-
ministic (quasi-static) and unknown, we can use c; ¢!’ instead of
R and (22) can be rewritten as

fiob = P{R; *(cicl! —eI)} (23)

Our robust multiuser receiver can be further extended as fol-
lows. In (18), we only considered a mismatch in the desired user
signature covariance matrix Rs while R, was assumed to be a
good estimate of R. In practical applications, the latter condition

INote that if Rs — I is negative definite then (21) does not have any
solution. Therefore, e must be smaller than the maximal eigenvalue of Rs.

is not always true and, in such cases, mismatches in both R and
R need to be considered. Then, (18) can be extended as

min max fH(lfLX + Ex)f

fExl<vy

st. f7(Rs+ E)f > 1 forall |[Es|[<e (24)

where v is some (preliminary known) level of uncertainty in R,
and the matrix E, takes into account all mismatches that may be
caused, for example, by data/channel non-stationarity, short data
length effects, and quantization errors.

To solve (24), we use the following lemma:

Lemma 2 For any fixed f and Ry,

max 7 (Ry + B)f = £7 (R +4D)f (25)
IExll<y
Proof: See[8]. |

Using (20) and (25), the problem (24) can be rewritten in a
much simpler equivalent form
min TRy +Df st f7(Rs—eD)f =1 (26)

Similar to the problem (21), the solution to (26) can be ex-
pressed in a closed form and is given by

frob = P{(Rx +7I) "' (Rs — eI)} (27)

It follows from (27) that the solution to (24) naturally combines
two different types of diggonal loading, where the positive diago-
nal load yI isapplied to R, whilethe negativeload —<T isapplied
to Rs.

In the simpler deterministic channel case, (27) can be simpli-
fied as

frob = P{(Rx + 1) "' (c1¢e]’ —eI)} (28)

5. SSIMULATIONS

Wemodel a7-user CDMA system which uses Gold codes of length
L = 31 as user spreading codes. All users are synchronized and
have the BPSK modulation. At the receiver, the spreading codes
of the users are distorted by an additive random Gaussian vector
drawn from A(0, §T). For each user, such a random vector is
added to the spreading code vector to simulate the effect of the
ICI, see [7]. The interferers are assumed to have the interference-
to-noise ratio (INR) equal to 20 dB.

The performances of the following techniques are compared
in terms of the bit error rate (BER):

e the benchmark MOE agorithm (9) which corresponds to
the ideal case when the desired user signature s; is known
exactly (this algorithm does not correspond to the practical
situation considered but is included in our simulations for
comparison reasons only),

e the conventional MOE receiver (10),

o the diagonally loaded multiuser receiver (11),
e therobust algorithm (23),

e therobust algorithm (28).
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Fig. 1. Bit error rate versus the SNR. First example.

Wehave chosen e = 22.5 which gives nearly the best performance
for the robust multiuser receivers tested. Furthermore, the param-
eter ~y in the diagonal loading receiver (11) and in our robust mul-
tiuser receiver (27) is chosen as 50072,

In the first example, we consider a deterministic channel, i.e.,
the random Gaussian distortions (which simulate the effect of the
ICI) are fixed in each trial. We assume that 0 = 0.2 and use
N = 100 symbols to obtain the sample covariance matrix R.
Fig. 1 shows the BER of the multiuser detectors tested versus the
SNR of the desired user. As can be seen from thisfigure, whenin-
creasing the SNR, the BERs of our robust receivers decrease much
faster than the BERs of the other receivers tested. Furthermore,
the BER of the diagonal loading based MOE multiuser receiver
does not decrease monotonically. Interestingly, for N = 100,
even the benchmark MOE receiver does not provide satisfactory
performance. Thisis obviously an effect of the short data length.

In the second example, we consider a scenario with arandom
channel. In thisexample, the additive random Gaussian distortions
(which simulate the effect of the ICl) change from one data vec-
tor to another. The other conditions are the same as in the first
example.

Fig. 2 displays the BER of the multiuser receivers tested ver-
susthe SNR for 6 = 0.2 and N = 100. Asit can be seen from
this figure, in the random channel case the proposed robust re-
ceivers substantially outperform the other receivers tested. These
improvements are especially substantia at high SNRs.

In summary, our simulation examples demonstrated that the
proposed blind multiuser receivers consistently enjoy better per-
formance in terms of BER as compared to the MOE receiver and
the robust diagonal loading based receiver. These improvements
are remarkable in both the cases of a deterministic (quasi-static)
channel and random (time-varying) channel.

6. CONCLUSIONS

In this paper, a novel approach to robust blind multiuser detec-
tion in synchronous CDMA systems has been proposed. Our mul-
tiuser receivers are based on an explicit modeling of arbitrary (yet
norm-bounded) uncertainties in the covariance matrices of the de-
sired user signature and of the received data, and use the worst-
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Fig. 2. Bit error rate versus the SNR. Second example.

case performance optimization to yield simple closed-form diago-
nal loading-based solutions. In contrast to the existing blind mul-
tiuser receivers, the proposed techniques can be applied to random
time-varying scenarios where the channel impulse response, and,
consequently, the desired user signature are subject to substantial
fluctuations during the observation interval.

Simulation results show that our multiuser detectors substan-
tially outperform the traditional algorithms in scenarios with mis-
matches in the desired user signature.
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