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A Low-Complexity Iterative Multiuser Receiver for
Turbo-Coded DS-CDMA Systems

Jah-Ming Hsu and Chin-Liang Wanlylember, IEEE

Abstract—Optimal joint multiuser detection and decoding single-user matched filters followed by quantizers) seems to be
for direct-sequence code-division multiple-access (DS-CDMA) a simple solution to this problem, but the corresponding perfor-
systems with forward error correction normally requires pro- mance is unsatisfactory when MAI is high [2]. As compared to

hibitively high computational complexity. A suboptimal solution . . . .
with low complexity is therefore appealing for use in practical the conventional detection approach, the optimal multiuser de-

applications. In this paper, we propose a low-complexity iter- tector [3] has much better performance; however, its computa-
ative multiuser receiver for turbo-coded DS-CDMA systems. tional complexity is exponentially increased with the number of
The proposed approach consists of a modified decorrelating ysers, making it unsuitable for practical applications. To balance
decision-feedback detector (MDDFD) andK' single-user turbo g tradeoff, some suboptimal multiuser detectors that vary in

decoders, where K is the number of users in the DS-CDMA . . -
system. The MDDFD is derived on the basis of maximizing a performance and complexity have been proposed in the litera-

likelihood probability and has a feature that it can use the relia- ture, including the linear decorrelating detectors [4], the mul-
bility information from the turbo decoders’ output. In addition,  tistage detectors [5], and the decorrelating decision-feedback

the MDDFD can deliver interference-cancelled soft outputs to detectors [6]. An overview of various multiuser detection ap-
the turbo decoders where the calculation of transition metrics is proaches was provided in [7].

modified appropriately. Both performance analysis and computer . . .

simulation results have indicated that the reliability information Forward error correction (FEC) coding techniques are
from the turbo decoders’ output can enhance the multiuser detec- Normally employed in communication systems to improve the
tion capability of the MDDFD. Computer simulations have also transmission performance. In particular, it was emphasized

shown that the proposed iterative multiuser receiver outperforms py Viterbi [8] that spread spectrum CDMA systems can
ginteecrcr)c?rventll;)ns:.DDFD-based multiuser receiver in terms of the gy it their full potential when they are combined with FEC.
' probability. A number of FEC codes have been considered for CDMA
Index Terms—Code-division multiple access, forward error cor- systems, such as convolutional codes [9] and trellis codes
rection, iterative methods, multiuser detection, turbo codes. [10], [11]. In [12], Li and Imai considered the newly appeared
powerful turbo codes [13] for spread spectrum systems and
I. INTRODUCTION indicated that the system capacity can be greatly increased.

D IRECT-SEQUENCE code-division multiple access (DSBeln order to obtain better performance, several efforts have

S en made for optimal joint multiuser detection and FEC

CDMA) has become very popular in wireless communis L . .

; . ecoding in DS-CDMA systems. One major problem associ-
cations [1]. In a DS-CDMA system, a number of users simul- : . . '

e ; -ated with such an optimal approach is that the computational

taneously transmit information over a common channel usin Lo AN .

; . . complexity is usually prohibitively high. For example, the

preassigned spreading codes (or signature waveforms). By Se-

lecting mutually orthoaonal spreading codes for all users mlH]_aximum—likelihood sequence estimator for convolutionally
) 9 Ay 9 pre 9 ' oded DS-CDMA systems proposed by Gialloreetzal. [14]
tiple-access interference-free single-user performance could be

: : L IS an optimal solution of this kind, where the computational

achieved. However, the orthogonality condition is usually ng N o .
o . . : complexity is exponentially increased with the number of users
satisfied perfectly for spreading codes used in practice, and thu . )
.inthe system and the number of states in each user’s encoder.

multiple-access interference (MAI) arises; the MAI problem Ifﬂ contrast, a suboptimal solution with lower complexity to

particularly severe wher_1 another,user S sp_readlng code is h'géo}/nt multiuser detection and FEC decoding seems to be more
correlated with the desired user’s spreading code or when rt1t'ractive for use in practical applications. In [15], Restchl,

other user is much stronger than the desired user in power. The . . ; ) .
. . . escribed a suboptimal approach that is actually an iterative

use of a set of conventional single-user detectors (i.e., a bank of ° . . . o
multiuser receiver structure consisting of a multiuser likelihood

metric calculator and( single-user soft-input/soft-out (SISO)
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Fig. 1. The DS-CDMA system model.

The MDDFD is derived based on maximizing a likelihood probef the K™ users’ bits in bit period. Also, the relation between
ability and has a feature that it can process the reliability ig*, b, and the noise samples can be formulated as follows:
formation from the turbo-decoders’ output to generate interfer-

ence-cancelled soft outputs for use in the turbo decoders. For y® = Ruwb® 4 2 (2)
the proposed approach, the calculation of transition metrics in
the turbo decoders is also appropriately modified. where R is the K x K signature-waveform cross-correlation

The rest of this paper is organized as follows. In Section II, weatrix, () is a K -dimensional colored Gaussian noise vector,
describe the DS-CDMA system model used in the developmentdw = diag[,/w; /w; ... /wx | is a diagonal matrix.
of the proposed multiuser receiver. In Section Ill, we review the
conventional decorrelating decision-feedback detector and de- [|l. D ECORRELATING DECISION-FEEDBACK DETECTORS
rive the MDDFD, where a performance analysis is conducted to
explain the behavior of the MDDFD. Section IV presents an it-
erative multiuser receiver structure for turbo-coded DS-CDM he DS-CDMA system provided that the feedback decisions
systems, and Section V demonstrates some performance com-

: . . . re correct [6], where the decisions for users are made in
parisons based on computer simulation results. Finally, conc B ) . . : . :
. . . . e nonincreasing order of received users’ energies, i.e.,
sions are given in Section VI.

wy > ws... > wg. In practical systems, the users’ energies

need to be estimated and sorted appropriately. For convenience,

we will not deal with such problems and assume that the
In the following, we consider a synchronous DS-CDMAysers’ energies are known and in the nonincreasing order at the

system, where the receiver can recover timing and carrier phaggsiver.

of all users perfectly. Fig. 1 shows the correspondiiguser

bit-synchronous DS-CDMA system model. Each user transmis The Conventional DDFD

a block of NV bits and those bits for usérare represented by

1,616y, whereb? € {+1,—1} is the transmitted

bit of userk during theith bit period andk € {1,2,...,K}.

With these notations, th& users’ bits during théth bit period

can be expressed as a vedd! = [ 57 . 17, and

all the K users’ bits can be expressed agiax N matrix rithm [16]. By applying a filter with respons(d?T)*l to the K

— pL p@ (N) .
b=[b" o 6] _ , _ matched filters’ output vecta§® in (2), we obtain a decision
Assume that thé&th user is assigned with a signature Waves'tatisticg(i) with whitened noise components, i.e

form s, (¢) of symbol periodZ; and the communication channel
is with an _add|t|v_e white Gau55|ar_1 noise (AWGN) process. 7@ = Fub® + 3@ 3)
Then the input signal to the receiver is

A decorrelating decision feedback detector (DDFD) can
liminate all interference from other users (i.e., MAI) in

Il. SYSTEM MODEL

The structure of the conventional DDFD is briefly explained
as follows. Consider the discrete-time system model described
by (2). Since the cross-correlation matixs positive definite,
it can be factored a® = F'F, whereF is a lower trian-
gular matrix obtained from the Cholesky decomposition algo-

N K wherez(® is aK -dimensional white Gaussian noise vector with
r(b,t) =3 ST syt — iLL) + n(t) (1) covariance matrix-2I and thekth component of" is
1=1 k=1
k—1
wherewy, is the received energy of thgh user. After the re- ij(f) _ fk,k\/w_kb,(f) + Z fk7j¢w_jb§’) + 5}(;)_ 4)

ceived signat (b, t) has been processed by a bankbifmatched
filters, each matched to a signature waveform, a sequende of
output vectorgy/*) = [yY) yéz) ) ..yf,?]T,i =1,2,...,N,are The decision for the first (strongest) user is simply made ac-
produced, Wherg,(;’) is the sampled output of theth matched cording to hard decision on da@:%), ie.,

filter for the ith bit period. It was shown in [3] that’®) is a suf- ‘ ‘

ficient statistic for maximum-likelihood detection of vecté?’ ?JEZ) = sign(gjf)). (5)

i=1
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For thekth user(k > 2), MAI from the k — 1 stronger users where the constant’y, normalizes the probability mass. By
can be estimated gf 11 T i /W5 - bJ , and the corresponding substituting (10) into (9) and with appropriate mathematical ma-

decision can be made by nipulation, we obtain
~ 1 ~\7
b() = sign y ka /W5 - b(Z . (6) exp 2 ( @) Zlfkw/ b ) o/ Wi )
J

For the conventional DDFD, detection of each user’s bit in 4 1
theith bit period relies on the decision statis§i¢) and the de- (b)) = +1) > exp e g Z Frog/5 - b7
cisions made for all stronger interfering users. In particular, the j=1
detector for the strongest user in this system does not involve
feedback from the other users’ decisions and is equivalent to the (= frpv/wr) p- p(bgj) =-1). (11)
linear decorrelating detector [4]. On the other hand, the detector
for the weakest user utilizes feedback from all the other usefgearranging this inequality and taking logarithm on its both
decisions and can achieve the single-user performance whendiaRs yields
feedback decisions are correct. Although this decision-feedback ) 1
approach is intuitive and simple, it must be appropriately mod- ;) (i) 5(i)
ified if the reliability information is taken into account for im- Lap 2 =5 | O — > Feinmg 07 | (frpy/wr) (12)

proving multiuser detection performance. ‘ 7:1 ‘
WhereLf;)k = log{p(bgj) = +1)/p(b§f) = —1)} is thea priori
B. The Modified DDFD information for bitb{” . Based on (12), we can derive a decision
The modified DDFD (MDDFD) is derived as follows. The de+ule for the MDDFD as follows:
cision b( " for userk is made by searching fdné € {+1,-1} (i) +1. if AD >
that maximizes the joint probablhw(y(z) b(z)|b ,...,bfﬁl), b = { _17 if A@) _< 0 (13)
Where{bg’ ,...,bg_l} denotes the estimated bits of the- 1 |, hare 7 *

stronger users for bit period That is,

i arg{ NN X . i;;jjl)} s
b, e{+1,-1}

4 Lo Rl (i o? ;
Agj) = g’(j) —kah]‘/w‘] bEZ) (fk,k\/wk)—’_?L((zZ,)k
j=1

By applying Bayes' rule, one obtains The outputcki) of the MDDFD is defined as
MONOIONEEEO) ; S = i
P |~b(17‘) ’A.(vj).’bkiigv") () QIO 7(3) C'S) B g'(‘) - Z Jroi/oi b’('/)
=p( 1617, by 207 (b by b 2) i=1
W OO p) @y ()
p(yk |b1 7"'7bk—17bk ) p(bk ) (8) — fk k\/_ b( i) +ka \/— Ab(z + 3 ~(Z) (14)
The second equality follows from the assumption that khe j=1
users’ bits are statistically independent. hereAb(’) —b(’) b(’ The summaﬂonterrﬁjj = fkj\/_

Since the maximization problem in (7) is actually a binary hy
ﬁ%{: represents the residual MAI, which is not equal to zero

en incorrect decision feedback occurs |n the MDDFD. If the
MDDFD completely eliminates MAI, |eAb =0forj =

pothesis-testing problem, we can equivalently solve it by usi
the following rule:

The decision would favoﬁi,(j) = +1,if

i) ) 0 1,...,k—1, C,j can be treated as a Gaussian random variable
p( 1617, 0,y = +1) - p(by” = +1) with meanfkyk‘/wk -5 and variance:>.

b@ =-1) -p(bgj) =—1); (9) The structure of the MDDFD is shown in Fig. 2, whege; =
) fx,jy/w;. The energy sorter performs users’ energies estima-
otherwised,” = —1. tion and arranges the received energies in the nonincreasing
Furthermore, from (4) and with the assumptioﬁ.}(fi) = b;(4), order. The triangular matrix fiIte(rFT)*1 is used to obtain the
j = L....k = 1,itis straightforward to write the following Whitened decision statistg”) as defined in (3). The MDDFD
Gaussian distribution: outputck’ is computed according to (14). It can be seen in Fig.
(N(i) |{,(i> () b(i)) 2 that the decision for thith user’s bit involves tha priori in-
PARTPL oo Pk P formationL!’ )k of the corresponding bit” . With the aid of the
1 ‘ o— » a priori |nformat|on it can be expected that the MDDFD will
= Chn, - exp ~557 gj,(j) - Z Jri Wy - b]@ outperform the conventional DDFD in terms of the interference
¢ =1 cancellation capability.

> pa b B

? C. Performance Analysis of the MDDFD

— fropen/ i - B (10)  Thebit-error probability at the MDDFD output is evaluated as
follows. We assume that the bit-error probability is independent

3
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Fig. 2. The structure of the MDDFD.

of bit positions, thereby removing the bit indé&ix the following
performance analysis. The bit-error probability of b user
is

whereAb; = b; — b; represents the decision error pattern for
userj. We can find the bit-error probability of usérby aver-
aging the conditional error probability given a particular error
pattern for userq, ...,k — 1 over all possible error patterns,

Py=F -plbe = =1+ B -plbe =+1)  (15) e, (Ab, Abs,...,Abj_1) € {+2,0,—2}*—1. Then (16) be-
comes
where
Py =p(bx = +1jbx = ~1) P = Z / < ) p(Lax|br = —1)
T b4 > 0L g b 1 (B Bi0)
—/_oo (Ax 2 Ol La g, by = —1) -dLg - p(Aby, ..., Aby_1)
sl = s 1o S [ e s
PE =plbr = —1lbx = +1) (Aby .. Aby_1)
_ / p(Ax < 0L g, by = +1) dLak - p(Aby, ..., Aby_y) (20)
P(Laslbr = +1) - dLq s, (17) whereQ(z) = [ (1/v2x) ¢=**/?dv and
with B — S/ W0k o Lax 1
k=1 o 2fu /W @
A= o= frojvwi-bj | - (frup/or) k—1
= D fey/g - A (1)
+ 7 Lo (18) =
The same procedure can be applied to (17) to obtain
Note that, in (18)1)1 s are assumed to give the correct deci-
sions ford;’s, i.e., b; —befJ—l ,k — 1. To take into + ) _
account the decision error probability oftkjel stronger users, ko Z / QB (La gty = +1)
L . . . . (Aby,...,Ab, 1)
an approach similar to that described in [6] is employed. First,
by using the expression fag, in (4), we have rdLa - p(Aby, ..., Ab—y) (22)
k—1
. where
Uk — ka,j\/wj - b; -
i=1 Jepvwe | o Lok 1
. BT =% - ciJwy - Abs.
= . a * 2fu /Wi O Z Thiv/wj - 8b;
= frevV/wk - b + Z Trg/wy - Ab; + 2, (19) =1

j=1

(23)
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Fig. 3. The proposed iterative multiuser receiver for turbo-coded DS-CDMA systems.
TABLE |
COMPUTATIONAL COMPLEXITY COMPARISON OFTWO ITERATIVE MULTIUSER RECEIVERS
Method Procedures Complexity (FLOP’s Per Information Bit)
. . B . 2
The Proposed Whlte;llgi l;}])termg K* /(RK)
Receiver 2
(1 Tteration) (B3K*/2+3K/2+1)/(RK)
The Receiver Likelihood Calculation 2X(7K? /6 + 4K? + 6K +4) (RK)
Presented by Metric Generation
Reed e al. [15] (1 Iteration) 28 (K -1)(RK)

With (15), (20), and (22), the bit-error probability for thethe BCJR algorithm [17] is used for decoding a turbo code con-

kth user can be calculated if the distributigid, x|bx = —1) sisting of two2”-state recursive systematic convolutional (RSC)
and p(L, x|b = +1) are known. If we further assumecodes linked by an interleaver. To begin with, we brief the tran-
that the binary data of users are equally probable, i.sition metrics calculation in the original BCJR algorithm. Since
p(bi = +1) = p(b; = —1) = 1/2, andp(L. x|bx = —1) the two component decoders used for turbo decoding are iden-

= p(—Lex|lbk = +1), the bit-error probability is simply tical, itis sufficient to deal with one of them. Consider a transi-
P, =P = P,j. Note that, for the distribution®(L, x|bx), tion from staten’ to statem with input bitd) = ¢ (a system-
L, 1 is the real metric computed at the decoder, not the theatic bit) at the first RSC encoder that generates a redundant bit
retical expression in (12). Moreover, if tlapriori information Y, ,,.», wheret, Y, ,,,» € {0,1} andm, m’ € {0,1,...,2" —1}.
Lq i gives the same sign &g, it can be seen from (20) to (23) Letz¥) andy) represent the observed data for the systematic
that the termv - L, /(2 fx,x/ws) contributes to increase thebit and the redundant bit, respectively, at the turbo decoder in
argument in(x), thereby reducing the error probability. the case of an AWGN channel. Then the transition metrics have
the following form:
IV. AN ITERATIVE MULTIUSER RECEIVER

Based on the derived MDDFD, we further propose an iter- V(4 m! i m) = exp - .z
ative multiuser receiver structure for turbo-coded DS-CDMA ;
system, as shown in Fig. 3. This iterative multiuser receiver -exp{ 2”" }
consists of the MDDFD and single-user turbo decoders. In e
the first multiuser detection iteration, tteepriori information exp{f- Lff)} 24
of users’ bits is not available for the MDDFD in making deci- ’ 1+ exp{]i(j)} (24)

sions, i.e.,ij)k =0fork=1,...,Kandi=1,...,N;there-

fore, its perfbrmance is simply the same as that of the DDF¥herez(?) is Gaussian distributed with me&4 — 1 and vari-

The MDDFD delivers interference-cancelled (if all decisionances?, yU) is Gaussian distributed with meah; ,,» — 1 and

are correct) soft outputi{’)’s to the input of the turbo decoders.variances2, andZ$ is thea priori information of the system-

After several turbo decoder iterations, the log-likelihood ratiastic bit.

of data bits at the turbo decoders’ output are fed back to theln the following, we describe how to calculate the transition

input of the MDDFD as the priori information Lg”)k for the metrics in the proposed multiuser receiver. Without loss of gen-

next multiuser detection iteration. 7 erality, the turbo decoder for uséris considered, where the
Owing to the structure of the MDDFD, we have to modify theorresponding block oivV bits transmitted consists of the sys-

transition metrics calculation in the turbo decoders. Assume thiamatic (uncoded) bits and the redundant (coded) bits. Soft out-

5
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Fig. 4. Performance comparison of multiuser receivers with 0.2.
putsC(i ,i=1,...,N,fromthe MDDFD can be demultiplexed plexity of the proposed receiver in the terms of the number of

according to the puncturlng rule used in the turbo encoder to dlpating-point operations (FLOPSs) required per information bit.
tain Cfﬂ,{, Cgfl)k, and 52)k,j =1,...,N,, whereN, = N-Ris Table | shows the complexity of the proposed MDDFD-based
the block size of the turbo code used dhds the code rate. For receiver, wherex is the number of users arglis the code rate

the above notanons;/, ;. corresponds to the systematic bits, andf the turbo code in use. For the purpose of comparison, the

C§ N andc( ), are related to the redundant bits generated frofpmputational complexity of Reegt al.’s receiver [15] is also
the first and second RSC encoders, respectively. From the d'iLCI“ded It can be seen from Table | that the complexity of Reed

cussion immediately following (14), we assume t‘fiéi C(J) etal.’s receiver grows exponentially witk while the proposed

yl,k . . . .
receiver has complexity linear if.
andC(J)k are Gaussian random variables with meafa, x/wx P y

and vamancer2 Then the transition metrics calculation in the

V. SIMULATION RESULTS
BCJR algorithm for the first component decoder can be modi-

fied as follows: The bit-error probability performance of the proposed itera-
tive multiuser receiver was investigated through computer sim-
D0l 1) — (J) < frrey/wr - (20— 1) ulations. A rateR = 1/2 turbo code with two 4-states(= 2
v m,m) = exp 02 octal generator 7, 5) RSC codes and a helical block interleaver

W oy . of Ien'gthNt. = 210 bitg were usggl for simulation;.. Thg BCJR
exp { Cyrp ~ Trpy/0 - (Ve — 1) } algorithm with appropriate transition metrics modifications pre-
o? sented in the previous section was employed for turbo decoding.
= (5) For making comparisons of system performance under various
. expié- La:’f} (25) cross-correlations among spreading codes, all simulations were
1+ exp{ifz{ 2 performed on thé{-symmetric channel [19] that is character-
ized by a cross-correlation matrix given by

Wherelifjic is thea priori information of a systematic bit for

userk. Note that thisa priori information is set to zero initially 1 i P

and updated appropriately during the turbo decoding process. R=|" SR (26)
Furthermore, since the MDDFD requires tagriori informa- poopd 1

tion for both the systematic bits and the redundant bits, the turbo A

decoders are modified to produce the log-likelihood ratios fevherep is referred to as the cross-correlation parameter.
these bits. The corresponding modification can be found in [18].In the simulations, we considered a 4-usgk = 4)

The iterative manner in the proposed multiuser receiver 3S-CDMA system, where all users were assumed to have
similar to that in the multiuser receiver developed by Reed equal powers. Figs. 4-7 show the bit-error probability perfor-
al. [15]. However, the latter requires relatively high computamance of the multiuser receivers for various cross-correlation
tional complexity. We have analyzed the computational comarameters. In these figures, the bit-error probability of user 4

6
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Fig. 6. Performance comparison of multiuser receivers with 0.5.

is illustrated. The curve labeled “DDFD” represents the perforeceivers, the total number of turbo decoder iterations is equal
mance of the conventional DDFD followed by turbo decodintp nine.

with nine iterations. The performance of the proposed itera-For a low cross-correlation parameter©of 0.2, “lterative

tive multiuser receiver is shown by the curve labeled “IteratiM@dDDFD” and “Iterative MUD” are close to the single-user
MDDFD.” We performed three multiuser detection iterationgerformance. For a moderate cross-correlation parameter of
each followed by three turbo decoder iterations. For compar= 0.3, “Iterative MDDFD" is still close to “Iterative MUD”
ison, the iterative multiuser receiver developed by Reedl. and is approximately 0.4 dB away from the single-user perfor-
[15] was also simulated in a similar iterative manner and itaance at the bit-error probability a0 3. In high cross-cor-
performance is plotted as “Iterative MUD.” For each of theselation cases, “Iterative MDDFD” is inferior to “lterative

7
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Fig. 7. Performance comparison of multiuser receivers with 0.7.

MUD,” where the performance loss is about 0.5 dBjcte 0.5 2]
and about 1.0 dB fop = 0.7 at the bit-error probability of
10—3. Note that the proposed iterative multiuser receiver al- 3]
ways outperforms the conventional DDFD without iterative
multiuser detection. ]

VI. CONCLUSION [5]

In this paper, we have proposed a low-complexity iterative
multiuser receiver for turbo-coded DS-CDMA systems. The [6]
proposed iterative multiuser receiver consists of a modified
DDFD and K single-user turbo decoders, whefé is the |7
number of users in the system. The modified DDFD is derived
based on maximizing a likelihood probability and has a featurel8l
that it can use the reliability information from the turbo de- 4
coders’ output. In addition, it can deliver interference-cancelled
soft outputs to the turbo decoders if all feedback decision
are correct. For the proposed approach, the calculation of the
transition metrics in the turbo decoders is also appropriately
modified.

Computer simulations have shown that the performancgl]
of the proposed iterative multiuser receiver is close to the
single-user performance when the cross-correlations amori¢f]
spreading codes are low. Although the proposed receiver has
some extent of performance loss as compared to the single-uges)
case, it always provides a performance improvement over the
conventional DDFD-based receiver without iterative multiuser
detection. [14]
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