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Abstract—This paper introduces an iterative multiuser receiver performance degrades severely. Multipath effects, common in
for direct sequence code-division multiple access (DS-CDMA) mobile radio channels, also destroy this orthogonal property.

with forward error control (FEC) coding. The receiver is derived ¢ \ha codes are randomly selected, however, the performance
from the maximum a posteriori (MAP) criterion for the joint ' '

received signal, but uses only single-user decoders. lterations Of @ Synchronous system is on average the same as that of an
of the system are used to improve performance, with dramatic asynchronous system. Work produced by Gedrall. [8] shows
effects. Single-user turbo code decoders are utilized as the FECthat the capacity penalty vanishes, for a large number of users,
system and a complexity study is presented. Simulation results \sing randomly selected spreading codes, as the ratio between
show that the performance approaches single-user performance , mper of users and spreading length becomes large.elana
even for moderate signal-to-noise ratios. . .
al. [9] have shown a slightly different result; they showed
Index Terms—Code-division multiaccess, decoding, multiuser that the upper bound of the normalized minimum distance for
channels, random codes, turbo codes. a trellis-coded multiuser CDMA system with nonorthogonal
spreading is identical to that of the single-user case. This
|. INTRODUCTION means that asymptotically, using nonorthogonal codes, or
ITH THE standardization of direct spread Code[a_ndom codes, _single—user performance should be possible.
division multiple access (DS-CDMA) for mobile With such a receiver the performance under asynchronous con-

communications [1], a number of vendors have introducéj&tions will be the same as that under synchronous conditions.
their products onto the world market. This has raised a | e are therefore motivated to look for new multiuser receiver

of interest on the potential capabilities and capacity of thifructures that use random codes to achieve near-single-user
multiple-access technology [2]-[7]. In this paper we studperformance. _ _

the uplink, or the base-station (BS) receiver. In the design” Paper by Giallorenziet al. [7] formulated the optimal

of these systems most are currently symbol-synchronousBltiuser sequence estimator for an asynchronous DS-CDMA
quasisymbol-synchronous so that orthogonal codes can S¥§tem where each user employs convolutional error control
utilized. When orthogonal codes are used the BS linear filtgPding. Giallorenzet al. found that the complexity per infor-
receivers perform well in detecting the signal sent by takirigat'on bit using the MLSE solution depends exponentially on
advantage of this orthogonality, which gives performand8€ number of users in the system and the_ _number of st_ates in
equal to single-user performance. each user's encoder. We propose to partition the receiver to

In a true mobile wireless system, synchronization is difficufeduce the complexity, without sacrificing performance. This
to maintain and needs tight closed-loop timing control betwe®§Per therefore des_crlb_es a partmon(_ed trellis-based receiver
the BS and the mobile station (MS). If this timing controlVith separate equalization and decoding. We develop a mul-
is not maintained then the orthogonal properties are lost afi¢Ser receiver (or equalizer) from the maximanposteriori

(MAP) criterion. The MAP criterion maximizes the probability
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(albeit without the use of turbo codes for the channel code), )

namely, work by Moher [14] and Taiy [15]. 40 ‘K’I
In this paper we concatenate the MAP-based multiuser”’ 4

receiver and soft-in/soft-out single-user trellis decoders to

produce a type of serial concatenated convolutional code.

The proposed structure differs from successive interference

cancellation [6], because no signal cancellation takes placebm

Our system can be viewed as a soft parallel interference”

canceler or more correctly as an SCCC. A paper by Douillart

et al. [13] discusses the use of an SCCC to cancel inter- !

symbol interference (ISl). The technique described in [1B]g. 1. Channel model.

has similarities to this work but the end application is very

different. The channel coding we use is turbo codes (PCC\%P\ere

which gives very low error rates and soft-in/soft-out decoding Nk

can be |_mplement_ed. A cor_nplexny ana_ly5|s is presented and 4, — (st,---, s e {_1/\/N7 +1/\/N}

complexity reduction techniques are discussed as a way of

minimizing the computational load. is the bank of spreading codes, one spreading code for each
The paper is organized as follows. In Section Il we describser. The matched filter (MF) outpyt at time# then is

the coded bit synchronous channel model. In Section Il - - B X

we introduce the iterative multiuser receiver and derive the v =A Ade + A, €C

metric for the single-user decoders. We also describe the =H,d, +2 €Cl (1)

iterative process and detail assumptions made. In Section

IV we describe the integration of the single-user turbo cod¥here

[terative
Recelver/
Decoder

decoders before detailing a complexity analysis in Section V. d, = (d(l) d(K))T € {+1, —1}KX
Section VI shows simulation results including near/far tests, - Lo ’
and Section VII contains a concluding discussion. is the data vectorH, is the crosscorrelation matrix of the

Throughout this paper scalars are lower case, vectors gpeeading sequences, wheks, = A] A, € R**X and
underlined lower case, and matrices are underlined upper caseand n, are the correlated and uncorrelated noise vectors,
The symbolg(-)", (-)~*, and| - | are the transposition, inver- respectively.
sion, and determinant operators, respectively. Variables havehe noise samples; are Gaussian distributed where
subscripts that refer to the time increment and superscrigi$z,z, } = H,o?, while the noise samples; are Gaussian
that refer to the user. distributed and have correlatiad{n,n, } = o2.

Il. SYSTEM MODEL Ill. THE ITERATIVE MULITUSER RECEIVER

We model the uplink of a DS/CDMA communication sys- In this section we derive the iterative multiuser receiver
tem, as a coded, discrete-time system using perfect squiéréerms of the MAP criterion. We then describe the channel
pulses (no pulse shaping and no ISI), perfect sample timifgcoder before discussing iterations of the receiver/decoder.
(no synchronization errors), and no multipath. The channel
adds zero-mean complex white Gaussian noise with variarnke Deriving the Iterative Multiuser Receiver

0% = No/2, whereN, is the single-sided noise power spectral e problem faced when designing a partitioned multiuser
density. The channel model is coded bit- and chip-synchronqus.eiver/decoder with an iterative structure is that of generating
with the samples taken at the chip rate. The coding methggl, oo rect single-user input probability information (marginal

we use is limited to trellis codes [16] and FEC is providef opapilities) for the soft-in/soft-out FEC decoders and of

by convolutional codesk™ users each transmit coded bits gy nn1ving appropriate priori information to the multiuser

k .
di e {+1, -1}, wherek € {1, ---, K7} is the user number, receiver on each iteration. Fortunately, both these problems
andt € {0, ---, L — 1} identifies the coded bit interval. Thecan pe solved simultaneously.
spreading code employed by userat coded bit intervak  Fig. 2 shows the iterative multiuser receiver system. The
consists of V' chips and is denoted receiver takes the matched filter channel output as described
(k) N in (1) and generates the conditional channel probabilities
5" € {=1/VN, +1/VN}". p(ytld:), which are multivariate Gaussian conditional proba-

The chips of the spreading codes are selected independentlﬂgpes [1O] The m((zt)ric generator then calcule}tes the marginal
every userk: for every coded bit interval, this is statistically probabilitiesp(y, |d,"") for the kth decoder. Single-user soft
equivalent to using a pseudorandom sequence of period mil¥Foft out FEC d(%coders %enerate teosteriori coded bit
greater than the spreading length Fig. 1 shows the channel ProbabilitiesPr{d;"’ = d|y™}, for userk for coded block

model. The channel outpgt at timet can be expressed as Siz€0 t0 L — 1. In the FEC decodea posteriori coded bit
probabilities are then used as priori information for the

e =MAdy +ny € CY metric generator on the next iteration. When the required
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plyilds) informationp(yt(,k)|d§f“) = d) and is given by
i) Encoder | % | Multiuser| % | Likelihood Metric |,
(K users) Channel Calculatior Generator 07 (777/7 m)
T wm
k k
Pr(d = dy®) plyddf) =Pr{S; =mlSi=m'} [[ p”1d” =d) @)
t'=t
. if the transitionm’ — m exists in the code trellis, and its
b K Single ‘_f prioriprobability _equaIsP_r{S]_» = m|$j_1 = m'}. We will
Decoders slightly modify this equation in Section IV-A so that we can

Fig. 2. lterative multiuser model. accept the metric generator output.

R C. Computation of Single-User Decoder Metrics
number of iterations have been completed a decigion

is output by the single-user FEC decoders. The distributiotr)l Now that we have described the input and output proba-

) " llistic requirements of the single-user decoders, we address
d)., of the matched filter output (1) conditioned on the : : 4 o
PU):el(d): put (1) ghe task of calculatmga(yt("), dg")) which is a precursor to

information is multivariate Gaussian [10, p. 49]. The MA h ditional i babili ired by the sinal
decision rule [10] for the metric generator sets the conditiona |np_ut probabi Ity as required by t € single-
user decoders. This metric is generated by manipulating the

A p(ds, ) conditional probability p(y:|d;) of y; to obtain the joint
dp = arg s p(gt_) probability in terms of thei!™. Using
= argmax p(yeld:) Pr{di}. @) Plye i =d)= D7 plyld:) Prid:}

d,
The Bayesian detector (2) is based on the coded bits and (@M =)
does not take into account the FEC code. This lowers thge metric generator of Fig. 2 therefore calculates
complexity fromO(25%) to O(25+") wherer is the memory *
length of the convolutional code. The above MAP criterion (] d® = d) = plye, di )
(2) was also used in [17] to compute suboptimal MAP metrics Pt = =4 = Pr{dﬁ’“) =d}

for single-user decoders in multiuser CDMA. Also note that

K
(2) can be realized by a tree search wath—! nodes, this is _ plyld Peld®v. (5
discussed further in Section V-A. zd; (teld:) Zl;ll 7). 6)

B. Single-User Input and Output Metrics 4 .
We have assumed that the coded bi‘ﬁé) are indepen-

_ We now study generation of the input and output probabilifen: among the different users (i.e., there is no transmission
ties required by thé{ single-user decoders. TH€ single-user cooperation).

decoders calculate theeposterioriprobabilities (APP) for the
multiuser receiver using the algorithm due to Bahhl. [18].
Assuming a rateR = 1/n convolutional code, there are
coded bits (channel bitajgk) for every uncoded information
bit b;, or encoder state transition at tinje= |¢/n|. Where| x|
indicates the largest integer not greater thamhe channel bits
are denoted bjdgk), e dgi)n_l) = c_lE“. We then calculate

D. lterating the Receiver

Multiuser systems describe receivers where users share
information. If this is performed correctly a joint detection
process results with improved performance over systems with-
out joint detection. In turbo code decoding [11], the output
probability of the first MAP decodebr{b; = b|y}, is used as
4 4 N a priori information for a second MAP decoder. In a similar
Pr{dﬁ) = d@(k)} = Z Z Pr{S; 1 =m/; C—lg('k) |Q(k)} fashion we assign the single-user decoder output probabilities

e from iteration: to thea priori input probabilities to the metric
() =d) generator for iteratiod + 1 in (5), i.e., we set
3 K K .
® Pr(dy = Pr{dP]y®)}.

where S; is the state at timg andm’ ranges over all code  Analogous to [11] this is justified due to no correlation
states. Vecto@Ek) is the hypothesized channel bit vector fobetween the single-user convolutional codes and the spreading
a particular usek for a particular FEC code trellis transitioncodes. On the first iteration we set the multiuser receiver
at time j, wheret < ¢ <t+4+n—1. a priori information to Pr{dg’“)} = 1/2, i.e., all coded bit

The APP (3) for thekth-decoder output can be expressesequences are assumed to be equiprobable.
[18] using three probability variables. They are the forward Due to the fact that tha posterioriinformation cannot be
state probability, the reverse state probability, and the traflactored from the output of the metric generator, ghpriori
sition probability. While the first two are internal variablegprobability influence cannot be removed as in [11] where
of the algorithm the transition probability accepts the inpuahe extrinsic information is determined. Th€ single-user
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decoders also do not subtragtpriori information as shown TABLE |

in [12] for the same reasons. COMPLEXITY OF ITERATIVE MULTIUSER RECEIVER COMPONENTS
The iteration step discussed here highlights the fact that the Procedure Complezity(FLOP per

receiver design is not a successive interference canceler, like Information Symbol)

for example in [6], as no hard decisions are made. Instead, soft Likelihood Cale. LI b h s )

APP’s are passed between the soft-in/soft-out decoders and the Metric Gen.(1 Iter.) (2¥(K - 1))/(RK)

metric generator. Interleaving between the multiuser receiver _Turbo Decoder(1 Iter.) | 2(PS(R™'/2+10) — 25 + 16)

metric calculation and the single-user decoders is not required
because the data is coded bit-synchronous where the muItius%
receiver detects across users and the single-user decoders

decode over time. If, however, the system were asynchronous,,| | ——— ke |
interleaving would be necessary to reduce correlations between | | - - te e
. . x chan -
the metric generator and the single-user decoders. T total e i
& o Ig-lik
2 mglg—;\:tric
}E 10 malg-total . ]
IV. SINGLE-USER TURBO CODE DECODER $ P
The use of turbo codes for error correction gives us &} T xR K K% %X X% ¥ :, ;ﬁ;
(e} e g o o o

very powerful decoding stage. As with single-user turbaZ
code results we expect and obtain better error performandge®’
than using a convolutional code as our channel code. Tlﬁé .
turbo code decoder structure needs to be modified slightly to™ x o
accept soft input probabilities and produce suitable soft output | * ..
probabilities for thea priori input to the multiuser metric T )
generator. In this section we describe the use of turbo codes
[11] as the channel code in the structure shown in Fig. 2. We ° z 4 i e e ®
describe just theéith user’'s decoder, which consists of two ) ) )

MAP decoders. We label the MAP decoders as MAP1 for t&- 3= Complexity-reduction techniques.

first decoder and MAP2 for the second decoder. There are

K single-user turbo code encoders and decoders, as showhRitf that were input to the turbo code decoder (not just the

Fig. 2, implemented in a similar way to those used in [11]. information bits as in [11]).
The turbo code decoder is modified to produce system-

A. Turbo Code Decoder Soft Input atif:. _(uncoded) gnq _redunda_mt (coded) conqitional bit _prob-
_ _ ) abilities asa priori information for the metric calculation
At the receiver a turbo code decoder is re_qw_red for ea%f;r{dgk)w(k)})_ The output probabilities are calculated using
user. ("I;)hese turbo code decoders receive likelihood valug§ The redundant coded bit probabilities are taken from the
p(y:|d;”) from the metric generator. This data is used directly 1t of MAP1 and MAP2. As the turbo code is punctured,
in MAP1’s branch metric calculation [18] which is modifiedhg regundant coded bit probabilities are taken alternately from

from (4) to MAP1 and MAP2 according to the puncturing scheme as

tpn—1 described in [11]. The uncoded systematic bit probabilities

v;(m/, m) =Pr{S; =m|S; 1 =m’'} H p(ytr|d§f€)) are taken from the output of MAP2. Each turbo code decoder
vt outputs a block containind, values ofPr{d{"’ |y} in the

same order as the input vector that it received from the metric

where the product is over all thék) values that produce the generator on the previous iterati@(}yt|d§k)).
transition of the MAP decoder from state to statem/'. Like h

the SCCC solution [12] MAP1 does not take aaypriori V. COMPLEXITY ANALYSIS
information on the first iteration, that i®r{S; = m|S;_1 =

m'} = 1/2 if the transition exists. On subsequent iterations of n this section we study thg (;ompleX|ty of the iterative
L . —_multiuser receiver/decoder. This is important so that we can
the turbo code decodea,priori information for the systematic

bits in MAP1 is generated by MAP2. There is mopriori determme_ which parts of the system will consume most
. . . computational resources, and, therefore, where to concentrate
information for the redundant coded bits. ) .
efforts for complexity reduction.
We determine the number of floating-point operations re-
quired per information bit transmitted for the likelihood cal-
As in [11], after the desired number of iterations of theulation, metric generator, and turbo decoder. We assign the
turbo code decoder are performed a hard decisighon the variable S to be the number of states in the decoder, the
information bits is output as the final result. We, howevenumber of users to equd{, the number of paths out of each
want to produce a soft posteriori probability output which state to equalP, and the rate of the FEC code to equal
can be used aa priori information for the metric generator. Table | shows the complexity in terms of those variables.
This a posteriori probability output must be generated for alFig. 3 shows the complexity of the three components of the

B. Turbo Code Decoder Soft Output Generation
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TABLE I T T T T T T
Repucep COMPLEXITY OF ITERATIVE MULTIUSER RECEIVER COMPONENTS

Procedure Complezity{FLOP per 107
Information Symbol)

Likelihood Calc.(1 Tter.) | (2K + 3K +5)/R

Metric Gen.(1 Tter.) (K? ~ K)/(RK)

system for a varying number of users. For more than six usets
(the case of interest for practical implementation) 2feterm 107
in the likelihood generation and metric generation dominates
complexity. Fig. 3 shows the complexity of computing the
likelihood functionp(y;|d;) by the curve labeled “like,” the |
complexity of the metric generation (5) by the curve labeled
“metric,” and the complexity of the turbo code decoder by
the curve labeled “tc,” against users. The curve “total” is the h Y - " 2 > : o
sum of these three operations. For this curve the number of ’ T EbNo ' ’ ‘
turbo code iterations was set to four, the number of multiusgg 4 Rreceiver performance for = 3, N = 7 synchronous CDMA
iterations was set to three, the number of states was setchiannel.

S = 16, the paths out of each state was setito= 2, and

the rate of the codé? = 0.5; the same as used in the final

Single User
Iteration 1
Tteration 2
Iteration 3

* + O

performance tests. If the likelihood difference calculation is used to calculate
only a list of M outputs we no longer have all the possible like-
A. Complexity Reduction Techniques lihoods available. To try to maximize performance under these

conditions a number of techniques are used. Fhalgorithm
Hkelihood calculation is run with a different hypothesized

gtarting vecto(d, ) on the second iteration generating a second

op(;umal (:lgcoder [|19]_. In t?]'s section We propose teChnIqueslmelihood list. This starting vector is selected based on making
reduce this complexity. The computation sffy,|d:) contains a hard decision on the likelihood output from the single-

afnﬁmber of COF“F'.eX. I|dnear ?jlgebraflchtasks.dA§ the first .tet: er decoders. The likelihood lists from previous iterations are
of the exponential Is independent of the conditioning variabig, y\hined to increase the likelihood data available for metric

d we can simplify to generation.

From the complexity analysis it is clear that our solutio
is exponentially large with the number of users, like th

1
p(ytldi) = Cy, exp {@ (Zg;rﬂ_lt - C_l;rﬂtc_it)} (6)

VI. SIMULATIONS
where C}, is a constant and does not have to be computed.The simulation result in Figs. 4 and 5 shows the average
This is a significant reduction as we have removed the nepérformance over all users. For each simulation a turbo code
to compute the inverse of the crosscorrelation matdi% ). encoder of rateR = 1/2, consisting of two parallel recursive
Even with this scheme the domina2t term still exists in systematic encoders, generators G (37, 21), memosy 4,
the likelihood calculation and the metric generation. separated by random interleaving, was used as the error control
Another technique, suggested independently by Hoeher [2@]de. The block size was set ®L = 200 information bits
and Nasiri-Kenari and Rushforth [21], is to calculate likelias is typical in mobile applications. We assume the receiver
hoodsp(y:|d;) based on a one-bit difference from a previouand decoder know the noise variange) and the spreading
likelihood. This means that the likelihood calculation to comzodes exactly.
pute p(y:|d:) only has to be computed once. Thereafter, a Fig. 4 shows performance for one to three multiuser itera-
step-wise difference calculation is required to determine aibns. In this paper we make no effort to determine the best
the possible likelihood values. The technique of [21] stitombination of turbo code decoder iterations to multiuser it-
requires the computation @f¢ likelihoods. However, we now erations, we leave this as an implementation problem; instead,
propose to use ai algorithm [16] and setting/ = K we we highlight the principle of iterative multiuser detection.
compute onlyK likelihoods which are used to approximatéNe choose what we believe is a likely combination of four
(5), this reduces complexity fro@?(2%+¥) to O(K2¥). Using turbo decoder iterations and one to three multiuser iterations.
the two reduction techniques discussed the complexity of tii@e label “single user” indicates single-user performance, that
likelihood calculator and the metric generator is now showis, no multiple-access interference is present and the turbo
in Table II. code decoder completes four iterations. The simulation was
The M -algorithm complexity of the likelihood calculation performed with random spreading codes and a processing
is shown in Fig. 3 as “malg-like,” and thé/-algorithm gain of N = 7, with K = 5 users. All of the possibl@X
complexity of the metric calculation is “malg-metric” whenlikelihood valuesp(y,|d;) were calculated. We see that most
M = K. The total sum complexity (including “tc”) is now of the improvement occurs in the second iteration. It is also
“malg-total” which meets our linear complexity requirementapparent that after three iterations in this highly loaded random
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: K , . , , , , VIl. CONCLUSIONS
1 ——  SingleU . - : . L
) o Mis The main contribution of this paper is the derivation of
o N g\gé—lg | the maximuma posteriori synchronous multiuser receiver
x DEC-L, which approaches single-user performance even for large

system loads, i.e., spectrally efficient scenarios. We described
the implementation of the iterative multiuser receiver and
the modifications necessary to apply single-user turbo code
decoders.

Simulation results show the performance of the system,
which indicate that the iterative multiuser receiver design,
combined with turbo code decoding, approaches turbo code
single-user performance. This is the case even with random
spreading codes and a large number of users relative to the
spreading factor. The complexity of the optimal joint receiver
is well known to be exponential with the number of users and
the memory of the FEC code. We apply thé-algorithm to
the likelihood calculation and séf = K to obtain O(K2")
complexity, wherer is the memory of the FEC code. The
performance loss under these conditions is approximately 1.5

code case, a result within 0.3 dB of single-user performan@B With respect to single-user performance for= 10 users
is obtained at a probability of error do—*. and a spreading gain oV = 15.

The near—far performance of the proposed receiver was also
investigated. Three users were set to 1 dB and two users to 3 ACKNOWLEDGMENT
dB, resulting in a 2-dB difference. All other parameters were The authors wish to thank the anonymous reviewers and
the same as previously described. The average performaggetem administrator B. Cooper who has been invaluable in
of the 1-dB users along with the average performance of theoviding a reliable computer network to produce these results.
3-dB set of users is shown in Fig. 4 by the points labeled
“NF-1 dB” and “NF-3 dB,” respectively. The ideal result is
where performance is independent of the received power of tg%
other users. We see that the strong power users are degra éd
by approximately 0.7 dB while the weak power users aré2]
improved by 0.5 dB. The near—far effect in this receiver is

Pe

1n*

5
Eb/No

Fig. 5. Reduced complexity receiver performance.
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