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An Efficient Blind Multiuser Detection
for Improper DS/CDMA Signals
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Abstract—This paper proposes a new linear blind multiuser
detection based on widely linear (WL) signal processing. The re-
ceived signal and its complex conjugate are separately filtered and
the results are linearly combined. The WL maximum/minimum
(max/min) mean-output-energy (MOE) receiver is derived by ap-
plying the modified cost function. It is shown that a performance
gain can be attained for the improper direct-sequence code divi-
sion multiple access (DS/CDMA) signal, due to the additional in-
formation contained in pseudocovariance matrix of observations.
The adaptive implementation with acceptable complexity is also
developed. Computer-simulation results show that a significant
performance gain is obtained over the other classical methods.

Index Terms—Code division multiple access (CDMA), improper
signal, interference suppression, multiuser receiver, widely linear
(WL) filter.

I. INTRODUCTION

W IRELESS communication has evolved new era in line
with the demand of multimedia services such as data

and videos. When compared to other multiple-access tech-
niques, direct-sequence code-division multiple-access (DS/
CDMA) system has many advantages, such as robustness of
multipath distortion, immunity of interuser’s interceptions and
jammings, and simple random access to the network [1], [2].
Thanks to these features, this technique has been considered for
future third-generation (3G) wireless standards to guarantee a
higher transmitting capacity and to satisfy the rising multimedia
requests for services.

The capacity of DS/CDMA system is mainly limited by
multiuser interference (MUI). To suppress MUI, the various
multiuser detections [3]–[5] have been developed in the last
two decades. The recent studies have demonstrated that the
optimum multiuser detection is maximum likelihood sequence
estimator (MLSE) [6]. Unfortunately, the complexity of the
optimum multiuser detector is exponential in number of users
and constellation size. For this reason, the recent research has
been focused on designing suboptimal receivers that have low
computational complexities. The most prominent results of
these efforts are linear receivers, the decorrelating receiver [7],
and the minimum mean-square-error (MMSE) receiver [8].
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Another linear receiver based on second-order statistics (the
blind minimum mean-output-energy (MOE) receiver [9]), is
particularly interested in this paper. It minimizes MOE of the
receiver subject to the certain constraints that guarantee no
cancellation of the desired signal components. Without multi-
path fading or with known channel, the MOE receiver directly
becomes an mmse receiver. When the multipath is present, the
satisfactory performance is yielded by maximizing the output
of the receiver [10].

However, most literatures about the linear multiuser detec-
tion share one common implicit hypothesis that the complex-
valued received signal of DS/CDMA system is proper. On the
other hand, we often encounter the improper signals of which
pseudocovariance matrices should be exploited for optimal
performance. The widely linear (WL) signal processing enables
us to utilize the additional information in pseudocovariance ma-
trix. The concept of the improper signal and the WL estimation
has been introduced in [11], which shows that the WL mmse
estimation for complex-valued signal is able to improve the
performance. The systematic approach to second-order analysis
of improper complex random vectors and processes is presented
in [12].

In [13] and [14], WL filtering is applied to the demod-
ulation of the DS/CDMA systems, which transmit the real-
valued symbols, and significant performance gains have been
reported. In addition, [15] shows that the WL mmse receiver
halves the number of effective interferers and adds 3 dB to
the input signal-to-noise ratio (SNR). It is also demonstrated in
[16] that iterative CDMA multiuser detection enhances power
gains and convergence speed by employing WL filtering. The
improperness of DS/CDMA signals, informed by [13]–[15]
and [17], is mainly caused by real modulation. Even when the
desired user transmits the proper symbols with complex data
modulation, if more than one of the interferers communicate
with improper symbols, the whole DS/CDMA signal becomes
improper.

In this paper, we deal with the problem of WL multiuser
detection when the signal is improper. It is assumed that
the multipath channel is unknown. It means that multipath
components should be optimally combined with parameter-
ized constraints, which is an analogous approach with [10].
With regard to the performance analysis, the superiority of
the new scheme is demonstrated in signal-to-interference and
noise ratio (SINR) aspects. The SINR of the proposed detector
is compared with those of the conventional max/min MOE
detector and their mmse solutions. One of the advantages of the
proposed scheme is that adaptive implementation can be easily
developed. In simulation results, the convergence dynamics and
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steady-state performance of the proposed adaptive algorithm
are also given.

The rest of the paper is organized as follows. In Section II, a
baseband DS/CDMA discrete-time model and its improperness
are described, and conventional max/min detector is revealed.
Then, in Section III, the WL max/min receiver is derived,
together with its adaptive implementation. In Section IV, sim-
ulation results are provided. Finally, the paper is concluded in
Section V.

II. DS/CDMA SIGNAL

A. System Model

Consider an asynchronous CDMA system with J users. User
j transmits the information symbol with spreading sequence
cj = [cj(0), . . . , cj(N − 1)]T, where N denotes the number
of chips per symbol. Then, the jth user’s nth transmitted
signal at the chip rate 1/Tc in a baseband discrete-time model
representation is given by

xj(n) =
∞∑

k=−∞
sj(k)cj(n− kN) (1)

where sj(k) represents the kth information symbol of the jth
user. The sequence sj(k) is mutually independent for differ-
ent js and independent identically distributed (i.i.d.) random
sequences with zero mean and variances

E
{
|sj(k)|2

} �
=σ2

s (2)

E
{

(sj(k))
2
} �

= ρ2s. (3)

If the received signal is sampled at the chip rate, the received
discrete-time signal yj(n) is

yj(n) =
∞∑

i=−∞
xj(i)gj(n− i− dj) (4)

where gj(n) is the channel impulse response sampled at the
chip interval Tc, and 0 ≤ dj < N the transmission delay of user
j in chip period. Substituting (1) into (4), we have

yj(n) =
∞∑

k=−∞
sj(k)hj(n− kN − dj) (5)

hj(n) =
N−1∑
i=0

cj(i)gj(n− i) (6)

where hj(n) represents the distorted spreading sequence due to
the dispersive channel gj(n). The overall received signal is

y(n) =
J∑

j=1

yj(n) + v(n) (7)

which is a superposition of the signals from all users in
proper additive white Gaussian noise v(n) with variance σ2

v .
Stacking up the chip rate measurement of y(n) into N -vector
y(k)

�
= [y(kN), . . . , y(kN +N − 1)]T, the compact multiple

input multiple output (MIMO) model, at the symbol rate, can
be obtained as

y(k) =
J∑

j=1

Lh−1∑
l=0

hj(l)sj(k − l) + v(k) (8)

where hj(l)
�
= [hj(lN − dj), . . . , hj(lN− dj +N− 1)]T, and

v(k)
�
= [v(kN), . . . , v(kN +N − 1)]T. In (8), Lh is the max-

imum number of the symbols that the received signature se-
quences extend over. Lh can be given by

Lh = max
j=1,...,J

⌈
N + Lg − 1 + dj

N

⌉
(9)

where Lg is the maximum length of the channel impulse
response gj(n) for all j. Using (6), the vector hj(l) can be
expressed in terms of the spreading sequence cj(n) and the
channel impulse response gj(n) as

hj(l) = Cj(l)gj (10)

whereN × Lg spreading code matrix Cj(l) is shown in (11) at
the bottom of the page, and N × 1 channel-impulse-response
vector

gj = [gj(0), gj(1), . . . , gj(Lg − 1)]T . (12)

A new data vector is constructed as

r(k)
�
=

[
yT(k),yT(k − 1), . . . ,yT(k − Lf + 1)

]T
(13)

with the symbol rate measurement during Lf symbol periods.
Lf is assumed to be Lf ≥ Lh so that the vector r(k) may
contain the whole desired signal part. From (8), (NLf )-column
vector r(k) can be rewritten as

r(k) =
J∑

j=1

Hjsj(k) + w(k) (14)

C(m)
j (l) =




cj

(
lN − d(m)

j

)
cj

(
lN − d(m)

j − 1
)

· · · cj

(
lN − d(m)

j − Lg + 1
)

cj

(
lN − d(m)

j + 1
)

cj

(
lN − d(m)

j

)
· · · cj

(
lN − d(m)

j − Lg + 2
)

...
...

. . .
...

cj

(
lN − d(m)

j +N − 1
)
cj

(
lN − d(m)

j +N − 2
)

· · · cj

(
lN − d(m)

j − Lg +N
)




(11)
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where Hj is block Toeplitz matrix of dimension (NLf ) ×
(Lf +Lh − 1), as in (15), shown at the bottom of the

page. sj(k)
�
= [sj(k), sj(k − 1), . . . , sj(k − Lf − Lh + 2)]T,

and w(k)
�
= [vT(k),vT(k − 1), . . . ,vT(k − Lf + 1)]T. It is

assumed without loss of generality that the first user (j = 1) is
the user of interest, and the timing of the desired user is known
through timing recovery so that d1 = 0. Desired user’s informa-
tion symbol s1(k − df ) may be extracted with a suitable delay
df , which is assumed to be df ≤ Lh − 1. It is seen from (14)
and (15) that

r(k) = hdf
s1(k − df ) + HISIsISI(k) +

J∑
j=2

Hjsj(k) + w(k)

(16)

where hdf
is the (df + 1)th column vector of the matrix H1

of (15) for user 1, sISI(k) the vector containing all elements
of s(k) except the (df + 1)th element s1(k − df ), and HISI

the matrix containing all the columns of H1 except hdf
. Each

term of right side of (16) is interpreted desired signal, intersym-
bol interference (ISI), multiple-access interference (MAI), and
background noise.

From (10) and (15), the vector hdf
can be factorized as

hdf
= C1g1 (17)

where

hdf
=


h1(df )T, . . . ,h1(0)T︸ ︷︷ ︸

N(df+1)

, 0T, . . . ,0T︸ ︷︷ ︸
N(Lf−df−1)




T

(18)

and

C1 =




C1(df )
...

C1(0)
ON(Lf−df−1)×Lg


 (19)

where Ox×y denotes a zero matrix of dimension x× y.

B. Improper Signals in DS/CDMA System

The complex random vector x is said to be proper [18]

if its pseudocovariance matrix R̃xx
�
= E{xxT} vanishes, i.e.,

R̃xx = 0. In this case, the second-order moments can be de-

scribed by solely the covariance matrix Rxx
�
= E{xxH}. On

the other hand, the improper vectors need special attention

because of nonvanishing pseudocovariance matrix. For com-
plete description of second-order behavior and the optimal
performance of the complex filtering, additional knowledge of
R̃xx is required [12].

The pseudocovariance matrix of the DS/CDMA signal r(k)
in (14) is given by

R̃rr
�
=E

{
r(k)rT(k)

}
(20)

=
J∑

j=1

HjE
{
sj(k)sT

j (k)
}
HT

j (21)

where it vanishes if R̃sjsj

�
= E{sj(k)sT

j (k)} = 0 for all j. It
is inferred that if at least one of the users in the system employ
improper symbols, the DS/CDMA signal becomes improper.
Improper symbols arise from the improper data modulation,
such as pulse-amplitude modulation (PAM),1 offset quadrature
amplitude modulation (OQAM), and binary phase-shift-keying
(BPSK). Moreover, when the improper narrowband interfer-
ence exists, the signal should be modeled as improper.

C. Review of max/min MOE Receiver [10]

The max/min MOE receiver fC is obtained by minimizing
MOE and maximizing the result subject to multiple constraints
as follows:

{fC ,gC} = arg max
g

min
f
E

{∣∣fHr(k)
∣∣2}

subject to CH
1 f = g, ‖g‖ = 1 (22)

where r(k) is the received signal of (14), and C1 is the con-
straining matrix given in (19). The optimal receiver is [19]

fC = R−1
rr C1

(
CH

1 R−1
rr C1

)−1
gC (23)

where gC is the eigenvector corresponding to the minimum
eigenvalue µ of the matrix CH

1 R−1
rr C1, and Rrr is the data co-

variance matrix defined as Rrr
�
= E{r(k)rH(k)}. The receiver

fC can be rewritten as

fC =
1
µ
R−1

rr C1gC . (24)

The SINR of the receiver fC becomes

SINRC =
1

1
µσ2

s |gH
C
g1|2 − 1

. (25)

1It is also-called amplitude-shift-keying (ASK).

Hj
�
=




hj(0) hj(1) · · · hj(Lh − 1) 0 · · · 0
...

. . .
. . .

...

0 · · · 0 hj(0) · · · hj(Lh − 2) hj(Lh − 1)


 (15)
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Moreover, the SINR of the mmse receiver fCmmse =
σ2

sR
−1
rr hdf

is easily shown that

SINRCmmse =
1

1
σ2

sh
H
df

R−1
rr hdf

− 1
(26)

which is the maximum SINR obtainable with linear receiver
[8]. Thus, in general

SINRC ≤ SINRCmmse. (27)

It is shown in [10] that the performance of this max/min
blind approach adjoin that of the mmse receiver as the SNR
goes high. At the same time, the parameter of the constraints
converges to the desired user’s channel impulse response g1.

III. WL MAX/MIN MOE RECEIVER

The complex received signal r(k) can be defined as

r(k) = rR(k) + jrI(k), rR(k), rI(k) ∈ R
NLf (28)

where rR(k) represents the real part and rI(k) the imag-
inary part of r(k). In general, the complex random vector
may be treated as a two-dimensional real random vector
[rT

R(k), rT
I (k)]T. Consider now the estimate of the desired

user’s symbol written as

ŝ1(k) =
[
f1
f2

]H[
rR(k)
rI(k)

]
(29)

= fH
1 rR(k) + fH

2 rI(k) (30)

where f1 and f2 are linear filters. Two vectors [rT
R(k), rT

I (k)]T

and [rT(k), rH(k)]T can be related, using the 2NLf × 2NLf

matrix, as[
rR(k)
rI(k)

]
=

1
2

[
INLf

INLf

−jINLf
jINLf

] [
r(k)
r∗(k)

]
. (31)

Hence, the estimate ŝ1(k) in (29) can be rewritten as

ŝ1(k) =
[
f
f̄

]H[
r(k)
r∗(k)

]
(32)

= fHr(k) + f̄Hr∗(k) (33)

where f = (1/2)(f1 + f2) and f̄ = (1/2)(f1 − f2). Note that
ŝ1(k) is linear in [rT(k), rH(k)]T but not in r(k). For this
reason, ŝ1(k) is called WL in r(k), and [fT, f̄T]T is called a
WL filter [11].

A. Receiver Design

The problem of WL max/min MOE receiver is to find the
vectors f and f̄ in such a way that

{fM , f̄M ,gM , ḡM}=arg max
g,ḡ

min
f ,f̄
E

{∣∣fHr(k) + f̄Hr∗(k)
∣∣2}

subject to CH
1 f =g and CT

1 f̄ = ḡ, ‖g‖2 + ‖g‖2 = 1

(34)

or, equivalently, the following augmented problem:

{fMA,gMA} = arg max
gA

,min
fA
E

{∣∣fH
A rA(k)

∣∣2}
subject to CH

1AfA = gA, ‖gA‖2 = 1 (35)

where fA
�
= [fT, f̄T]T, rA(k)

�
= [rT(k), rH(k)]T, gA

�
=

[gT, ḡT]T, and

C1A
�
=

[
C1 0
0 C∗

1

]
. (36)

The formulation (35) of the problem (34) enables us to yield
optimal solution

fMA = R−1
A C1A

(
CH

1AR−1
A C1A

)−1
gMA (37)

where gMA represents the eigenvector corresponding to the
minimum eigenvalue µA of the matrix CH

1AR−1
A C1A, and

RA
�
= E

{
rA(k)rH

A(k)
}

=
[
Rrr R̃rr

R̃∗
rr R∗

rr

]
(38)

with pseudo-covariance matrix R̃rr
�
= E{r(k)rT(k)}. Simi-

larly to (24), the WL max/min MOE receiver fMA can be
rewritten as

fMA =
[
fM
f̄M

]
=

1
µA

R−1
A C1AgMA. (39)

From (38) and (39), the two receivers fM and f̄M are, respec-
tively, obtained as

fM =
1
µA

(
Rrr − R̃rrR̃−∗

rr R̃∗
rr

)−1

×
(
C1gM − R̃rrR̃−∗

rr C∗
1ḡM

)
(40)

and

f̄M =
1
µA

(
R∗

rr − R̃∗
rrR̃

−1
rr R̃rr

)−1

×
(
C∗

1ḡM − R̃∗
rrR̃

−1
rr C1gM

)
(41)

where R̃−∗
rr = (R̃−1

rr )∗ = (R̃∗
rr)

−1. Unlike the conventional
max/min MOE receiver (23), the receivers fM and f̄M cannot
be determined only with covariance matrix Rrr but also with
pseudocovariance matrix R̃rr.

The direct implementation of (37) is not realistic because
of large computational demand of inversion procedure of the
matrix RA and singular value decomposition (SVD) of
CH

1AR−1
A C1A, as well as the need of exact knowledge of

second-order statistic RA. The adaptive implementation with-
out inversion of RA and SVD of CH

1AR−1
A C1A is developed

and presented in Section III-C.

B. SINR Analysis

In this section, the WL max/min MOE approach is compared
with the conventional max/min MOE approach and with their
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mmse solutions. The output SINR is adopted as the perfor-
mance index and defined as

SINR
�
=

∣∣fH
Ahdf A

∣∣2
fH
A

(
RA − hdf AhH

df A

)
fA

(42)

where

hdf A =
[
σshdf

ρsh∗
df

]
. (43)

The WL mmse receiver is given by [15]

fMmmse = R−1
A hdf A (44)

whose SINR is easily shown to be

SINRMmmse =
1

1
hH

df A
R−1

A
hdf A

− 1
. (45)

Since, in general, the mmse criterion maximizes the output
SINR

SINRM ≤ SINRMmmse. (46)

In the following, it is shown that the WL mmse receiver
achieves the performance gain with improper signals.
Proposition 1: For any wide sense stationary signal r(k) and

nonzero vector hdf

SINRMmmse ≥ SINRCmmse (47)

where equality holds if and only if the signal r(k) is proper.
Proof: See Appendix. �

Substituting (39) into (42), with some manipulations, the
SINR of the receiver fMA is given by

SINRM =
1

1

µA|gH
MA

g1A|2 − 1
(48)

where g1A = [σsgT
1 , ρsgH

1 ]T. It can be verified that the SINR
of the WL MOE receiver is not smaller than that of the
conventional MOE receiver for sufficiently high SNR case. It
is shown in [10] that at high SNR, the channel estimation gC

converges to the real channel impulse response g1/‖g1‖ and
that the SINR of MOE receiver becomes very close to that of
mmse receiver. In the WL case, it can be similarly shown that
gMA converges to g1A/‖g1A‖. Note that Proposition 1 states
that WL mmse improves the SINR of the conventional mmse
receiver. From these facts, we can assure that the SINR of the
WL MOE receiver is not smaller than that of the conventional
MOE receiver at high SNR. In special degenerate case, the
following result can be stated.
Proposition 2: When the received DS/CDMA signal is

proper, the SINR of the WL max/min MOE receiver is identical
to that of the conventional max/min MOE receiver, i.e.,

SINRM = SINRC . (49)

Proof: When the received DS/CDMA signal is proper,
i.e., R̃rr = 0 and ρ2s = 0, we have

CH
1AR−1

A C1A =
[
CH

1 R−1
rr C1 0
0

(
CH

1 R−1
rr C1

)∗ ]
. (50)

Reminding that gC and µ are the minimum eigenvector and
eigenvalue of the matrix CH

1 R−1
rr C1, gMA and µA are

gMA =
[
gC

g∗
C

]
and µA = µ. (51)

Then, SINR in (48)

SINRM =
1

1
µσ2

s |gH
c g1|2 − 1

(52)

which is identical to (25). �
No SINR gain is attained with proper signals in the proposed

scheme. Further, it increases the complexity of the receiver,
though the WL filtering operation yields the same performance.

The relations of the SINRs can be summarized as follows:

SINRC ≤ SINRCmmse (53)

SINRM ≤ SINRMmmse (54)

SINRCmmse ≤ SINRMmmse (55)

SINRC ≤ SINRM at high SNR. (56)

If the received signal r(k) is proper, then

SINRC = SINRM (57)

SINRCmmse = SINRMmmse. (58)

C. Blind-Adaptive Implementation

In this section, a recursive update equation is developed in a
similar way to the recursive least squares (RLS) algorithm [20]
for the least-squares estimates of

fMA(k) = R−1
A (k)C1A

[
CH

1AR−1
A (k)C1A

]−1
gMA (59)

where RA(k)
�
=

∑k
i=1 λ

k−irA(i)rH
A(i) is the exponentially

weighted covariance matrix, and 0 < λ ≤ 1 is the forgetting
factor. From the matrix inversion lemma, the following recur-
sive equation can be obtained for the inverse of the correlation
matrix

R−1
A (k) =

1
λ

[
R−1

A (k − 1) − p(k)rH
A(k)R−1

A (k − 1)
]

(60)

where p(k) is the gain vector and is given by

p(k) =
R−1

A (k − 1)rA(k)
λ+ rH

A(k)R−1
A (k − 1)rA(k)

. (61)



YOON AND KIM: EFFICIENT BLIND MULTIUSER DETECTION FOR IMPROPER DS/CDMA SIGNALS 577

Fig. 1. Blind-adaptive implementation of the proposed scheme.

Multiplying (60) by CH
1A to the left and C1A to the right, we

obtain

CH
1AR−1

A (k)C1A =
1
λ

[
CH

1AR−1
A (k − 1)C1A

− CH
1Ap(k)rH

A(k)R−1
A (k − 1)C1A

]
. (62)

Applying the matrix inversion lemma to (62) once again, the

recursive update equation of Q(k)
�
= [CH

1AR−1
A (k)C1A]−1 can

be obtained as

Q(k)=λ
[
Q(k − 1)+α(k)rH

A(k)R−1
A (k − 1)C1AQ(k − 1)

]
(63)

where

α(k) =
Q(k − 1)CH

1Ap(k)
1 − rH

A(k)R−1
A (k − 1)C1AQ(k − 1)CH

1Ap(k)
.

(64)

A simple power iteration method [21, Sec. 8.2] can be used to
adaptively update the vector gA(k)

z(k) =Q(k)gA(k) (65)

gA(k) =
z(k)

‖z(k)‖2
. (66)

The adaptive algorithm is summarized in Fig. 1, and
the complexity of the proposed adaptive method is
max(O((NLf )2), O(L2

g)). The adaptive algorithms of the
conventional MOE receiver are presented in [22], and their
WL version of least-mean-square (LMS) algorithms are inves-
tigated in [23]. The adaptive algorithm in Fig. 1 is the WL
version of an RLS algorithm for the MOE receiver, but it
does not require SVD decomposition unlike the method IV
of [22]. For this reason, the proposed scheme maintains the
square-order complexity.

IV. SIMULATION RESULTS

In this section, computer-simulation results are presented to
illustrate the effectiveness of the proposed approach in com-
parison with the conventional max/min MOE approach. We
consider a DS/CDMA system, in which each user transmits
their symbols through an individual multipath channel. It is
assumed that the synchronism of the desired user is known, and
the transmission delays of all the interfering users are uniformly
distributed over one-symbol period. The multipath channel of
each user is randomly generated, omitting the user index, by

g(k) =
Lp∑
q=1

αqp(kTc − τq) (67)

where τq is the transmission delay uniformly distributed over
one-symbol interval, and αq is the complex Gaussian random
variable with zero mean and unit variance. The number of
multipaths is Lp = 10, and p(t) is the raised-cosine pulse
function with roll-off factor of 0.5. The SNR at the receiver
front end is defined as

SNR
�
=
E

{∥∥hdf
s1(k − df )

∥∥2
}

E
{
‖w(k)‖2

} (68)

=
‖hdf

‖2

σ2
vNLf

. (69)

Unless otherwise specified, the user delay dj is uniformly
distributed within [0, N − 1], and the channel length Lg is ten
chips. We set the receiver length in symbol period at Lf = 3,
and the receiver delay at df = 1.

A. Verification of Analytical Results

In the set of experiments, we demonstrate the proposed
method and compare it with the conventional max/min method.
We also illustrate the performance of mmse receivers as per-
formance bounds. Gold sequences are employed as spreading
codes, with the spreading factor N = 31, and the number of
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Fig. 2. BER versus input SNR when all the users transmit the BPSK symbols for N = 31 and J = 20.

Fig. 3. BER versus input SNR when ten users, including the desired user, transmit the BPSK and the other interferers transmit the QPSK symbols for N = 31
and J = 20.

users K = 20. Note that most of the leading standard pro-
posals particularly interest in the quadrature phase-shift-keying
(QPSK) and in BPSK modulation [24]–[26]. To cover the
various situations, we classify four cases as follows
Cases I—All Users Use BPSK: Fig. 2 illustrates the bit-error

rate (BER) versus the receiver front-end SNR of four types of
receivers, when all users in the system transmit the BPSK signal
and DS/CDMA signal is improper. Clearly, the proposed WL
max/min MOE receiver outperforms the conventional max/min
MOE receiver.
Cases II—Ten Users Including Desired User Use BPSK and

the Others Use QPSK: When ten users including the desired

user employ BPSK data modulation and the other interferers
employ QPSK data modulation, the BERs of four types of
receivers are shown in Fig. 3. Although the performance dif-
ference between the proposed WL max/min MOE receiver and
the conventional max/min MOE is reduced, the whole trend is
sustained as in Fig. 2.
Cases III—Desired User Uses QPSK and Interferers, BPSK:

In this case, the desired user transmits the QPSK signal and
the interferers transmit the BPSK signals. The improperness of
DS/CDMA signal results in the performance improvement. The
superiority of the proposed method is prominent at high SNRs
and it is shown in Fig. 4.
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Fig. 4. BER versus input SNR when the desired user transmits the QPSK and all the interferers transmit the BPSK symbols for N = 31 and J = 20.

Fig. 5. BER versus input SNR when all the users transmit the QPSK symbols for N = 31 and J = 20.

Cases IV—All Users Use QPSK: When all users employ
QPSK, the received DS/CDMA signal becomes proper. In this
case, the SINR of the proposed method is identical to that of the
conventional one as claimed in (49), and the BERs are also the
same, as shown in Fig. 5.

B. Verification of Adaptive Implementation

The performance of the adaptive WL max/min MOE method
is compared with that of conventional counterpart. The random
spreading sequence with N = 16 is applied to both receivers,
and the number of user is 10 (J = 10). All users in the system

modulate the data with BPSK modulation, and the forgetting
factor is taken as λ = 0.998. Fig. 6 represents the convergence
dynamics at 20-dB SNR and experimentally validates the supe-
riority of the adaptive implementation of the proposed scheme.
It is seen that the proposed method has faster tracking ability
and higher steady-state SINR, and significantly outperforms the
conventional method.

The second example illustrates the tracking ability in dy-
namic loading environment. Unless otherwise specified, the
environment of this simulation is identical to the first example.
The random spreading sequence also applied with N = 32,
and the number of active users in the system is assumed to
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Fig. 6. Output SINR versus time of the proposed receiver and classical receivers for N = 16 and J = 10.

Fig. 7. Tracking ability of the WL max/min MOE algorithm and the conventional max/min MOE algorithm in dynamic loading environment.

be varying. At first, the number of active users starts with 32,
which is the full-loading system, and reduces to 16 at 1000
iterations and increases to 24 at 2000 iterations. It is shown in
Fig. 7 that there is a big difference between the SINR of the WL
max/min MOE algorithm and that of the conventional max/min
MOE algorithm.

V. CONCLUSION

Data-modulation formats such as PAM (ASK), OQAM,
and BPSK result in improper signals. In DS/CDMA systems,
if anyone of the user in the system employs such modula-
tion format, the resulting signals become improper. An effi-

cient blind multiuser detection scheme, based on WL signal
processing, has been proposed for the improper DS/CDMA
systems. The SINR of the proposed WL max/min MOE re-
ceiver is analyzed and compared with other receivers. The
superiority of WL receivers comes from the additional infor-
mation of the covariance matrix of the improperly received
signal.

The adaptive implementation of the proposed receiver
has also been considered. The adaptive algorithm will be
used in practice with very stringent time requirements. It
is anticipated that the proposed adaptive implementation of
max(O((NLf )2), O(L2

g)) complexity is most probable to
bring its usage into a practical regime.
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APPENDIX

PROOF OF PROPOSITION 1

Note that SINRMmmse of (45) and SINRCmmse of (26)
are monotonic increasing function of hH

df AR−1
A hdf A and

σ2
sh

H
df

R−1
rr hdf

, respectively. Therefore, the proof of

hH
df AR−1

A hdf A ≥ σ2
sh

H
df

R−1
rr hdf

(70)

would complete the whole proof. The difference of the left side
and the right side of (70) is

hH
df AR−1

A hdf A − σ2
sh

H
df

R−1
rr hdf

=
[
σshdf

ρsh∗
df

]H [
Rrr R̃rr

R̃∗
rr R∗

rr

]−1

×
[
σshdf

ρsh∗
df

]
− σ2

sh
H
df

R−1
rr hdf

. (71)

From the inversion of partitioned matrix [27] and with some
manipulation, we have

hH
df AR−1

A hdf A − σ2
sh

H
df

R−1
rr hdf

=
(
σsR̃∗

rrR
−1
rr hdf

− ρsh∗
df

)H (
R∗

rr − R̃H
rrR

−1
rr R̃rr

)−1

×
(
σsR̃∗

rrR
−1
rr hdf

− ρsh∗
df

)
. (72)

Since the matrix (R∗
rr − R̃H

rrR
−1
rr R̃rr)−1 is a positive matrix,

we conclude that

hH
df AR−1

A hdf A ≥ σ2
sh

H
df

R−1
rr hdf

(73)

and the equality holds if and only if, from (72)

σsR̃∗
rrR

−1
rr hdf

− ρsh∗
df

= 0 (74)

or, equivalently

R̃rr = 0 and ρs = 0 (75)

as claimed.

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their helpful and constructive comments on the paper.

REFERENCES

[1] F. Adachi, M. Sawahashi, and H. Suda, “Wideband DS-CDMA for
next generation mobile communication systems,” IEEE Commun. Mag.,
vol. 36, no. 1, pp. 56–69, Sep. 1998.

[2] M. L. Honig and H. V. Poor, “Adaptive interference suppression in
wireless communication systems,” in Wireless Communications: Signal
Processing Perspectives, H. V. Poor and G. W. Wornell, Eds. Englewood
Cliffs, NJ: Prentice-Hall, 1998.

[3] S. Verdú,Multiuser Detection. New York: Cambridge Univ. Press, 1998.
[4] ——, Multiuser Detection, vol. 2, Signal Detection, H. Poor and J. B.

Thomas, Eds. Greenwich, CT: JAI, 1993.
[5] V. Garg, IS-95 CDMA and CDMA2000. Englewood Cliffs, NJ: Prentice-

Hall, 2000.
[6] S. Verdú, “Minimum probability of error for asynchronous Gaussian

multiple-access channels,” IEEE Trans. Inf. Theory, vol. IT-32, no. 1,
pp. 85–96, Jan. 1986.

[7] R. Lupas and S. Verdú, “Linear multiuser detectors for synchronous code-
division multiple-access channels,” IEEE Trans. Inf. Theory, vol. 35,
no. 1, pp. 123–136, Jan. 1989.

[8] U. Madhow and M. L. Honig, “MMSE interference suppression for direct-
sequence spread-spectrum CDMA,” IEEE Trans. Commun., vol. 42,
no. 12, pp. 3178–3188, Dec. 1994.

[9] M. Honig, U. Madhow, and S. Verdú, “Blind multiuser detection,” IEEE
Trans. Inf. Theory, vol. 41, no. 4, pp. 944–960, Jul. 1995.

[10] M. K. Tsatsanis and Z. D. Xu, “Performance analysis of minimum vari-
ance CDMA receivers,” IEEE Trans. Signal Process., vol. 46, no. 11,
pp. 3014–3022, Nov. 1998.

[11] B. Picinbono and P. Chevalier, “Widely linear estimation with com-
plex data,” IEEE Trans. Signal Process., vol. 43, no. 8, pp. 2030–2033,
Aug. 1995.

[12] P. J. Schreier and L. L. Scharf, “Second-order analysis of improper com-
plex random vectors and processes,” IEEE Trans. Signal Process., vol. 51,
no. 3, pp. 714–725, Mar. 2003.

[13] S. Buzzi, M. Lops, and A. M. Tulino, “A new family of MMSE multiuser
receivers for interference suppression in DS/CDMA systems employing
BPSK modulation,” IEEE Trans. Commun., vol. 49, no. 3, pp. 154–167,
Jan. 2001.

[14] ——, “A generalized minimum-mean-output-energy strategy for CDMA
systems with improper MAI,” IEEE Trans. Inf. Theory, vol. 48, no. 3,
pp. 761–767, Mar. 2002.

[15] A. M. Tulino and S. Verdú, “Asymptotic analysis of improved linear re-
ceivers for BPSK-CDMA subject to fading,” IEEE J. Sel. Areas Commun.,
vol. 19, no. 8, pp. 1544–1555, Aug. 2001.

[16] A. Lampe, R. Schober, W. Gerstacker, and J. Huber, “A novel iterative
multiuser detector for complex modulation schemes,” IEEE J. Sel. Areas
Commun., vol. 20, no. 2, pp. 339–350, Feb. 2002.

[17] A. Kapur and M. K. Varanasi, “Multiuser detection for overloaded
CDMA systems,” IEEE Trans. Inf. Theory, vol. 49, no. 7, pp. 1728–1742,
Jul. 2003.

[18] F. D. Neeser and J. L. Massey, “Proper complex random processes with
applications to information theory,” IEEE Trans. Inf. Theory, vol. 39,
no. 4, pp. 1293–1302, Jul. 1993.

[19] D. H. Johnson and D. E. Dudgeon, Array Signal Processing: Concepts
and Techniques. Englewood Cliffs, NJ: Prentice-Hall, 1993.

[20] S. Haykin, Adaptive Filter Theory, 3rd ed. Upper Saddle River, NJ:
Prentice-Hall, 1996.

[21] G. H. Golub and C. F. Van Loan, Matrix Computations, 3rd ed. Balti-
more, MD: The Johns Hopkins Univ. Press, 1996.

[22] Z. Xu and M. K. Tsatsanis, “Blind adaptive algorithms for minimum
variance CDMA receivers,” IEEE Trans. Commun., vol. 49, no. 1,
pp. 180–194, Jan. 2001.

[23] R. Schober, W. H. Gerstacker, and L. H.-J. Lamper, “Data-aided and blind
stochastic gradient algorithms for widely linear MMSE MAI suppression
for DS-CDMA,” IEEE Trans. Signal Process., vol. 52, no. 3, pp. 746–756,
Mar. 2004.

[24] P. Taaghol, B. G. Evants, E. Buracchini, R. D. Gaudenzi, G. Galli-
naro, J. H. Lee, and C. G. Kang, “Satellite UMTS/IMT2000 W-CDMA
air interfaces,” IEEE Commun. Mag., vol. 37, no. 9, pp. 116–126,
Sep. 1999.

[25] T. Ojanperä and R. Prasad, “An overview of air interface multiple access
for IMT-2000/UMTS,” IEEE Commun. Mag., vol. 36, no. 9, pp. 82–95,
Sep. 1998.

[26] P. Chaudhury, W. Mohr, and S. Onoe, “The 3GPP proposal for IMT-
2000,” IEEE Commun. Mag., vol. 37, no. 12, pp. 72–81, Dec. 1999.

[27] B. Noble and J. W. Daniel, Applied Linear Algebra, 3rd ed. Englewood
Cliffs, NJ: Prentice-Hall, 1988.

Yonwoo Yoon received the B.S. and M.S. degrees in
electrical engineering from Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, Ko-
rea, in 1999 and 2001, respectively. He is currently
working toward the Ph.D. degree in the Division
of Electrical Engineering, Department of Electrical
Engineering and Computer Science, KAIST.

His research interests include signal processing
for wireless communication, statistical array signal
processing, and multiuser detection.



582 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 55, NO. 2, MARCH 2006

Hyung-Myung Kim (S’86–M’86–SM’99) received
the B.S. degree in electronics engineering from Seoul
National University, Seoul, Korea, in 1974 and the
M.S. and Ph.D. degrees in electrical engineering
from the University of Pittsburgh, Pittsburgh, PA, in
1982 and 1985, respectively.

During the summer of 1997, he was on sabbat-
ical leave as a Visiting Researcher at the Depart-
ment of Electrical Engineering, The Pennsylvania
State University, University Park. Currently, he is a
Professor at the Division of Electrical Engineering,

Department of Electrical Engineering and Computer Science, Korea Advanced
Institute of Science and Technology (KAIST), Daejeon, Korea. His research
interests include digital signal/image processing, digital transmission of voice,
data and image, and multidimensional system theory.

Dr. Kim was the Treasurer of the IEEE Daejeon Section in 1992. He has been
an editorial board member ofMultidimensional Systems and Signal Processing,
since 1990.


