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"Error Control Coding and Space-Time MMSE Multiuser
Detection in DS-CDMA Systems

Walaa Hamouda and Peter J. McLane

Abstract: We consider the use of error control coding in direct
sequence-code-division multiple access (DS-CDMA) systems that
employ multiuser detection (MUD) and space diversity. The rela-
tive performance gain between Reed-Solomon (RS) code and con-
volutional code (CC) is well known in [1] for the single user, addi-
tive white Gaussian noise (AWGN) channel. In this case, RS codes
outperform CC’s at high signal-to-noise ratios. We find that this
is not the case for the multiuser interference channel mentioned
above. For useful error rates, we find that soft-decision CC’s to be
uniformly better than RS codes when used with DS-CDMA mod-
ulation in multiuser space-time channels. In our development, we
use the Gaussian approximation on the interference to determine
performance error bounds for systems with low number of users.
Then, we check their accuracy in error rate estimation via system’s
simulation. These performance bounds will in turn allow us to con-
sider a large number of users where we can estimate the gain in
user-capacity due to channel coding. Lastly, the use of turbo codes
is considered where it is shown that they offer a coding gain of 2.5
dB relative to soft-decision CC.

Index Terms: Code division multiple access (CDMA), space-time
filtering, multiuser detection, Reed-Solomon codes, convolutional
codes, turbo codes, performance analysis.

L. INTRODUCTION

The use of adaptive antenna arrays in mobile radio systems to
combat cochannel interference was first introduced in the early
1980’s [2]. Moreover, the capability of an adaptive antenna ar-
ray to discriminate between signals arriving at different angu-
lar distributions made it suitable for multiple access techniques
to increase the system capacity and improve its performance.
In the literature, a considerable amount of work has been con-
ducted on combining antenna array processing with uncoded
MUD (e.g., [3] and [4]). In [3], Miller and Schwartz have intro-
duced the optimum space-time maximum likelihood sequence
estimator (MLSE). It has been shown in [3], that such an opti-
mum detector consists of a bank of beamformers followed by
the joint ML sequence estimator. In the same article, the subop-
timum linear space-time MUD’s were analyzed and compared
to their temporal counterpart.

In DS-CDMA, there has been little work conducted on em-
ploying error control coding in systems with space-time MUD.
Most of the literature on channel coding in CDMA systems has
been only focused on the second generation (2G) matched filter
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receiver [5]-[8] and not on space-time MUD. Other works on
space-time MUD and channel coding include the work by Pick-
holtz et al. [9] where they have considered the use of space-
time MUD in conjunction with error control coding. In their
work, the optimum space-time MLSE for a synchronous DS-
CDMA system with rate 1/n convolutional code was derived
for the AWGN channel. In [10], Reed and Alexander have pro-
posed an iterative multiuser detection algorithm using channel
coding and antenna arrays. Also, Giallorenzi and Wilson in [11]
have proposed suboptimum joint multiuser detection and decod-
ing approaches using convolutional codes in asynchronous DS-
CDMA systems. Recently, Wong and Lataief [8] have investi-
gated the use of serial concatenated coding in DS-CDMA sys-
tems over frequency-selective Rayleigh fading channels, how-
ever space-time detection was not considered in their treatment.

In this paper, we develop an in-depth study of DS-CDMA
systems that employ error control coding and space-time MUD.
We consider three important coding techniques; RS, CC, and
turbo coding. Our contribution is to determine how much er-
ror control coding can improve the performance of DS-CDMA
systems with space-time MUD. We focus on both AWGN and
Rayleigh fading channels. We first obtain error bounds for the
coded systems. Then, for a small number of users, we examine
the accuracy of these bounds when compared to exact system’s
performance. Finally, with the aid of error bounds, we perform
a user-capacity investigation where we assess the capacity im-
provement relative to an uncoded system with the same diversity
order.

In [1], RS and CC are compared for a single user AWGN
channel. It is shown that, RS codes can outperform CC at er-
ror rates around one part in 10 million. On the other hand, in
the interference channel, we find that convolutional codes offer
a better performance than RS codes at all feasible error proba-
bilities. For instance, in a perfectly interleaved Rayleigh fading
channel with perfect channel state information at the receiver,
we find that CC offers a capacity improvement of 250% relative
to a system with no error control coding. In a realistic chan-
nel model, both channel estimation and interleaving will not be
ideal, and hence, deviations from ideal capacity gains are pos-
sible. However, we find that there is a synergy at work with
the use of coding in space-time systems. In this case the an-
tenna array strongly attenuates interference arriving outside its
beamwidth and for those users within the array beamwidth, mul-
tiuser detection plus coding serve to return the performance to
acceptable norms.

The paper is organized as follows. In Section II, the system
model for the space-time MMSE-MUD with channel coding is
presented. In Section III, the space-time MMSE-MUD is intro-
duced for both the AWGN and the flat Rayleigh fading channels.
Section IV presents both analytical and simulation results for the
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Fig. 1. Space-time MMSE-MUD coded system.

coded system in AWGN channels. In Section V, the probability
of bit error for the MMSE-MUD over frequency-flat Rayleigh
fading channels is derived and then used to obtain error bounds
for the coded system. Simulation results and theoretical perfor-
mances are compared in Section V along with several important
system issues. Finally, conclusions are given in Section VI.

II. CODED DS-CDMA SYSTEM MODEL

The system under study is schematically shown in Fig. 1. As
shown, each user’s signal of m information bits is first encoded
using a rate R = m/n channel encoder to produce n coded
symbols. After channel interleaving, these coded symbols are
spread using a unique code sequence known only to the receiver
base-station. Finally, modulation takes place and users transmit
their signals over the radio channel. These signals are superim-
posed on each other forming a multiuser signal that is corrupted
by the channel (i.e., AWGN and flat fading). At the front-end
of the receiver, an N-element array is used followed by a bank
of space-time matched filters to form the sufficient statistics for
users’ data detection. The outputs of these space-time matched
filters are then applied to the MMSE-MUD for interference can-
cellation, and then finally, to a bank of deinterleavers followed
by channel decoding. In our analysis, we first consider a fully
interleaved fading channel and then we study the effects of prac-
tical channel interleaving on our results.

Considering a complex channel model, the received multiuser
signal in baseband form can be simply written for a K-user sys-

tem as’

K

r(t) = > VEBrag(t)se(t) bi(t)ux +n(t), )

k=1

where for any user k, Ej is the received signal energy per
coded bit, related to the uncoded signal energy through Fy =
RE,, where R = m/n is the code rate and E is the en-
ergy per information bit, si(t) is the complex signature wave-
form, by(¢t) € {1,—1} is the coded information sequence,
on(t) = |ag(t)]ei**® is the complex channel gain which is
assumed to be constant over one symbol interval, n(t) is the
complex Gaussian noise vector with real and imaginary com-
ponents independent normal Gaussian random processes with
variance 0° = N, /2 per dimension. Note that the complex ar-
ray response vector in (1) is given by

uk:[ 1 e—j(n—l)wsinek‘z e—j(n—l)ﬂsinOk‘N ]T’ (2)
where T represents matrix transpose, and 8y, ,, is the angle-of-
arrival (AOA) of the kth user signal at the nth array element.
Using (1), the sampled output of the kth space-time matched
filter can be written as

K
NH AH
ye = Uy VEy axbrug + 1y Y /By agbipuy + v, 3)
ik

'In the paper, vectors will be referred to by bold letters, while scalar quantities
will be referred to by italic letters.
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where

Ts
prs = / St(t)s; (t)dt, @
0

is the cross-correlation factor between the kth and the jth users,
and vy, is a complex Gaussian noise given by

AH
Y = Ug

Ts
/ n(t)s(t)dt, )
o

where T is the symbol interval and the superscript H signifies
. AL . .
Hermitian transpose. In (3), uy is the steering vector estimate
. . A
for user k and in this paper we take u; = uy.

1. SPACE-TIME MMSE DETECTION

From (3), the output of the matched filter bank can be written
in a vector form as

Y = GavEb + N, ()

where the matrices .Y, G, N, and VE are omitted here but
defined in the Appendix. Now, the space-time MMSE-MUD
receiver can be defined for the AWGN channel by [12]

Tymse = (G +o?E7) 7 )

and for the Rayleigh fading channel by [13]

T viniss = [G +0’E {(a2E)_1H - )

where E{-} denotes statistical expectation. Note that in (8), we
replaced the temporal cross-correlation matrix R with the esti-

A
mate of the space-time cross-correlation matrix G [14]. At the
output of the space-time MUD, users’ data estimates are then
given by

0 H
b =sgn [R{a"TyuseY}], %

where sgn(-) denotes the signum function, and ®{z} denotes the
real part of the complex value z.

IV. PERFORMANCE ON THE AWGN CHANNEL

In this Section, we first present the Gaussian approximation
for the space-time MMSE-MUD [15] and then use this approx-
imation to obtain error bounds for the coded system. We also
present simulation examples to assess the accuracy of our ana-
lytical results when compared to exact system’s performance.

A. RS Performance Bounds

In [15], Poor and Verdu have proved that the probability of bit
error for the MMSE-MUD can be estimated using the Gaussian
approximation given by,

n=o(7m)

10)
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where Q(z) is the complementary Gaussian cumulative dis-
o0

tribution function, Q(z) = f\/%e_fﬁ/zdy. Here, © =

VER (TR 2 oK 2 . _ VE;j(TR)y
SR X = Y 8 with § = e

known as the leakage coefficient [15]. Using an antenna array, at
the receiver side, the same approximation can be made by sim-
ply replacing the cross-correlation matrix R with the space-time
cross-correlation matrix G.

Since an evaluation of the exact bit error rate (BER) perfor-
mance of a RS decoder requires complete knowledge of the bit
error location, an upper bound was introduced in [16] and used
here for the space-time system. Given the Gaussian approxi-
mation in (10), such an upper bound is defined for the kth user
by

2m K (it 0\ L i

= o t is the error correction capability of

where ( n > = o
i

the code, and P; is the symbol error rate, given at the output of
the MMSE-MUD by

X
P, =Z( ; )P;?(l o
e=1

with Pj, defined in (10), and x is an integer defined by Galois
field GF(¢X) [16].

12

B. CC Performance Bounds

We start by defining the BER upper bounds for the hard deci-
sion (HD) Viterbi decoder, and then follow with the soft decision
case.

Considering a binary symmetric channel (BSC), represent-
ing the AWGN channel plus the space-time detector, the upper
bound for the probability of bit error is given by [17]

Py<(1/m) > ByPa(d),

d:dfree

13)

where the terms (3, represent the coefficients of the derivative of
the CC transfer function F(D, N) and P,(d) is the pairwise er-
ror probability. Using the Chernoff bound [17], the error bound
in (13) can be written as

OF(D,N)
P, < (I/M)—B*N— ]N=1,D:2\/p<1vp ’

where p is the BSC probability of bit error given in (10).

Moving on to the soft decision case, and using the Gaussian
approximation, it is not difficult to show that the probability of
bit error for the kth user is given by

(14)

2
Py < (1/m)etsree BTG/ 20k ) (dfreeEkQ(TG)kk> 9
Tkk
OF(D,N)
N
where 02, = S, E;j(TG)j; + 0*(TGTH)y, is the mul-
tiuser interference plus the Gaussian noise.

(15)

| V=1, D PO
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Fig. 2. Performance bounds for CC and RS coded systems with rate
1/2 over the AWGN channel: (a) 6; = 0°, and interfering users at
6 = +15°, £30°, +£45°, and 60°. (b) 1 = 0°, and interfering users
at @ = +5°, £20°, £35°, and 50°.

C. Simulation Results

In what follows, we examine the performance of the coded
space-time system introduced in the previous Section. A Binary
-Phase shift keying (BPSK) modulation is used over the AWGN
channel. The remaining system parameters are defined as fol-
lows.

e We are interested in systems with low processing gain of
PG=16 for the uncoded system. Also, the use of random
spreading codes is considered in our simulations.

e The RS code used is based on RS (63,m) with codeword
symbols taken from the Galois field GF(64).

¢ The convolutional code used is of rate 1/2 and constraint
length L = 7, or will be otherwise specified.

o The turbo code used consists of 2 identical recursive sys-
tematic convolutional (RSC) encoders with generator poly-
nomial given in octal form by ¢ = {75} denoting a turbo

code with two 4-state encoders. The decoder is based on
the log-MAP decoding algorithm. A computer program
for this algorithm is given in [18] and was tested against
the standard results in [19]

e The receiver base-station is equipped with a uniform-linear
array (ULA) consisting of 3 antenna elements or otherwise
mentioned.

e We consider a relatively low number of users, X = &, and
the desired user is taken to be user #1.

e Finally, in order to produce a fair comparison between the
coded system and the uncoded one (i.e. fixed channel band-
width constraint), we compensate for the increase in the
coded system’s bandwidth by lowering its processing gain.

Fig. 2(a) shows the simulation results along with BER upper
bounds for the space-time MMSE-MUD and using both RS and
convolutional codes. Also shown are the performances for the
uncoded space-time MMSE-MUD and the coded conventional
detector with antenna array. In these results, users’ AOA’s are
taken arbitrarily at 6, = 0°, 8, = 15°, 85 = —15°, 8, = 30°,
05 = —30°, B¢ = 45°, 67 = —45° and fg = 60°. In Fig. 2, the
solid line plots represent simulation results whereas the broken
lines represent the coded system BER upper bounds. We first
focus on the simulation results, and then follow with the perfor-
mance error bounds. An inspection of the results in Fig. 2(a)
reveals that, use of either the RS or the CC results in substan-
tial BER improvements for the multiuser detector relative to the
conventional matched filter detector. Specifically, the capability
of CC in combating reasonable levels of multiuser interference
(MI) is evident from the conventional detector curve as opposed
to RS coding. Also for the space-time MUD, it is clear from
extrapolating the results in Fig. 2 that the SD-CC outperforms
the RS code at all practical BER levels. For instance, the for-
mer is shown to offer a coding gain of approximately 2.5 dB
higher than the latter at BER of 1074, On the other hand, it
appears through extrapolation that the RS code will outperform
the CC at very low BER’s. This phenomenon will also occur
in future curves. However, for the space-time MUD examined
here, this cross-over appears too small to be practical. This, in
turn, contradicts with the results reported earlier for the single
user AWGN channel in [1].

To examine the sensitivity of the space-time system to higher
levels of multiuser interference, we consider a scenario where
the AOA’s are closely packed with 8; = 0°, 8, = 59,
A3 = —=5° 6,4 = 20°, 85 = —20°, 8 = 35°, 07 = —35°,
and §g = 50°. The results of this investigation are shown in
Fig. 2(b). As noted from these results, the increased interfer-
ence level results in BER degradation for the uncoded system
whereas the convolutionally coded system is shown to offer 1
dB coding gain higher than the results in Fig. 2(a). Also, as ex-
pected, the performance of both the space-time matched filter
and the RS coded system appear to be very sensitive to higher
levels of multiuser interference.

C.1 Coded System Upper Bounds

Since it is difficult to obtain an exact expression for the CC
generating function at large constraint lengths, we only consider
the first five, distinct, Hamming distances and their coefficients
to get the BER in (15). Also, since the main purpose of obtain-
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Fig. 3. Performance of punctured rate 1/2 turbo code with encoder inter-
leaver of size 900 in space-time MMSE-MUD and §; = 0°, interfering
users at § = £15°, +30°, £45°, 60°.

ing BER upper bounds is to assess the system performance at
low BER levels where computer simulations become impracti-
cal and as such, the trellis paths with the least Hamming dis-
tances will constitute the major error events effecting the overall
system performance.

Examining the upper bounds in Fig. 2, we find that as the
SNR increases, the bounds come to an excellent agreement with
the simulation results. For instance, a tolerance of only 0.5 dB
is incurred at BER of 10~%. It is important to note that the upper
bound for the SD-CC is obtained for the infinite quantization
case whereas our simulations are based on 8 levels of quanti-
zation which is usually used in practice [20]. Use of these er-
ror bounds confirms our previous conjecture that RS codes out-
perform SD-CC’s at extremely low BER's where the cross-over
BER is found to be less than 1071°.

C.2 The Turbo Coded System

As an interesting comparison, we consider the application of
rate 1/2 turbo codes in the space-time system. Here we use a
random encoder interleaver for its large potential gain relative
to block and convolutional interleavers [21], [22]. Using an in-
terleaver of size 900 symbols, the BER performance is shown
in Fig. 3 for different number of decoding iterations. For com-
parison reasons, we also include the performance of the SD-CC
which is known to offer a complexity comparable to the turbo
code used [23]. As shown in Fig. 3, the performance of the turbo
coded system starts to improve at 3 and 5 decoding iterations
where iterative decoding becomes more efficient. For instance,
a coding gain as much as 2 dB higher than the SD-CC is seen at
5 iterations and BER of 107,

V. PERFORMANCE ON THE RAYLEIGH FADING
CHANNEL

In this section, we obtain the probability of bit error for the
uncoded space-time MMSE-MUD in flat Rayleigh fading chan-
nels assuming ideal channel interleaving that produce indepen-
dent fading statistics for each symbol period. In addition, ana-
lytical error bounds are obtained for the coded system. Finally,

191

we introduce simulation examples to check the accuracy of these
analytical results.

A. BER Analysis

Employing the linear MMSE-MUD, and assuming that the
desired user channel coefficient is perfectly known at the re-
ceiver, the optimum decision rule for the kth user is given by

A e
b = sgn [R ((Trmse Y),, %)) = sgn (bk> . (16)

Now, following the formulation in [15], (16) can be written as

gk =+ Ey |Ozk|2 bk(TG)kk +

K
R D VEjoio(TG)ib;

i=15#k

+ ng, an

where n;, is Gaussian random variable with mean zero and vari-
ance 02 |og | (TGTH) 4.

Conditioning the probability of bit error on the channel coef-
ficients, it is easy to show that

A
Py(bpy=1|ai, -, ,OK)

= DNRID VDD

ble{ 11} b]?gke{ 11} bKE{ 11}

bR {aka; i
Q(\/E_k|ak|{(TG)kk}+J§k\/E_b {ek (TG)k})

aj,...

o/ {(TGT" )i} 7 lax| 4/ (TGT )
(18a)
=P VIR
b1e{—1,1} bjere{—-1,1} bre{-1,1}
VEilesl, oS VER {ofase o}ty
Q T Z o Iakl l k]l 3
J#k
(18b)
[(TG)iyle™ ks B
where the parameter Ag; = JTGT We note that a Gaus

sian approximation on the multiuser interference does not have
to be made as the Rayleigh fading assumption makes this in-
terference Gaussian. Averaging (18b) with respect to the fading
coefficients, and assuming that the transmitted bits are equiprob-
able, we have

VE |
Pio, =E | Q -‘#Akk

K . .
+ Z m lAkjl
ik g
(19

R * A
In (19), we discarded the phase term O"cl‘;—k‘j, and b; as they
do not effect the mean and the variance of the Gaussian random



192 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 5, NO. 3, SEPTEMBER. 2003

variables ® {c;}. Also since R {o;} j=1,--- # k, K repre-
sent independent Gaussian random variables, the probability of
bit error conditioned on ¢y, is given by

@ ok | Agg

K
\/1+ S 2 Agyl?

i#k

Pija,, = Q (20)

To obtain the probability of bit error for the kth user, we average
(20) over the Rayleigh distribution to give [24]

VEx

et A
Pk = / ake_ai/QQ A |Olk| rE dOzk
0 K g,
L+ 3 2 Akl
ik
1 VERA
_ 5 1— kilkk (21)

K 2
02+ >0 Ej|Agl
=k

B. RS and CC Hard Decision Upper Bounds

Having obtained the BER for the space-time MMSE-MUD in
fading channels, one can define BER upper bounds for the hard
decision decoders using (11), (12), (21), and by assuming a BSC
consisting of the fading channel plus the multiuser detector.

C. SD-CC Upper Bounds

Considering a window of d transmitted bits, the conditional
pairwise probability of error for user k is given by

d A
P(d)akm"wak.d =P {Z bk,n > 0} s
n=1

where the summation in (22) is taken over the incorrect path of
d bits assuming the all zero path has been transmitted. Now, the
data estimate in (16) can be written for the nth transmitted bit as

(22)

A
ben = vV Ex |ak,n|2 b, (TG) ke
K

+laknal Y R { VEje s na; (TG bj,n} + T

i#k
(23
and the probability of error in (22) is then simply given by
_ Hy
P(d)ak,le""ak‘d - Q (‘) ’ (24)
Ot
where
d
pe=VEx | TG ek Y _ lakal® (25)
n=1

and

d
(7? = UQ(TGTH)kk Z |ak_’n|2

n=1

d K
+3 3 Ejlowa” | TG ;. (26)

n=1j#k

Note that equation (26) follows from the real part of the mul-
tiuser interference term o p | Z;;k R{/E;e"®rna;,
(TG)kjbj,n} being Gaussian random variable with zero mean

d K
and variance Y. 3 Ejlaxs|’ | TG |3, where we assumed
n=1 j#k
that the fading coefficients are independent among users and
from one bit-to-another. Substitution of (25) and (26) in (24)

yields

P( D)oy an.a

d
2
Er | TG |3, 21 |tk |

=Q ) e

K
o2(TGT ) + 3 E; | TG |,
j#k

which represents a Chi-square distribution with 2d degrees of
freedom for the |ak,n|2 terms. Averaging of (27) over the Chi-
square distribution [24], gives the probability of error as

d—1
P =Go-r S (17 ) pur @
where
_ SINR,,
7=V SINRe + 1
and
2
SINRG/U — (Ek/202) | TG |%k E(|C¥k’n| )

K
(TGTH ), + 3 (Ej/0?) | TG I3
ik

is the average signal-to-noise plus interference ratio per coded
bit. Having obtained the pairwise probability of error, we can
find the probability of bit error upper bound in (13). Note that
the probability of bit error in (28) is similar to the one obtained
for the conventional maximal-ratio combiner (MRC) with a di-
versity order equal to d. This is not surprising since channel
coding is some form of time diversity with diversity order equal
to the minimum Hamming distance of the channel code being
used.

D. Simulation Results

In the following simulation results, we consider a flat fast-
fading channel in which the channel variations are considered
constant over one symbol interval.
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Fig. 4. Performance of RS and CC coded systems over a Rayleigh
fading channel and code rate 1/2, §; = 0°, and interfering users at
§ = £5°, +20°, £35°, and 50°.

D.1 BER Performance

Fig. 4 shows the performance plots for both RS and CC using
the space-time MMSE-MUD. The performance of the uncoded
MUD is also shown along with our analytical results given in
the previous section. Since the BER performance of the conven-
tional detector is known to be quite poor for the fading channel,
in what follows, we only focus on the performance of the space-
time multiuser detector. As the results in Fig. 4 reveal, the use
of antenna airays plus MUD is shown to improve the interfer-
ence cancellation process whereas channel coding overcomes
the degradation caused by the fading process. With regard to the
uncoded system, Fig. 4 shows the complete agreement of our
analytical results with the exact system’s performance. Also, as
was shown earlier for the AWGN channel, the SD-CC offers a
better performance than the RS code at all practical BER levels.
It is found that the cross-over BER between RS and SD-CC is
larger than the AWGN channel, and is inversely proportional to
the level of multiuser interference introduced. This fact will be
shortly justified when we discuss BER upper bounds.

Let us now examine the coded system error bounds derived
in the previous section. Examining the results in Fig. 4, one
can see that such error bounds become more tight with a small
tolerance for BER’s lower than 10~4. For example, at a BER
of 10~ both HD-CC and RS error bounds show a loss of one
magnitude away from the exact results. On the other hand, the
SD-CC error bound is about 1.5 dB away from the exact per-
formance. Furthermore, the cross-over BER between RS and
SD-CC is shown here to be well below 10~ !2 agreeing with our
previous discussions.

D.2 Effect of Varying the Number of Antennas

In Fig. 5, the BER performance as a function of the num-
ber of antenna elements is shown. As a bench mark, we also
show the performance of the uncoded MMSE-MUD with 3-
element array. The single antenna case is significant here since
it represents the ability of channel coding in combating cochan-
nel interference when no interference cancellation is used be-
sides the MUD. As noted from these results, the convolutionally
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Fig. 5. Effect of increasing the number of antennas on the BER per-
formance on flat fading channel and large angular distributions and
code rate 1/2.
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L
—©- uncoded MMSE-MUD w/ array (SNR=34 dB)
~  MMSE-MUD w/ array and RS (bound at 35 dB)
|l MMSE-MUD w/ array and CC (SD bound at 32 dB)
= T i T T
8 12 16 20 24 28 32
Number of users

Fig. 6. Capacity investigation of the coded space-time MMSE-MUD us-
ing BER upper bounds with code rate 1/2. 8; = 0°, and interfer-
ing users at # = +5°, £20°, +35°, and 50°. All extra users are at
0y = 0°.

coded system (with no spatial interference cancellation) is able
to perform better than the uncoded system with 3-antenna array.
This is important since conserving antenna array processing is of
practical interest. Also, it is observed that increasing the number
of antennas above 3 has a little impact on the BER performance.

D.3 Capacity Improvements

As was discussed earlier, error bounds can be of a great
importance especially when the system is heavily loaded (i.e.,
K > 8users). Here, we use the analytical results obtained ear-
lier to estimate the gain achieved using error control coding in
view of user-capacity. That is, we translate the achieved cod-
ing gain into additional number of users under fixed BER and
SNR constraints. Fig. 6 describes the results of such an inves-
tigation. The BER performance versus the number of users is
shown in this figure for the uncoded system and for both the RS
and SD-CC systems. The angular distribution for the arriving
signals is taken at ; = 0°,6 = £5°, £20°, +35°, 50°, and any
additional user is assumed to arrive at the same AOA as the de-
sired user (i.e., Ax~g = 0°). Also, for reasons of discussion, the
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Fig. 7. BER performance in a flat Rayleigh fading channel with normal-
ized fade f3=0.01, N=3, rate 1/2 SD-CC and channel interleaving.

SNR is fixed to 34 dB. Note that the tolerance in the BER upper
bounds from the actual simulations is compensated to allow for
a realistic investigation. As shown in Fig. 6, the performance of
the RS coded system exhibits an abrupt drop which is evident
from the slope of the curve at a system load of 16 users. On the
other hand, the CC system can handle up-to 28 users relative to
the uncoded 8-user system at a prescribed BER of 10~%. This,
in turn, gives an increase in system’s user-capacity of approxi-
mately 250% relative to the uncoded system and 150% relative
to the RS coded system. Note that the rapid change in the slope
at the capacity point is due to the loss in coding gain, which
has no impact on the capacity gain. We have also observed that
larger capacity gains can be easily achieved at BER’s lower than
1074

D.4 Channel Interleaving

Thus far, we have only considered a fully interleaved chan-
nel with independent fading statistics. Let us now examine the
effect of including a more realistic channel model with some
memory. Since it is difficult to obtain analytical results for a cor-
related fading channel, we will only rely on simulation results
and then check these results against ideal cases. Again, the sys-
tem is shown in Fig. 1 with a practical interleaver/deinterleaver
pair. Depending on the size of the interleaver, successive source
symbols experience reduction in the correlation among their
fades during transmission. There are several types of channel in-
terleavers that have been introduced in the literature [16]. In our
work, we consider a simple block interleaver of size yz where
y and z represent the number of rows known as the interleav-
ing depth, and the number of columns known as the interleaving
span, respectively. Note that the statistical behavior of the inter-
leaving process depends mainly on the choice of the interleaving
parameters y and z which in turn depend on the channel fade
variations and the decoding depth. In characterizing the time
variations of the fading channel, we choose a Doppler rate, nor-
malized to the bit rate, f; equal to 0.01. This large normalized
Doppler rate signifies fast time variations in the fading process
relative to the transmission bit rate. Here, the fast fading pro-
cess was generated by passing a white Gaussian noise through

encoder interleaver=900
fully interleaved channel

107 |

—©- SD-CC w/ 3-element array
—+~ turbo coded system w/ 3-element array (1 iter.)
—&- turbo coded system w/ 3-element array (3 iter.)
_ | L= _turbo coded system w/ 3-element array (5 iter.)
4

1 2 3

o

5
SNR(dB)

(a)

10 |

—&~ turbo fuily interleaved (1 iter.)

—=— turbo fully interleaved (3 iter.)

~6— turbo fully interleaved (5 iter.)
©  turbo 60x60 interteaver (1 iter.)

10°H B turbo 60x60 interleaver (3 iter.) \ i
< turbo BOX6O interleaver (5 iter.) o
—#- SD-CC 60x60 interleaver
10°° . 1 \ . . ) \ )
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()

Fig. 8. Performance of punctured rate 1/2 turbo code with random en-
coder interleaver, 6; = 0°, and interfering users at § = +5°, +20°,
4359, and 50°: (a) a fully interleaved fading channel, (b) with chan-
nel interleaving.

a third order low pass filter (i.e., 3rd order Butterworth filter)
[25]. Furthermore, for interleaving to be effective, we set the
interleaving span to be larger than 30 symbols (i.e., the decod-
ing depth Ly = 30). Also, since it is impractical to choose the
interleaving depth larger than the maximum fading depth, we
consider a block interleaver of size yz where z = y and greater
than the decoder depth.

Fig. 7 shows the performance results, for the system described
above, with different interleaving degrees along with the BER
upper bounds for the ideal interleaving case. As seen, a loss of
less than an order of 1 dB is incurred due to practical interleav-
ing. For example, only 0.6 dB coding loss results for a relatively
small interleaver of size 3600 symbols for the correlated fading
channel relative to the ideal interleaving case.

D.5 Turbo Codes on Fully Interleaved Channels

In Fig. 8(a), we simulate the turbo coded system over a fully

interleaved fading channel using an encoder interleaver of size

900 symbols. As shown from this figure, turbo codes perform
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Fig. 9. Convolutionally coded system with sensitivity to AOA estimation
errors. 61 = 0°, and interfering users at 6 = +5°, +20°, +35°, and
50°.

better than SD-CC with a relative coding gain of approximately
3 dB at BER of 10~° and using 5 decoding iterations. Also, as
in the AWGN channel, the error flooring effect exhibited by the
turbo code at 5 iterations is evident from Fig. 8(a).

D.6 Turbo Codes with Non-ideal Channel Interleaving

Here, we examine the performance of turbo codes in the
space-time system and considering a correlated fading channel.
It will be seen that the presence of fading correlation poses a ma-
jor problem to the turbo coded system. The BER performance
is shown in Fig. 8(b) with a fixed random encoder interleaver
of size 1800 symbols and a block channel interleaver of size
60 x 60 symbols. In this case, the use of practical channel in-
terleaving results in a coding gain loss of 2 dB from the fully
interleaved channel at 3 and 5 decoding iterations. This loss is
shown to be much higher than the one seen earlier for SD-CC
(Fig. 7). Note that the relative coding gain between the turbo
coded system and the SD-CC one is shown to be in the range of
2.5 dB, a coding gain loss of 0.5 from the fully interleaved case.
On the other hand, in an adaptive MMSE receiver, we found that
the relative coding gain between turbo codes and SD-CC’s to be
smaller than the gain obtained for the multiuser-type receiver
[12].

D.7 Sensitivity to AOA Estimation Errors

In this section, we study the sensitivity of the space-time sys-
tem to estimation errors in the antenna array steering vector. In
this discussion, we only consider the effect of estimation er-
rors on the convolutionaily coded system. In that, we choose
to model the AOA estimation error as an additive Gaussian dis-
tributed random variable with standard deviation (s.d) equal o¢.
In this case, the receiver estimate is given by

A
o =9+n9, (29)

where 6 is the correct AOA and ng is the Gaussian estimation
error with zero mean and variance 2.
In Fig. 9, we examine the performance of the convolution-

ally coded system with AOA estimation errors. As shown, the
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performance starts to significantly degrade at oy = 4. For in-
stance, a SNR loss of approximately 1.5 dB from the ideal case
is seen for a prescribed BER of 107, As the estimation error
increases beyond og = 4, the system starts to show an error
floor at higher BER levels. This is expected since the antenna
array in this case enhances the cochannel interference instead of
cancelling it. This, in turn, results in a performance degradation
of the space-time multiuser detector and hence an ineffective
decoding operation.

VI. CONCLUSIONS

In this paper, we considered the application of CC, RS and
turbo codes in DS-CDMA systems that employ space-time
MMSE-MUD. Initially, we introduced the space-time MMSE-
MUD using these coding schemes in AWGN channels. Our sim-
ulation results demonstrated substantial BER improvements rel-
ative to the coded space-time conventional detector. The Gaus-
sian approximation for the error analysis in AWGN channels
was used to obtain error bounds for both the RS and the convo-
lutionally coded systems. We found that, the use of space-time
MUD and SD-CC can offer up-to 2.5 dB coding gain relative to
RS coding. Also, the superiority of turbo codes in terms of their
large coding gains relative to SD-CC was shown. For the flat
fading channel, we proved that the two forms of diversity, space
and time diversity, significantly enhance the system’s BER. Our
results show a coding gain of at least 6 dB using SD-CC rela-
tive to the RS coded system. We introduced an accurate closed
form expression for the uncoded system BER. Upper bounds for
the coded system were obtained and shown to be tight. A user-
capacity investigation was performed where it was shown that
SD-CC can offer capacity gains of approximately 250% rela-
tive to the uncoded system, and 150% relative to the RS coded
system. In a correlated fading channel, where practical chan-
nel interleaving is used, we observed a small SNR loss relative
to a channel with no memory. In a comparison between turbo
and SD-CC, it has been shown that the former offers a superior
performance than the latter with a coding gain of 2.5 dB. We
examined the sensitivity of the coded system to AOA estimation
errors where it was shown that the system can be quite tolerable
for relatively large estimation errors.

APPENDIX

In (6), the following matrices were used and taken from [14]
(it follows the notation in [3]):

T
Y=[v1 - w yk |, (30)
AH nH AH
U mpg g Uy WPy g Uy Uxpy g
nH nH AH
A Up Wipoy o0 Uy WPy -+ Uy UK i
G= . e . )
nH nH AH
UgWipgy U UgUrPg g U UK PRk K

€29
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U=[w - w - ug]’, (32)
VE = diag [ VEL VE:x -+ VEx], (33
and
a=diag| a1 - ok |, (34
T
N=[7v - % e ] (35)
The cross-correlation, p; ;, is defined in (4).
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