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Multiuser Detection in Multipath Environments for Variable Spreading-Factor
CDMA Systems

Adrian Boariy Member, IEEEand Rodger E. ZiemeFellow, IEEE

Abstract—A way to allow variable data rates in CDMA is by tions of soft output and soft bit detectors have been examined
varying the spreading factor in accordance with the data rate [7], [8]. Mitra [9] analyzed two multirate [multicode and vari-
requested by the user. A detection scheme suitable for multirate able spreading factor (SF)] access schemes in AWGN, providing
transmission is required in addition to one that combats multiple . - . ’
access interference of other users and intersymbol interference asymptotic _eff|C|ency_ performanqe comparls_ons. .
from multipath. In this letter, an energy-add multiuser detection The multipath radio channel introduces intersymbol inter-
method is combined with a scheme called Cholesky-iterative ference (ISl). Thus, the received energy of a given symbol
detection to cope with these challenges. It allows the users to begpreads over several adjacent symbols. Whether the CDMA
estimated on a symbol-by-symbol basis, making receiver com- gystem js considered synchronous or asynchronous, an ap-
plexity independent of data package length. Simulation results h to desiani i detector is t fi ' t
correspond closely to a single-user lower bound. The results also pro_ac 0 aesigning a_ multiuser detector Is 1o es |m<’_;1 € an
show that the bit-error probability performances of the various ~€ntire package of data in order to overcome the ISI. Klein and
users for the Cholesky-iterative detector are closely clustered, Baier [10] addressed MUD for synchronous systems using this

while those of a previously published scheme, decorrelation approach. For asynchronous systems, Fawer and Aazhang [11]

feedback detection, are more widely spread. employed the multistage detector [3] for data estimates and the
Index Terms—CDMA, intersymbol interference, multiuser de- expectation—maximization algorithm for channel estimation.
tection, variable rate. Their work has been extended to multirate CDMA systems by

Hottinen, Holma, and Toskala [12].
This letter presents a multiuser detector for multirate CDMA
. ] ) ~ systems that estimates the data on a symbol-by-symbol basis.
A FEATURE of third-generation (3G) mobile communicaThys, the size of cross-correlation matrix employed in the de-
tion systems is the ability to handle multiple-rate usergaction process is proportional to the number of users and is in-
thereby allowing mixed traffic, including voice, video, and datgjependent of the data package length. Performance for multiple
Code-division multiple access (CDMA) is a leading candidaigsers with mixed rates is characterized through simulation and
access method for 3G mobile radio communication systemscgmpared with an analytical single-user lower bound.
is envisioned that some form of multiuser detection (MUD) will | this letter, Section II presents the system to be analyzed,
be required in order to provide acceptable system performang@ction 111 discusses the multiuser detector proposed for the
The pioneering work of Verdu [1] on optimum MUD resultedsysiem under consideration, simulation results are given in Sec-

in a detector complexity growing exponentially with the numbejon |\, and conclusions are summarized in Section V.
of users. This motivated extensive research on simpler, subop-

timum detectors, which was conducted first for additive white Il. THE SYSTEM MODEL

Gaussian noise (AWGN) channels, both for synchronous and ) o

asynchronous CDMA systems. Some well-known multiuser de-DUe 0 space constraints, please refer to [8] and [13] to aid in

tectors are the decorrelating receiver introduced by Lupas 4§ understanding of the system model discussed later.

Verdu [2], the multistage detector of Varanasi and Aazhang [?A,

the decorrelating decision-feedback (DDF) detector originated

by Duel-Hallen [4], and the minimum mean-square-error de- The system to be analyzed (see [13, Fig. 1]) is typical for a

tector studied by Xie, Short, and Rushforth [5]. Performandgverse link CDMA system. Thus, we target the base station re-

enhancements over these multiuser detectors can be obta@fider. There ard( users, the spreading code (SC) for b

by using soft decision outputs, as in the suboptimum trelligSer is given by, = [c1 2k - - - cq k] With @, the SC length,

search detector introduced by Lei and Schlegel [6], or the miieing a power of two@ = 2, m integer. Thus, the SCs can be

tistage detector of Varanasi and Aazhang [3]. Also, combinte extension by one bit of well-known sequences, e.g., Kasami,
Gold, etc. Thekth user is processed by a channel with the im-
pulse responsh. ;. All K users arrive synchronously at the
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k, can be represented as the concatenatidW,ofSCs of length
user 1 | SFi= Iy
16
cp = |:CE?1CE1 .. .C%Q’sc—l1}
user 2 SFi=64=0 o =levnricritaz - nGrnn)

W‘ Vj=0,1,..., Ny — 1. (1)
From now or{-] will denote the moduldV,. operation, i.e.[j] =

4 partial estimates and corresponding spreading codes ;j modulo V...

We assume that the channel is estimated perfectly via a pilot
sequence and for thieth user, at one time instant, is given by
he) = [hegiherz2 .- herw], whereW is the maximum
transmission, proportional to the SC length = C.QQ where delay spread of the channel. Finally, for thih user, there are
C. is a constant. Also, a guard interval or pilots (known chipy, . overall equivalent impulse responsle[,;g =hex *cggl v,
values) having the duratioiV, 7., N, being a constant, is as-each having length’ + I, — 1, with = denotTing the convolu-
sumed available in each time slot/frame. Appropriate values of i [T T LT .

N, will be addressed in Section IlI-A. The SF (number of chiptsl,On operator. Lehl” = [hy .].[12 "'hlf' } vj, where the
per data symbol) for a given user varies according to the d&éoerscrlpff is the transposition operation.

rate; a high/low data rate implies a low/high SF value. The al-

lowed SF values are powers of two and the maximum SF value lll. THE DETECTOR

is equal to the SC lengtly. The Ta“OQ_/S_F is assumed to be a A chain of equivalent transformations is applied to reduce
power of two. Of course, there is aminimum value allowed fosrolving the system under consideration—a multirate syn-
the SF. Data rates that are not multiples of two can be accom

Rronous CDMA system in a multipath mobile channel—to a

dated by combining the allowed rates in parallel, although thé?ne-rate synchronous CDMA system in a flat fading channel.

introduces a penalty in the peak-to-average power ratio due/_\tg already mentioned, the integration basis concept equiva-

summing of _the codes that provide a muItipI_e of the basic d Eantly transforms a multirate system into a one-rate system.
rate. The adjustment of SF in accordance with the data rate Stion III-A describes a detection method that reduces the

an impact in designing the MUD receiver. First, the users sho ltipath problem to a single path one: thus the equation to

be detected based on the minimum SF in the system (the MB& solved is the same as for a synchronous CDMA system in

Imum data rate). We call this minimum value Fhe lntegratloR GN. For the final data estimates, the detector described in
basisi,. Thus, the system behaves as an equivalent one Wg ction I11-B is employed

SCs of lengthl, but usingN,. = @Q/1, different SCs for each
user. Soft output multiuser detectors are needed because patrti . .

estimates are employed for detection of the users with higré.ralinergy—Add Multistage Detection Method

SFs. Second, the transmitted power of a given user should be inThe energy-add detection method has been introduced in
creased in proportion to its data rate in order that all users hd¥3] and its applicability to a variable-SF synchronous CDMA
the same value of signal-to-noise ratio (SNR) per bit. system in multipath channel is straightforward using the inte-

Consider the example in Fig. 1 with two users in the systemration basis concept. Also, the relations provided in [13, Sec.
one havingF; = 16 and the other havingF, = 64, with user 11I-B ] that describe the detection process can be easily adapted
1 transmitting with higher power. Assume, also, that= 64. to include this cyclical model for the SCs (see Section II-B).
The MUD scheme should us#; = 16 for detection, which ~ The initialization step required by the energy-add detector
means thaf, = 16. There are four estimatéSF,/I, = 4) that can be accomplished if the first symbol in the data stream
are employed for the detection of user 2, and soft outputs 4géot/frame) is without interference in the first detection stage.
required to combine separate detection statistics (e.g., if thétere, the assumption that a time interval is available occupied
are two hard partial estimates equal to 1 and the other two eqaaly by a guard interval or pilots comes into play. Clearly,
to —1, the final result is zero). Although the SC lengthijs=  the duration of this time interval should be at least as large as
64, the system can be viewed, equivalently, as a system witte delay spread of the chann®|, > W in order that data
fixed SF given byl, = 16, but employingV,. = Q/I, = 4 in the current time slot/frame not be influenced by the data
different SCs for each user cyclically. transmitted in the previous time slot/frame.

Like any multistage detector, the first stage is crucial for pro-
viding reliable estimates for the next stages. For example, a
channel power-delay profile that is exponentially decaying con-

Recall that the received signal is detected based on the mientrates the signal energy at the beginning of the symbol, which
imum SF valuel, available in the system. Thus, the systeris beneficial for the detection method. Also, less signal energy
is considered as equivalent to one having fixed SF employirigterferes with other symbols the larger the SF value.
cyclically (moduloN,.), a number ofV,. = Q/I, different SCs ~ Another undesirable effect for the variable-SF synchronous
of length1, for each user. Therefore, the SC for a given user, sS@DMA system related to this detection method is illustrated by

Fig. 1. Synchronous CDMA system with variable SF for two users.

C. The Channel Model
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interference zone Thus, Cholesky factorization over thé x K matrix R can be
performed ifl, > K, i.e.,R is full rank. To partially solve the
problem of detecting the users when their number is greater than
the minimum SF, the users are split into two disjoint sets and
each set is detected successively. Each set of users behaves as
interference for the other set. Thus, a parallel interference can-
different transmitted cellation detector with MUD of each set is used for detection.
symbols Good results can be obtained if several iterations are performed
(typically five or six). Using more then two sets is also a possi-
bility.

Fig. 2. Detection process showing two different integration bases. Two intuitively obvious rules for efficient parallel interfer-
ence cancellation are given below:

the example shown in Fig. 2, where two different integration 1) Create the sets of users such that the signal energy repre-
bases are used for detection. In the first case, a symbol is splitin ~ sented by each set is unbalanced. The set of users having
two and detected using two partial estimates. In the second case greatest total signal energy can be detected first followed
shown, the symbol is detected directly as one estimate. Note that by the lower-energy set of users. This is beneficial at the
signal energy embedded in the interference zone is, in the first ~ start of the iteration process when the data estimates are
case, interference energy that should be cancelled while, in the less reliable.

second case, it is useful energy. Both cases would perform sim-2) In each set the number of users must be less than the min-
ilarly if the energy embedded in the interference zone were neg-  imum SF of the set, thereby making Cholesky factoriza-

detection using 2 partial
estimates

7

detection using 1 estimate

ligible (i.e., small delay spread relative to integration basis tion numerically possible. Recall that as the ratio of the

I,). Simulations verify this statement. number of users to minimum SF increases, the perfor-
mance degrades.

B. Cholesky-Iterative Detector According to the above rules, there is a tradeoff in splitting the

The energy-add detection method reduces the MUD problatBers into sets; a large number of users in a set is less influ-

of a mu]tipath channel to an AWGN channel, and the re|atio@§]C€d by the interference due to the other set, but the ratio of
given in [13, Sec. llI-B] are generically given as the number of users to SF increases so that the MUD perfor-

mance is affected.
vi=Rx; +z; 2
where at thel, T, time instant, IV. SIMULATION RESULTS
y;  matched filter output vector after the interference can-

L } Simulation results for the synchronous CDMA system with
cellation is performed;

X . ) variable SF for constant chip duration are presented. The mul-
Xi dafta vector including all users; tiuser detector implemented is the one discussed in Section Il1.
z;  noise vector; and The SCs employed in the simulations are one-bit extensions of
R correlation matrix. the 5(1) family [14] length 255, sa@ = 256 chips. The total

Thus, any multiuser detector for the AWGN channel can be aggmper of chips available for data per slot intervaVis= 2560

plied without modification to the multipath problem at hand iRhips and the slot duration is 0.625 ms. The SF ranges from 16

order to estimate the data of interast However, as previously tq 256. The carrier frequency i% = 2 GHz and the speed of

noted, soft output detectors should be used in combining #2 mobiles is’ = 50 km/h. The channel power-delay profile is
partial estimates of the low data-rate users. uniformly distributed ovef0, 2 15|, which means that the max-
The Cholesky-iterative detector discussed in [8] for thinum delay spread is equivalent¥ = 8 chips, so the ISl is

AWGN channel, as discussed earlier, can be applied to sobiger two symbol intervals. The Doppler profile is the traditional

(2). The soft information employed in the detection process f@larke spectrum. The system has a maximum load equivalent

each user is the log-likelihood ratio. Because soft informatiao 160 users witls|F' = 256, the users having the same average

is associated with a given user, the partial estimates can 3&R. We assume perfect knowledge of the channel, estimated
easily combined. Assume that for thth user at time, T, the via a pilot sequence, no coding scheme or antenna diversity em-
first partial value is estimated. Given the log-likelihood ratigloyed, and perfect power control.

denoted ad., ;, the data decisions are based sign(Ly ;). Derivation of an exact expression for the average bit error

The next partial value of the log-likelihood ratio for theprobability is difficult if all users are present in the system. For

same user at tim¢ + 1)I,7, is Ly ;41 SO the updated soft comparison of the simulation results with theory, a lower bound

information is Ly, ; + L4, and the updated data decision i€an be.obtained if one user is considered actﬁve in the system.
sign(Li + Liiq1). Assuming perfect knowledge of the channel, i.e., coherent de-
Cholesky factorization of the correlation maticannot be tection, and withV,. equivalent SCs, it can be proven that the

performed numerically for any number of uséfsn the system, '0Wer bound is given by

and for any value of the integration bagis Taking into account _ 1 Dt bl
that one can writR = C*CT (see [13, eq. (4) ]), wher€ is a by = N < P ®3)
K x I, matrix that has the first, columns of théal?l matrix, the j=0

following relation holdsrank(R) < rank(C) < min(J,, K). with pY

low

given by [13, eq. (16) ].
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average lower bound SF=16 (11 users) N
-—- average lower bound SF=64 (16 users) ~
—«—  Cholesky-iterative detector (mixed traffic 27 users)
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Fig. 3. Averagel’, of each user for the Cholesky-iterative detector: 10 usersig. 5. AverageP, of each user for the Cholesky-iterative detector and mixed

with SF = 16.

average Pb

average lower bound SF=16 (10 users)
——  DDF SF=16 (10 users)

0 2

4

]
average Eb/No [dB]

Fig. 4. AverageP, of each user for the DDF detector: 10 users \Bith= 16.

traffic: 1 user withSF = 16, 10 users witlBF = 32, 14 users witlBF = 64,
and 2 users witlBF = 128.

average Pb

Cholesky-iterative detector
* Cholesky-iterative detector
<] Cholesky-iterative detector

mixed traffic 27 users
set1 11 users)

set2 16 users)

L 1

2 4

6
average Eb/No [dB]

Fig. 6. AverageP, of each user for Cholesky-iterative detector: mixed traffic
Figs. 3 and 4 give simulation results for the Cholesky-iterzsz-7 users)Setl(11 users), anGet2(16 users).
tive and the DDF detectors, respectively, for a system with 10
users withSEF' = 16. Itis unnecessary to split the users into setsf 160 users wittSF = 256 assumed at the beginning of this
in this case because the value of the SF is always greater tharsifetion. There are 27 users in the system and the minimum SF
number of users in the system. This allows Cholesky factorizig-16. Thus, Cholesky factorization cannot be performed. The
tion to be performed. The improvement given by the Choleskysers are split into two sets chosen as follo@stlconsists of
iterative detector is evident; the averdge of the users are clus-the users with SF 16 and 32et2has all the other users. The par-
tered compared with the DDF detector, where the user perfailel interference cancellation detector performs six iterations
mances are widely spread. For high SNR, the user performanasig Setland Set2 This experimentally determined number
are less than 1 dB from the theoretical lower bound. Simulatiogives zero errors in a noiseless channel.
for 80 users witlBF = 128 using a Cholesky-iterative detector The performance results are presented in FigSé&2uses
have exhibited the same good behavior. I, = 64 for detection, whileSetlusesl, = 16. For Setl
Simulation results for a system with mixed traffic (different/I, = 11/16 (number of users to integration basis) which is
SF for different active users) are given next. The system is tleger thank’/I, = 16/64 of theSet2 Thus, better performance
following: 1 user withSF = 16, 10 users wittSF = 32, 14 is expected foSet2 as verified in Fig. 5, although the perfor-
users withfSF = 64, and 2 users wit8F = 128. The signal en- mances of the sets are close. The explanation is the interdepen-
ergy present in this system is the same as for a system with hce between detection 8ttland Set2 It can be observed
users andF = 256, which is very close to the maximum loadbetter in Fig. 6. In addition to mixed traffic results, performance
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results for only one set present are givBatlperforms worse by
itself than when present witBet2(for relatively high SNR) be-
cause of the interdependence between the estimates of the sefg;

(2]

V. CONCLUSION (4]

A synchronous CDMA system with variable SF and fixed
chip duration in a delay-Doppler spread channel is simulated injs)
this paper. As a MUD scheme, energy-add multistage detection
is used with a Cholesky-iterative detector. The energy—add[el
method is versatile in simultaneously handling MUD, ISI
canceling, and variable data rates. Also, it allows detection orl
a symbol-by-symbol basis independently of the data packag
length. The average bit error probabilities of the users for the
Cholesky-iterative detector are clustered and not as widelyle]
spread compared with the DDF detector. When the number of
users is greater than the minimum SF in the system, splittingl®]
the users into sets and use of parallel interference cancellation
allows Cholesky factorization. The tradeoff in dividing the [10]
users in various ways is also characterized.
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