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Abstract—We propose a signal processing technique, based onmicrowave and the indoor optical (fét}V > 10 MHz) and the
the estimate-maximize algorithm, in order to perform multiuser yrban (forBW > 1 MHz). Several authors have considered
code-division multiple-access (CDMA) detection. This algorithm the multiuser CDMA detection problem in the uplink [1]-[11].

iteratively seeks for the maximum-likelihood solution. The re- . . .
sulting structure is a successive interference cancellation scheme” few have considered it on a multipath channel [2], [6], [11].

which can be applied to both synchronous and asynchronous Despite the importance of this problem, only few authors
CDMA. Higher performance than similar methods is obtained investigated the effect of multipath on the transmission in the
from using deterministic annealing and multiple stages. A soft downlink [12].

output is defined, and the signal-to-noise ratio in the soft output In this paper, we address the problem of the downlink with a

of the detector is measured for predicting performance with an . .
outer code with soft input decoder. The new receiver is applied to NeW powerful nonlinear multiuser detector, and also add results

the pr0b|em Whereby ina synchronous CDMA System the Orthog_ for the ”near receiver case. The new method can equivalently
onality of the codes is destroyed by a frequency-selective channel,be applied to the uplink multiuser problem. Although the de-
caused by multipath fading. This nonlinear technique is shown tector in this paper was developed for synchronous CDMA, it

to perform much better than the minimum mean-square-error s giraight forward to modify the architecture proposed in Sec-
linear solution and several other algorithms. The algorithm lends ..
tion IlI-B to asynchronous CDMA.

itself to an efficient DSP or VLSI implementation. We evaluate the . . .
performance by simulations with coherent quadrature phase-shit ~ Such CDMA systems, even with little or no bandwidth
keying modulation, known channel and long random Rayleigh expansion, become so powerful in combating the frequency
multipath. In most cases, we set the number of users equal to distortion, that they can also be candidates for other appli-
the processing gain for maximal throughput. The results are also cations suffering from multipath. They can nicely compete
presented in the form of outage probabilities for random Rayleigh ith It . thods for broadcast licati h
multipath against required fading margin. with multicarrier methods for broadcast applications (or other
situations where the transmitter does not know the channel).
Like the latter, it requires linear amplifiers at the transmitter and
relatively complex circuits for obtaining the high performance.
Since a multiuser detector simultaneously detects all users
I. INTRODUCTION data, such a system becomes very versatile because it allows

ODAY, code-division multiple-access (CDMA) Systemsbandwidth on demand,” dynamic resource allocation with
are bécoming more and more popular and are movili riable data rate, by joining several “users” together. While

toward higher rates, especially in the wireless LAN, wirele eping in mind that the term “user” might be irrelevant to such

local loop, and next-generation mobile applications. A typic pplications, for the sake of convenience we will use it during
CDMA system consists of an uplink direction (mobile tgh's paper.

base-station) and downlink direction (base-station to mobiletz .Trle non!lngar |tEe'(/:|;1t|ve detetctolr8|s l\(jlerllt\'/eld usmgctgi/lis—
In the uplink each user passes through a different chann ,ae-maxwmze (EM) concept [ ].' utipie-user
ctor derived from EM was also independently developed

and the users are in most cases asynchronous and thus, i . ;
codes are nonorthogonal. In a typical downlink, the users dre 9] and in [15, SAGE algorithm]. l_\lote that t_he resulting
flector can also be seen as a nonlinear version of the well

synchronous, the user codes are orthogonal, all users suffer G Seidel method of i i Nina. Th

same channel distortion, and they are coherent with respec fwn Lsauss—seidel method of finear equation solving. The

each other. When operating in a high bandwidth, the freque éfultlng structure is serial in the sense that it operates on the
' ' ers one at the time. For each user in its turn, the interference

selectivity of the channel destroys the orthogonality of the

downlink as will be explained. Such channels are the indog?used by all other users is cancelled using their most updated

estimated value. Thus, as each user’s estimate is improved, the
subsequent user decisions immediately gain from it. This is in
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mathematical representation reveals that the new technique i§he optimal solution to this detection problem, the max-
similar to successive interference cancellation methods like [fjum-likelihood (ML) approach, operates by minimizing
and [8]. The main difference is that in the past only one round tife Euclidean distance between the received signal and all
cancellation was used. Here we repeat the operation in multige possible transmitted signals [for quadrature phase-shift
rounds (iterations), where in each iteration we successivédgying (QPSK)]. For a largek, the ML approach is not
refine the decision on each of t€ users. We note that doingpractical, and some suboptimal solution must be employed.
successive interference cancellation in multiple stages (Mfe mainly compare our approach with the optimal linear one,
asynchronous CDMA in the uplink) was also independentthe minimum mean square error (MMSE)f the spreading
suggested by [6], with onlad hocderivation. Another large codes are longer than one bit period (as in 1S-95 standard for
improvement is obtained here due to the inclusion of detexxample), it requires a large{ x K} matrix inversion per bit
ministic annealing technique [24], [25] to try to avoid loca(for cases other tha = 1 andK = N, see Appendix A) and
maxima. This essential modification has not been incorporatieidowledge of the noise variance. Otherwise the linear approach
in [15]. In addition, we use all the known rays of the multipatiis computationally much simpler (onli( multiplications per

in order to get the maximal diversity gain. Our formulation ofiser symbol are needed) and can also easily be made adaptive
the problem is very simple and can lead to an efficient DSB]. Furthermore, in the linear case it is not required to detect all
implementation. the users, but only those required. Once the linear coefficients

In a typical CDMA system, the base-station to mobile linkave been determined, the different users detection can be
is synchronous because all the users are transmitted togettiecoupled, essentially making the linear multiuser detector a
Each user out of{ users is assigned a code®fchips out of bank of single user detectors.
an orthogonal set, such that the cross correlation between userBhe decorrelating detector is an inferior linear detector (for
is zero. Then, at the receiver, on a flat (frequency-nonselectithg completely known parameters case). It is equivalent, in our
channel, a conventional correlation receiver matched to a pease, under the model assumptions we use, arid fer IV, to a
ticular user will not see any other user interference. Howevegro-forcing equalizer operating at the chip level before a con-
when the channel is frequency selective, the orthogonality is mentional receiver. Indeed, it shows poor performance (5-7 dB
longer preserved. The reason is that a codewbwehich is or- worse than MMSE for random channels) due to large noise en-
thogonal to a codewor8# may not be orthogonal to a phase shifhancement effects. We provide a comparison to other suitable al-
of B, which occurs due to multipath. Note that it is not possiblgorithms: the recent parallel interference cancellation presented
to find a set ofK’ codewords which are orthogonal in all shiftsjn [5], MC-CDMA [22], the decision feedback [23], and SAGE
since if it was true then a space &f dimensions would have [15]. Finally, we provide the result of coded orthogonal fre-
been spanned by a basefofV vectors (thek” codewords each quency-division multiplexing (OFDM) simulated on the chan-
in N possible shifts). nels used as examples.

In most of this paper, we consider a fully loaded system soThe paper is organized as follows. First, we present the
there is no bandwidth expansion. This means that therEare system model. Next, we derive the iterative detector and show
N co-located users transmitting with the same power, each asme equivalent structures. Generation of soft output for coded
signed a code sequenceMfchips. It is noted that in a typical systems is suggested in Section IV together with an effective
application most of the time there will b€ < N active users, SNR model. Some simulation results are given in Section V.
therefore the result in this paper can be considered as more pfs-summarize with conclusions.
simistic than typical operating conditions.

We assume that the channel impulse response and the carrier II. SYSTEM MODEL
phase are known, and in a practical system they can be estimate

from a pilot sequence or some other channel estimator [13]. Our-Idhe mathematical formulation of the system is as follows (we

tests and the case of [2] indicate that a multiuser detector is ¢ con_S|der|ng the_ CDMA downlink). At eaph symbol per'lod
very sensitive to parameters variation. 2K blts.ofdata (either uncoded or coded bits) are transmitted.
Mathematically, the detection problem has similarity to thzhe data is used to modulaté QPSK symbolsy;, = 1 +

problem of multiuser detection of CDMA with nonorthogonaftj' Eachuw, belongs 1o one “user.” As mentioned, it may not

codes, forexamplethe case ofrandomand independentsignat[ﬁggesem atrue user data. Each userassigned a unique code

for each user. This is observed by treating the code+multipathc‘éfs:mc lengthV, normalized to unit energy, which is multiplied
the user data;.. Unless stated otherwise, we $ét= N for

a new code, and then we can look on the problem as if we h . .
P iﬁ bandwidth use. The codes should, at least approximately, be

a set of nonorthogonal codes used on a flat channel. As a result, h | sianal set. A d choice f t of cod q

most detectors proposed for the synchronous uplink can be u orh onormai signa’ Set. ?O? GC |§|cedorasr? orco ev;/lotrh St

and the detector proposed here can also be used for the uplink C WE are using, IS a set of 1501d coaes, chosen such tha
normalized cross correlation without shiftd jSV (close to

plications. However, the cross and autocorrelations here beh . .
much differently than in the case of CDMA with random Signall(irt ogonal), and the shifted cross correlations are bounded and

tures. In particular, the cross correlation becomes much highe e;pave ps_eudorgndr?mly. N?hS'gmf'C(?m ;l)erfolrm?ndce (#]fferencel
the average, relative to the random case when the channel distt> experlencde when another randomly selected orthonorma
tionis high. Inaddition, here all the users are transmitted togetﬁ:&je was used.

in one signal with .equal power an.d in the same carrier phase. AllThe MMSE is optimal in the sense that the average signal-to-noise ratio
suffer the same single channel distortion. (SNR) is maximized. The BER is only approximately minimized.
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Let ¢c;, be thekth column of theV x K code matrixC'. Each equally applicable to the uplink channel (both synchronous
user symbol is taken from QPSK constellation= +1 + +;j. and asynchronous cases) with few modifications. For the asyn-
The users are summed together to form the output signal  chronous case one should use the implementation described

K1 in Section 1lI-B with some simple modifications. Using (6)
_ Z UkCi ks i=0-..N—1. Q) the_ probl_em in hand_suits the modt_al of s_uperimposed signal in
white noise treated in [18]. Following this reference, the EM

algorithm is reduced to the following iterative process:
The signalr; is sent over an equivalent discrete channel (which

include the effect of pulse shaping and analog filtering) [16, p. (n+1) ) (n) K-l (n)
588 where its output; can be represented as = csign s + 4" | sir - Z SESity
=0
, (7)
=1 4N = Z hizi—;+mn; (2) wherecsign(a + jb) = sign(a) + jsign(b), /3(") are arbitrary

chosen coefficients satisfying. 2 8™ = 1, andui™ is

whereh; are the channel impulse response coefficientsignd the nth iterative estimate of,,.. A particular choice Of? i
is a white Gaussian noise. We assume fiiat L. Apart from more easy to implement and fast converging, anﬂ,j’s) =
the cochannel interference, we also have I1SI between succeséive — k& mod K), i.e., a unit in thenth location and zero in
data symbols going through the channel. This ISI can be largéhg rest of the locations. With this choice, exactly one user is
cancelled by using decision feedback, i.e., taking the previouslpdated in each iteration. It thus takéSiterations to update
detected user symbols, computing their contribution to the c@ach user once.
rent symbol waveform, and subtracting the same. Another op-Since the EM guarantees that the likelihood will be increased
tion is to include a guard band, or just to ignore the interferengfgeach step, convergence to a maximum will be obtained. How-
if N> L. ever, local maxima exists and should be avoided as much as pos-
If decision feedback is used, the ratio between the energysiple. Thus, we added the deterministic annealing technique to
one bit of one user to the average energy of a residual error doe above basic approach. The main method in deterministic an-
to b detection errors in previous symbols is nealing is replacing the decision function (sign) with a soft de-
) cision function, with the amount of “softness” controlled by the
£y - N (3) @aparameter called “temperature” in analogous to crystallization
I 4bL. process. As the iterations proceed, the temperature is decreased,
whereL. is related to the delay spread of the channel, see A\gyhich ultimately forces hard decisions. We have chosen the hy-
pendix B. This residual error can be neglected for commaygrbolic tangent function for implementing the soft decision. If
values of N which are in the order of 100. Therefore, we wilthe modulation is nonbinary, e.g., QAM, the soft decision func-

neglect it in the remainder of this paper. tion is obtained by using a smoothed staircase function for the
The channel can be expressed in a matrix form by¥he N decision function.
channel matrix The algorithm can be also expressed in a form more suit-
b if0<j— k<L ableforimplemer)tation: Defineld elemgnts arrayak}yvhich
Hp= { OJ"“’ otherwise } (4) through the algorithm will always contain the best estimation of
’ u. For the mathematical notation, we will add the indeto
Define the vectorsr = {rg,---,7v_1}* and n = denote the iteration number. Each iteration is equivalert to
{ng, -, ny_1}7, then iterations of (7). The algorithm is as follows. At the initializa-

tion step, compute the outputs of bank of filters matchesto
r=Su+n (5)
Vi =slr, k=0---K-1 (8)
whereS = HC. Thekth column ofS, s;, is the distorted code
of userk at the channel output, truncatedite= 0--- N — 1. and the cross-correlation matiix which its elements are

Equation (5) can be also expressed in the form gt = SLSz, 1=0- K—1:k=0---K—1. (9)

K—1
r= Z UgS) 4 1. (6) The vector.Y. can be the output oK RAKE receivers, but it
is more efficient to have a single filter matched to the channel
nd the chi I haping, follow nk of correlator
Note that the (5) or (6) are also appropriate for describing ta%(leL (?OCr:reIF;tpeuvaftti.?ﬁm zgl;z g ﬂ? e zgtl?%/a?ezzrra?/ ac;?o e_ato S
synchronous CDMAuplink Y, k=0---K —1 (this is the best estimate available at this
point in the algorithm). With bad channels, is so corrupted
that initialization with zeros or by random values brings about
In this section, we develop a type of multiuser detectdhe same performance after a few iterations. If the complexity
for CDMA, here applied for the downlink channel, but iof a MMSE receiver can be paid, initialization by the MMSE

receiver output speeds up convergence considerably.
2The whitened matched filter model is used only for the easy mathematlc I

treatment and is not necessary for actual receiver implementation. FurthermoreAt each iteratior of the algorithm, the users are processed
it is not relevant if the channel is minimum phase or not. one by one by letting: go from 0 to K — 1. This order is

I1l. | TERATIVE DETECTORDEVELOPMENT
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arbitrary. In situations of unequal power users, e.g., in the upf the codewords which are achieved through the multiplica-
link, a preferred order to speed up the convergence is the ortlen by v; is useful to avoid sustained worst case conditions and
of decreasing SNR at the matched filters output. For each ugar separating adjacent cells. Defifeas the diagonal matrix

k, compute havingv; on its diagonal, thed = VW . Now we obtain
s = f(Ye — I s) (10) G=WWIHTHVW, Y =STr=WT'ViHTr. (15)
where It can be shown that bot¥y andY” can be efficiently computed
k—1 K—1 by the fast Hadamard transform and few additional operations.
Do =Y g+ > gri i (11) _ _ _ _ _
—0 I=Ft1 B. Indirect Implementation Using Multiple-Stage Successive
and Interference Cancellation

Re(z) Im(z) An alternative implementation to the iterative algorithm re-
flz)= tanh< o7 ) +J tanh< 5T, ) (12) sults in an architecture of a multiple-stage successive interfer-
B B ence cancellation (MSSIC). Here, there is no need to explicitly

is a soft decision function (separately on the real and the imaGRMPUte neither (8) nor (9). The initialization af., o will be

nary parts), performing the deterministic annealing, whgiie  With zeros. We start from (10).
the temperature, i.e., a parameter controlling the softness. The . -
valuely, ; is essentially the total interference from all the other ~ “%¢ = F - I’”i ,

users on usek. For most channels checked, 6 iterations were _ 7 = =
sufficient (only two to three iterations are needed if initializa- =f|slr- Z Sttt i + Z Sttt i-1

tion by MMSE is made). Only a few very bad channels could ;
benefit slower annealing and more iterations. Using this choice, = f(si2,4) (16)
the number of multiplications per user symbol becortiés

(for fix channels, without the computation of the cross corré"—'here

=0 I=k+1

lations). The above algorithm is applicable equally well for the k—1 K-1

synchronous uplink or the downlink, but from this point in the Zy, i =1 — Z sty ; + Z sily, i—1- 17)
paper the derivations and results are applicable to the downlink 1=0 I=k+1

only.

The meaning ok ; is the usert with all known interference

L . removed. A recursion equation fey, ; can be obtained
A. Reduced Complexity Direct Implementation of the

Algorithm Zoo=r (18)
A fast computation ofG can be obtained as follows. Let

~p,1,m b€ the(l, m)th element of the’ x K matrix I, and Zo 1 i — Sk_1h_1;
is given by ifi =0and0 < k < K
Zp—1,i — Sk—1Up_1,; + Splx, i—1
N—1 Zy ;= o ’ R . (19
= 3 el e (13) ot ifi >0and0 < k < K (19)
1 = - 1.Cp ke ~ ~
b = ELatars ZK 1,i-1 — SK—1UK—1,i—1 + SoUo,:—1,

if i >0andk =0

If the codes are fixed, thefi, are precomputed and stored inrhe gperation of the MSSIC is very intuitive. There is a work
memory. Then, after some algebra signalz which is initiated by the received signal. Suppose we are
at the point at iteration just after a usek — 1 was estimated.

L min(L, L—p) First, it is remodulated and removed from the work signal for
* . .
G=> > hghgip | Tp- (14)  reducing interference for the next users. Then, we move to the
p=—L \g=max(0, —p) next user estimation, usér(user 0 if the previous wa — 1).

i This user was removed last time it was estimated (in iteradtion
Note that computations df are also needed for the MMSE 4 it is remodulated and added back to the work signal since
Ilnea2r detector, if used (fok” < N). Thus, additional2L +  ji5 energy is needed for its own decision. After the decision, it
1) K* multiplications are needed for the computatiortofor a i pe removed again for not interfering with the other users.

fixed code each time the channel is changed. . We like to further simplify the algorithm toward actual im-
A specific code structure allows both fast computatiorzof plementation. Let, . = H'z, ;, ands], = H's, = HfHc,.

andY. AssumeK = N. LetW be a Hadamard matrix (or OtherThen, the algorithrﬁ becomes

orthonormal matrix having fast multiplication algorithm) and

a random binary code of lengfi (or more generally complex g, = f(CLZ/k ) (20)
numbers of random phase and unit magnitude). Then, the code- ’

wordscy, are obtained by multiplying the columnsdf with v;

component-wise, and are clearly orthonormal. The randomness Zo,0 = Hr (22)
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Fig. 1. MMSIC.

Zﬁe_,lzi — Sy Uk—1,4, mitted. It is to be noted that the MSSIC approach seems more

if:=0and0 <k < K appealing for VLSI implementation.
/ / -~ ! o
z), ;= { Zh=1,i T Sko1 -1, + Sy Uk, i-1, .(22)
" ifi>0and0 <k <K IV. CODED SYSTEMS

Zh 1,1 — Sx_1lK—1,i—1 + Sollo,i—1, _ '

if ;i >0andk =0 In a conventional CDMA system, each user needs to have a

separate error correcting encoder and decoder. Here, it is pos-
The implementation block diagram of the MSSIC is shown isible to employ only a single common encoder and decoder for
Fig. 1 (we ignore for simplicity the decision feedback describatie whole system, since both the transmitter and the receiver
in Section Il which may also be required). The operation (2have all the symbols of all the users available. In this case, there
translates in the implementation to a matched filter (usually ins only one encoder at the base station insteafl’ gfncoders,
plemented by oversampled finite-impulse response) followed byt on the other hand, the decoder at the mobile is working
a chip rate sampling. The blod" H in the figure which imple- times faster, if only one user data is used at that terminal. An
mentsH T Hc,, is a finite-impulse response filter whose impulsadditional advantage to the system is that the decoding delay is
response is the convolution é@f with 2* .. The computation reduced byk. It is desired also to use an interleaver in order
effort for each stage needed here is larger than the previous @pmake the users decisions independent for optimizing the per-
proach. This balance may reverse if we take into account tflgmance with an error correcting code which is designed for
computation ofG if the code changes for each symbol transa memoryless channel. We recommend a short bit-level block
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2K .
Interleaver Serialto |\ | QPSK+ Multipath
—| Encoder |- (Optional) Parallel V| CDMA Channel
(N chips)
. 2K
L Multiuser \ Parallel Deinterleaver d N
Detector V7] to Serial (optional) Decoder

Fig. 2. A coded point to multipoint CDMA data transmission system.

interleaving {lepth x V). Omitting the interleaver cause somecode one chooses to use. The effectiyg N3 also matches the
additional 1-2-dB loss (experimentally). Note, that in the casmcoded BER at low and moderakg /No. When the uncoded
there is a separate decoder for each user, the results of this 8#R becomes less thal®—*, local maxima trapping start to
tion apply if there is a random permutation of users codes, dominate performance, and error floor is formed. This is not a
approximately apply otherwise. The interleaver in this case goblem when coding is applied.

obviously unnecessary. Assuming a pseudorandom interleaver, the distribution,of

The best performance could be achieved by including thesults in a situation very similar to a fading channel, where
turbo-decoder principle that alternately operate the interfereriseaccounted for by computing the Chernoff factor [20, Ap-
cancellation and the decoder. For saving complexity, memapgndix A]

ol
coder already exists, we choose not to use this approach. We C(s, 8) = F |exp <_&|3 — §|2
assume that the detector works on the uncoded data, and after 40w, k(i)
(—1
. o2 1 od 2

plete system is shown in Fig. 2. == > exp<— Tou ls—3%). (24)
coder. We simply output the terf, = Y}, — I just before the onqom interleaver and then over theusers. The symbols at
decision device at the last stage. Ideally, with perfect cancellz channel input aré:1 (assuming that the interleaving is per-
thermal noise_z, _the same as the symbol transmitted overAWG\,ﬁ\énce|8 — §2 = 4. A degradation factor relative to constant
In this case, it is a perfect soft output. effective SNR is then computed by

decoder in the iterations. This means an algorithm based @) is approximately a stationary random variable. The fading
requirements and delay or fitting into a system where the de-
the last iteration it provides soft output to the decoder. The com- K-
We use a simple technique to produce soft output for the 4§ case, the expectation will be carried out first over the
tion, this term contains only the symbol of usewith additive ¢,rmeq in the bit level rather than in the QPSK symbol level),
The outer code sees an equivalent channel its input being

the interleaver input and its output being the deinterleaved soft 1= al
output. If we assume that this channel is additive Gaussian, K Z exp <_ Ow k)
we can specify the effective SNR for this channel and then A=-In k=0_2 — : (25)
one can evaluate the performance of the system with any outer ay/ Tw, k
code. Practically, the residual interference makes the soft output
less conditionally Gaussian. This causes an additional 0.5-1-dBAn approximation tay, is obtained as follows:
degradation above the model, as indicated in the results. The .
linear MMSE detector is also modeled in the same way. In thiv = E[(Yy— I )ui]
case the Gaussian model is much more accurate.

Under the Gaussian assumption, the soft outputis modeledas K1 K1 X : .

=3 E || urgrr+ ng, 1wy — ng, 1+ spn | uy,
Ui = (i) Ui + W5 (23) Py i

whereay,;y are deterministic values, ang; are independent _ 1 - -
complex (G)aussian r.v. with varianeg , ;- Bothay ando?, I lz_% e B (26)
are functions of the usek, which can i)e determined fromn 14k
using the deinterleaver input to output relatic(a). In the last term, the correlation betwegnandu;, is averaged

The parameters;, can be found by correlating; andw; ©ON all users, and the'result can be negllected, leaving g -
and is unity for a flat channel and ideal cancellation. Using this Following (26),w, is the sum of two independent terms

model the effective SNR (averaged over the different users) be- K-1
comesa? /o2 , . Both parameters have been statistically mea- we =Y gialw — i) +sin. (27)
sured by simulation of the iterative algorithm and the MMSE 1=0
algorithm and serve for performance measure. Consequently, t#k

our results can be useful to evaluate performance with any outee, denotes the energy of a coded bit, i.e., one coordinate of
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Channel A Effective Es/NO MMSE
Initialized 3 iter.

Parallel 12
iter.

9 iterations Ideal

10T

Parallel 6 iter.

T . . I
3 iterations
/

Gain (dB)

Output Es/NO

30

Freq. (normalized)

Fig. 3. The spectrum of two example channels.

The last term, the thermal noise contribution, has varianc
g, ko2 The overall noise contribution is difficult to analyze
since the user error termg — 4; are not independent, and
moreover, they are dependent op. However, in most cases,
when the degradation is low, the thermal noise term is signifiig. 4. Effective SNR of channel A = N = 63).
cantly larger. In other cases, we have observed that the overall

noise is still a strong function ofy, ;. ldeally, the decoder Channel B Effective Es/NO
should be informed with the time-varying noise variance
However, if the noise variance is proportional 4@ & then
from (23) we see that the soft value is already in the correc
form to be used without any modification in the branch metric

calculation of a Viterbi outer decoder. p e
& __/—; X

V. SIMULATION RESULTS

107

Input Es/NO

MMSE Initialized

3 iter.
6 iterations Parallel 12

10 1 iter.

Parallel 6 iter.

A. Results of the Proposed Algorithm

We have simulated 5000 randomly selected Rayleigh fadeg
channels of ten taps. We have used a set of Gold codes of len
N = 63. No ISI between symbols was assumed as explaines
in Section Il. The channels were generated by having each t°
be an independent complex Gaussian random variable. The (
terministic annealing formula was chosen empirically and opti 2
mized for six iterations a&;, = 0.69 - 1.3~*. Some bad chan- R
nels could gain from having slower temperature decrease anc 5T ’
larger number of iterations. Unless mentioned, we used N /'&
to represent the fully loaded condition of the system in term ¢ < Decorrelating
bandwidth use. Note that in the results the effective SNR are & yl
ways reduced by the Chernoff factor. The effective SNR is a Re
average over the different users. The SNR as a functidgnief -t
random-like and is about 3 dB peak-to-peak for typical channe Input Es/NO
and 6 dB for bad channels.

The spectrum of two channel examples is shown in Fig. B9- 5. Effective SNR of channel BY{ = N = 63).

Channel A is one of the worst channels in the channels set.

Channel B is just a randomly picked channel (number 100 atcurring on a flat channel in which there is no SNR loss in the

the set). The channels were normalized such that there is a @ojtiivalent channel. The results are shown in Figs. 4 and 5. Both
power gain for input with flat spectrum. The effective SNR aftethe MMSE and the nonlinear receiver suffer a large degrada-
the last iteration of the algorithm and at various stages is showion with channel A, but there is a noticeable advantage with the
and compared to the MMSE effective SNR and to the ideal casenlinear one. As mentioned above, having slower temperature




882 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 48, NO. 5, MAY 2000

0.1

= Average Effective Es/NO
e — 127
] 6 iterations
001 AWGN Simulation _ o 10T 5 iterations
S 4 —
T I R
I I Ch. A Prediction ]
\C A Ch. B Prediction — 8T Linear MMSE
\(’ | : Cf Ch. A Simulation
0.001 N e X e Ch. B Simulation |- = 7 4 3iterations
VY — 7 o ©
"\ H
BER : \—\ 7/ Q— 7/ Z Ideal
\ \ |V N\ o
= a4+
0.0001 \ \ \ \ 5‘
Ay \ e e 3
- J— b ¥ — h b E—
.. _‘\ L Y N N ¥77 i
\\ \\ \\ h o N 2T
i C
. Ve
0.00001 \_ \_ \_ \‘ ]
— ——\ N\ 7 1 T 1
A ‘\‘ ‘\\ - ‘\\ 0, i 5 10 15
i\ ) QU -
) § T i 4 1 iteration
! xid N
0.000001 T T
3 4 5 6 7 8 9 0 11 12 13 _,
Eb/NO 4
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Fig. 6. Simulation with four-state rate 1/2 convolutional code (6 iterations

detector, X' = N = 63). ) . . .
Fig. 7. Average effective SNR for ten constant profile Rayleigh faded taps
(K = N = 63).

decrease and a larger number of iterations would improve the

performance further in 1-2 dB. In the typical channel, channel

B, we observe that the nonlinear algorithm performs close t

T T T

ideal after six iterations, while the linear detector suffers fron N Linear

more than 4-dB degradation. We also show the performanc /N 1548

of the decorrelating detector. Note that as shown in Appendi Y \\\ Linear

A, for K = N, the decorrelating detector is equivalent to az \\\ \/_ 4'°dBN
A [¢]

zero-forcing equalizer in front of a conventional receiver. Pleas$

[NRRPAN

& ol ~.)\ Annealing —
refer to the introduction for a complexity comparison betweer N N /[ 1sdB
the linear and nonlinear approaches. A combination of the abo\d \ Nl
two approaches has the best performance. If the complexity of Non Linear N ™,
MMSE receiver can be paid, initialization f_o by the MMSE 1.5dB \ N h
receiver output speeds up convergence considerably and res Y N
\ N

in an improved performance. The performance after three i
erations of the nonlinear algorithm after initialization by the o
MMSE receiver is also shown in Figs. 4 and 5.

Fig. 6 shows the scheme performance with four states rate H& 8. Outage probability for ten constant profile Rayleigh faded t&ps<(
convolutional code as an outer code and the two specific chan= 63). The margin is defined as the amount of increase in transmitted power
nels A and B. We have used a short bit-level block interleavirigfative to the nominal one, and outage happens when the output effective SNR
(10 x 2K) to cause correlated bits to be separated by at least all?wer than the nominal value.
the decoder. The prediction curves were produced by having the
effective SNR from the uncoded simulation as input to the codeargin amount such that the outage probability is less than cer-
performance curve as simulated on a flat AWGN channel. Thein limit. There are two factors involved in the outage proba-
difference between the predicted and actual performance is dhil@y: the fading of the signal energy and the spectral distortion.
to the non-Gaussian distribution of the soft output, and amounitsthe case we simulated, the diversity of the ten taps makes the
to about 1 dB. probability of significant fade negligible, relative to the effects

The average effective SNR results of the channels setokthe spectral distortion.
shown in Fig. 7. The average performance is most influencedA loss of 1 dB was added to the nonlinear effective SNR for
by the performance on typical channels like channel B. Weecounting the soft-output loss. The results are shown in Fig. 8
observe almost no degradation after six iterations of thier nonlinear and linear detectors at two working points. One
algorithm, while the MMSE suffers more than 4 dB. is Es/Ng = 1.5 dB which is the threshold for a standard rate

For some applications, the outage probability has much md&2, K = 7 convolutional code aP, = 10~% and the second is
practical significance than the average performance. The outd@ig’ Ny = 4.0 dB which is the threshold for the rate 34, =7
probability is the probability that a channel picked at randoronvolutional code. As the SNR required is higher, the linear
causes communication failure. In designing a system expectede suffers more from the noise enhancement effect. At the
to suffer multipath effects, one increases the power by a fadisgme time the nonlinear performs even better at high SNR as

4 5 6 7 8 9
SNR Margin (dB)
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Linear
4.0dB 5

011

Non 4
Linear
4.0dB

Outage Probability

Non Linear
1.5dB

Effective SNR (dB)

0.01

SNR Margin (dB)

Fig. 9. Outage probability for ten constant profile Rayleigh faded taps<( 0
48, N = 63). °

0 02 0.4 0.6 08 i 12 14 1.6 1.8 2
Capacity degradation relative to flat channel (dB)

the tentative decisions improve. We can see 2.4- and 4.4-dB d
ferences, respectively, at the two working points between linear
and nonlinear detectors for 1% outage. If one uses uncodedHig- 10. Effective SNR versus capacity degradation at rate 1/ZafdV, =
formation the working point foP, = 10~? is around 10 dB (not 6 dB.

on the graph) and the linear detector will require 19-dB margin!

In some systems, there is a tradeoff between the bandwithle annealing. In this case the starting point is typically good
dedicated to the coding redundancy and the bandwidth waseswugh to cause the algorithm to reach global minimum. About
by a reduction ofK’. Both provides performance gain. For ex10% of the channels cause poor convergence, as shown in Fig. 8.
ample, we can use a rate 1/2 code @d- N or rate 2/3 code  One alternative nonlinear detector is the multistage parallel
andK/N = 3/4. Both alternatives give the same data rate. Theterference cancellation [5]. For a severely distorting channel
reduction of the fading margin indicated in Fig. 9, is to be conthe algorithm fails to converg®ER = 0.5) unless the step size
pared to the coding gain loss moving from rate 1/2 to a rate J@rameterp; is reduced. However, this reduction causes slow
code. convergence. By empirical tries we found that for channel A

The capacity (for flat transmitted power distribution, the; = 0.4 is maximum. The soft output and hence the effective
channel is unknown at the transmitter) is decreased as ®MNR can be found by the same equations as for the MSSIC.
channel flatness decreases. It is reasonable that our system Wik results are shown in Figs. 4 and 5. We can conclude that the
behave similarly. As intuitively expected, the degradation of ogarallel approach requires about twice the number of iterations
system is higher than the capacity degradation. The capacityd has some probability to diverge.
degradation of a channel means the increase in minimumMC-CDMA has been considered a candidate to combat mul-
E, /Ny relative to that needed with flat channel, both with théipath [22]. Consider the matrix formed Wy’ = CQ, where
same given code rate. The minimuB /N, for transmitting €2 is the N x N DFT matrix.C” will have the same statistical
at the capacity of a frequency-selective channel with a flatoperties of a random orthogonal matrix. Thus, MC-CDMA is

transmitted power is given by solving [16] identical to the CDMA considered here. The controlled equal-
E ization considered in [22] is identical to a decorrelating receiver

/ log, <1 + ~ I}/ |H(f)|2> df =r (28) ifthethresholdis 0, and approximate the MMSE solution for op-
0 timized threshold. The MMSE results shown here can be used

wherer is the code rate. The results for= 0.5 are shown in as an upper bound on the performance of this receiver.
Fig. 10. The results of the effective SNR are given after the sixthThe algorithm called decorrelating decision-feedback mul-
iteration at received SNR df; /Ny = 6 dB (of coded bits).  tiuser detector [23] has been modified and simulated on our
CDMA system. For this algorithm, the order of detection is im-
portant. Thus, we ordered the users in an order of decreasing
A comparison with other suitable algorithms were made. TI®NR at the decorrelating receiver output. The performance was
SAGE algorithm [15] is identical to our algorithm, but withoutinferior to the MMSE receiver for both channels A and B, and
the deterministic annealing. The result of the simulation of thiedeed if we look at the values @, ; of (9) in that reference
algorithm with hard decisions for channels A and B were neie observe 10—-20-dB degradation for the last users. Since it is
added to Figs. 4 and 5 since they are already too crowded. Raore complex than the MMSE, we conclude that this algorithm
channel A the effective SNR was belowl dB for all input is not useful for the problem of this paper.
SNR. The large degradation is due to the poor starting pointFinally, we like to add the simulation results for coded OFDM
(matched filter output) which causes the algorithm most fren channels A and B. The code used was= 7 rate 1/2 con-
quently to reach a local minimum. The situation with channel Bolutional code with random interleaver and optimal soft input,
is different. The results are similar to the results obtained wittnd the modulation was QPSK, see Fig. 11. The cyclic prefix

B. Comparison to other Algorithms
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CODED OFDM PERFORMANCE Thedecorrelating receiveis obtained by setting = 0 in (29),
o and is the least squares solution. In the trivial cas&of 1,
= we obtain the matched filter or RAKE receiver. In the case of
AV ™~ K = N, Cis orthonormal and therefore
\ AWGN Simulation
oo A D =(C'(H'H + ¢*)C) *CTHY
“\\ \— Ch. B Simulation ICT(HTH +O’2)_1HT. (30)
X A\ ' L
\ '\ Ch. A Simulation The meaning of the last result is that in this special case the
BER oo S = problem is equivalent to an MMSE equalizer followed by a con-
‘\ 2 “\ ventional despreader! Unfortunately for< K < NN, no such
simplification is possible. The reason th&t = N is a spe-
o001 cial case is that the vect6fu becomes uncorrelated, hence the
MMSE receiver forCu can be obtained independently of the
specific value ofC. In the case of the decorrelator, the case
ooonat K = N is equivalent to a zero-forcing equalizer in front of a
5 4 5§ 6 7 8 5 1w u B B conventional despreader.
Eb/NO
APPENDIX B
Fig. 11. Simulation results for coded OFDM with 64 states rate 1/2 code, RESIDUAL ERROR EROMISI

random interleaver, known channel, coherent QPSK.
Let us assume random codes with independent and identically

jstributed chips of variance/ N and let usek be in error at the
was of length 16, so larger than the channel length. The res I’ vious symbol. The spillover signal resulting from this error

are as follows. Channel A causes about 5-dB degradation rela-
tive to the same code on AWGN, while channel B causes about
2-dB degradation. Comparing this result to Fig. 6, we see that L

OFDM is slightly better on channel A but slightly worse on 9 =¢x >, hjciyn—jn,  i=0,---,L—1 (31)
channel B. With MMSE initialization (not shown), the CDMA J=itl

closes the gap on channel A and improves on channel B. A MQ¥Rerec, is the symbol error and takes the valugs or +2;.
rigorous comparison is needed in order to obtain a good concitye average total energy in this interference signal is

sion.
I—1
3 w]
=0

I=F

VI. CONCLUSION

We have presented an efficient multiuser detection method 2

L—1 L
for CDMA on channels with multipath and white noise. The =4 E || > hician
method is useful for handling channels which are distorting i=0 j=i+1

enough to cause most previous method to fail or suffer high

degradation. We compared the nonlinear method with the :i sz EL: |2
optimal linear method. Comparison with several other known N =0 St !
techniques are also provided. The results are very promising. I
They show that even with a large delay spread and a maximum _ 4 Z 2. (32)
number of users, there can be almost no degradation from the N ot ’
channel distortion for the large majority of randomly selected
channels. We show that a small (several decibels) fadik§t
margin is sufficient for 1% outage probability provided that I
the multipath is already long enough to provide antifading Zj|hj|2
diversity. =1
Le="—— (33)
APPENDIX A Z;) |2

LINEAR MMSE SOLUTION

The MMSE solution to the general problem of (5) is wellt iS clear thatL. < L, and for constant profild. will be
known (e.g., [16, Ch. 15]). The received vectds to be multi- of the order ofL/2. The ratio between a bit energy and the

plied with the matrix interference energy density dueltdetection errors (out GfK
bits of previous symbol) is
D =(S'S + o) 'St E, N?

=(C'H'HC + o*Ix) ' C'H". (29) T = WL, (34)
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In the case that decision feedback is not used, the resulting exs]
pression will be
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