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Abstract — Spread-signature code-division multiple-access
systems are designed to allow both time and frequency di-
versity to be exploited in multiuser wireless systems op-
erating in fading environments. Computationally efficient
multipass demodulation and decoding algorithms are de-
veloped for use in receivers with these systems. These algo-
rithms efficiently suppress both intersymbol and interuser
(multiple-access) interference to achieve a substantial di-
versity benefit and good near-far resistance characteristics.
Moreover, it is shown that relatively few iterations are
required for convergence to typical target bit-error rates.
Several other aspects of the performance of the algorithms
are also explored.

I. INTRODUCTION

Spread-signature code-division multiple-access (CDMA)
systems were recently introduced as an attractive alter-
native to conventional CDMA systems for use in time-
varying multipath environments [1] [2]. Using long sig-
natures in an overlapped manner for successive symbols,
spread-signature CDMA can achieve a substantial tempo-
ral diversity benefit. Furthermore, the broadband nature
of the signatures allows an additional spectral diversity
benefit to be simultaneously realized.

In [1], computationally very efficient linear receivers
were developed for use in conjunction with spread-
signature CDMA. With such receivers, it was shown that
spread-signature CDMA effectively transforms the mul-
tiuser Rayleigh fading channel into a decoupled set of ad-
ditive white quasi-Gaussian noise channels. In particular,
both the intersymbol and interuser (i.e., multiple-access)
interferences are transformed into a second quasi-Gaussian
noise source that is effectively white and uncorrelated with
the input data stream.

Improved performance can be obtained by more care-
fully exploiting the digital (finite alphabet) nature of the
users’ data streams, which makes the intersymbol and in-
teruser interferences highly structured. In principle, direct
maximum likelihood (ML) decoding algorithms can be em-
ployed for optimum mitigation of such interference at the
receiver. However, the associated Viterbi algorithms are
invariably impractical, even for conventional CDMA sys-
tems. Indeed, ML interuser interference cancellation has
complexity that grows exponentially with the number of
users [3]. Moreover, ML intersymbol interference cancella-
tion is often computationally unwieldy even for single-user
systems [4].
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In this paper, we describe efficient techniques for sup-
pressing such interference at the receiver during demodu-
lation and decoding. These algorithms explicitly take into
account the structure in the interference and result in a
near-far resistant receiver, but avoid the cumbersome com-
plexity of ML decoding. In single-user scenarios, spread-
signature CDMA specializes to the class of spread-response
precoding algorithms described in [2]. In this case the in-
terference suppression algorithms developed in this paper
specialize to an efficient variant of the novel multistage re-
ceivers described by Wittneben in [5], for which useful new
insights are obtained.

II. SYSTEM MODEL

We consider a single cell of a typical cellular multiple-
access channel in which there is a single base station and
M mobiles. Both forward link (base-to-mobile) and re-
verse link (mobile-to-base) communication are of interest,
and the users share a total fixed bandwidth of MW, where
W) is the bandwidth per user. The information to be sent
by the mth user is a white N-PSK stream of (possibly
coded) symbols z,[n], each with energy £,,. The discrete-
time transmission y,[n] for the mth user is obtained by
upsamping zm, [n] by a factor of M, followed by linear time-
invariant filtering with the associated signature sequence
hm[n], ie.,

Ymin] = E 2 [k] hin — kM), (1)
k

The signatures h,,[n] form an orthonormal set, i.e.,

> hilk —nM] [k — mM] = é[n—m]é[i-1], (2)
k

so that all the symbols of all the users are modulated on
orthogonal, unit-energy waveforms. In spread-signature
systems, these signatures have the further property that
their length K is much larger than the intersymbol period
M. Choosing larger spreading factors K allows larger tem-
poral diversity benefits to be achieved. While much of our
development applies more broadly, in experiments we use
the so-called maximally-spread signatures [1], which are bi-
nary valued (hm[n] = £K~1/2) and particularly attractive
for practical implementations.

The multiuser channel is a time- and frequency-selective
Rayleigh fading with stationary, uncorrelated scattering.
In the equivalent discrete-time baseband model, the signal
obtained at a particular receiver takes the form

il =YY am(n; k] ymln — K] + wn], ®3)
m k
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Fig. 1. First pass of iterative decoding.
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where an,[n; k] denotes the zero-mean, ergodic, complex-
valued, circularly-symmetric Gaussian kernel of the ran-
dom, linear time-varying system modeling the fading pro-
cess encountered by the mth user, and w[n] is zero-mean,
complex—valued circularly symmetric, stationary white
Gaussian receiver noise. The time-varying frequency re-
sponse of the channel is Am(win] = Y i am[n; k]e o,
and var Ap (w; n] = 02, while the noise w[n] has variance
varw[n] = MyW,. We assume the receiver has perfect
knowledge of the an[n; k], though in practice these quan-
tities must be estimated either blindly or through the use
of training data.

III. MULTIPASS RECEIVERS

The demodulation/decoding algorithm we develop in this
section is a batch iterative algorithm involving successive
processing of the received data stream. In describing the
algorithm, we denote the parameters associated with the
processing at the lth iteration using a superscript (.

A. First Pass 1=1)

To decode the mth user’s symbol stream, the observed
data r([n] is first processed by the linear receiver described
in [1] and depicted in Fig. 1. First, the data is filtered
with a linear tlme-va.rymg equalizer with kernel b [n; k].
The second step is signature demodulation by correlation
and downsampling. The equalizer is chosen so as to max-
imize the signal-to-noise+interference ratio (SNIR) after
this second step. Finally, the symbols are recovered by
passing the demodulated data through a suitably designed
slicer.
The demodulated stream can be expressed as

Em[n] = fimm 2[0] + vm[n] 4)
where
Um[n] = ul[n] + zm + D 2lln]. (5)
i#Em
In (5), ul,[n] is the component due to the noise

and has variance N\oWoE [|BLJ?], where Bl (w;n] =
>k bl [n; k] e=3*. The component z},,[n] is the interfer-
ence due to the ith user, and can be expressed in the form

ILACEL! ©)

Zim [0} =

In (6), where t},,[n] is a zero-mean function of both h;[n]
and the kernel of the system formed from cascading the
channel a;[n; k] and the equalizer b, [n; k], i.e.,

ct [n;k] = Zb [n; ) ailn - Lk = 1]. (7)

As such, 2l .[n] represents the intersymbol interference
and the remaining z},[n] are multiple-access interfer-
ence terms. Each of the interference terms has variance
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(& /M) var Cl,, (w;n], where Clalwin]) = T, ¢l 79wk,
and E [CL;(w; n]] =y} . 6[m~1i].

When sufﬁc1ently long signatures are used, the symbol
stream Z,,[n] is uncorrelated not only with the noise and

multiple-access interference terms, but with the intersym-
bol interference term as well [1]. In this case, the SNIR

Iﬁ‘rlnlzgm
NoWoE[|BL 2] + 3 T, & var CL,

Ym(Bp) = (8)

fully describes the second-order characteristics of the sys-
tem up to the slicer of the first decoding pass. Moreover,
in the long-signature scenario, the resulting quasi-Gaussian
characteristics of the interference means that the symbol
error rate performance of the symbol-by-symbol threshold
det.t[ec]tor for the N-PSK stream z,,[n] can be approximated
by [6

Pr(em) =20Q (sm (N) \/27_,,,) , 9

= ;712—1“]:’° e~v’12 dy.

B. Subsequent Passes

The decoding described above achieves a substantial im-
provement in average bit-error rate performance over con-
ventional CDMA systems by exploiting temporal diversity
via linear processing and taking into account the second-
order characteristics of the received signal. However, be-
cause the interference is effectively treated as if it were
white Gaussian noise, the resulting system is interference-
limited—the bit-error rate does not go to zero with increas-
ing SNR—making it vulnerable to near-far effects [3].

By exploiting higher-order statistics of the interference
in the received signal, its effects can be more effectively
mitigated. As we now describe, this is accomplished us-
ing a multipass estimator-canceler structure for interfer-
ence suppression that is somewhat analogous to that used
in minimum mean-square error decision-feedback equaliz-
ers [7]. In particular, using the receiver just described we
obtain preliminary estimates 22 [n] for each of the M dif-
ferent symbol streams at the receiver. In turn, usmg these
estimates together with the fading channel kernels i Jn con-
junction with (6), we generate refined estimates z}.[n] of
the interference terms in (5). These estimates can ! be ef-
fectively subtracted from an appropnately equalized and
demodulated version of the data z},[n], allowing more re-
liable symbol estimates #2,[n] to be obtained from the
slicer. Thls process is then repeated, exploiting the es-
timates #2,[n] to generate further refined interference es-
timates zg‘ - .[n], etc. We now develop the details of this
strategy.

The interference estimator for the Ith pass takes the
form depicted in Fig. 2. In the upper path, the estimated
symbol is re-modulated on its signature, processed by a
noise-free rephca of the channel, then demodulated by a -
replica of the receiver witha linear equalizer b}, [n; k] whose
time-varying frequency response we denote by B!, (w;n].
The cascade of this equalizer with the channel correspond—
ing to a;[n; k] has kernel

chm[ni k]l =) blalni ) ailn — jik — i,
J

where Q (v)

(10)
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Fig. 2. Interference estimation for the Ith decoding
pass.
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Fig. 3. Interference cancellation in the Ith pass of
decoding.

and the associated tlme-va.rymg frequency response has
mean E C,m[n k)] = pl,n 6[m — ). Note that the lower
path in Fig. 2 is required for intersymbol but not interuser
interference estimation. The resulting interference esti-
mate can be expressed in the form

Bmln] = Y th K] 2171 [R], (11)

where t},,[n] is a zero-mean function of h;[n] and ¢}, [n; k].

The associated interference canceler in the lth pass
takes the form depicted in Fig. 3. In particular, we sub-
tract a linear combination of the estimated interferences,

le.,
Baln] =Y alyy 3ha[n].
i

In general, we seek equalizer coefficients b.,[n; k] and
canceler weights of, so as to obtain the smallest possible

symbol error rate at the output #!,[n] of the slicer. The
slicer input takes the form

(12)

Zpa[n) = 1, T[] + v}, [)] (13)
where
vhln] = uln] + ) #ln] (14)
with
(0] = Zim([n] = ol 2[n]. (15)
and [cf. (11)]
(16)

Im{n] = zti'm [k] .‘B,[k]
k

When the correlation between v}, [n] and z,, [n] is small,

the symbol error probability can be approximated in a
manner analogous to that used to obtain (9), yielding

Prch) = 20 (sn () /o).

(17)
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where

i gm I/“m |2
m var v’ )

(18)

is the new SNIR we seek to maximize.

To maximize the SNIR over the weights o', , it suffices
to minimize the interference power. First, note that at
high SNR we have

var 3}~ varzl,, = (&/M) varC (19)

:m’

and that the normalized correlation between the actual
and estimated symbols takes the form

E [aifn] - #4[K]
\/var z;[n]\/var &;[k]
so that using (11) and (16) in (15), we obtain

mpdln-k,  (20)

var S (] & [1 4 (0hm)’ = 20kl ] e varlCly,]. (21)

It is then straightforward to verify that (21) achieves its

minimum value 3;(1 — (pt~1)2)(& /M) var[C},,,] when we
choose of,, = pi~1.

Hence, in terms of the optimized weights the SNIR (18)
in the Ith pass can be expressed in the form

4 (BL) = |t [*Em
" NoWoEI| B |2 + ¢ S0, &1 var[Cl)
(22)
where £ = (1 — (p})2)&;. Note that (8) is a speaal case of

(22) prov1ded we adopt the convention that p% = 0.
We next optimize the SNIR over the choice of equalizer,
assuming sufficiently slow fading that in each pass !

Crni(win] (23)

In this case, the functional form of the SNIR (22) is such
that the results from [1] can be immediately exploited to
obtain the optimum equalizer

Am(w; n] Bj(w; n).

A (win]

B! (w;n] = .
R o e+ % 5 B s I

(24)

To implement this equalizer, we requxre an algorithm
for computing the correlation coefficients p!,,. For this pur-
pose, we write the output of the associated slicer as

em[n] = &, [n] = 2m[n], (25)

and note that when N > 2 and zn[n] = V&, we
have the approximation that el,[n] takes on the values
—2sin?(7/N) % j2sin(m/N) cos(m/N) each with probabil-
ity Pr(e},)/2 and takes on the value zero otherwise. Thus,
exploiting symmetry,

E[zmln] - eh[n]] = E [x,,, [n] -

ehaln] | 2mln] = V2]

= —2sin® (—;—) En Pr(el)). (26)



Finally, using (26) with (20), we obtain, for ! > 1,
i _ Elzmn]zmn]) + E [zm[n] ey [n]]
m = gm

~ 1 - 2sin? (%) Em Pr(e).

(27)

Substituting (17) into (27) we see that we can recursively
compute p!, given a convenient expression for mapping
Pt to 4. In the sequel, we develop such mappings and

analyze the performance of the algorithm.

IV. PERFORMANCE

We first consider forward link transmission, corresponding
to the case in which all messages are transmitted through
the same channel, i.e., an[n; k] = a[n; k] for all m. With
the optimal equalizer (24) in each pass of the mth receiver
the SNIR after the Ith pass (8) can be simplified to {8]

1 1
1 . - (- gl
Tm = Cm (eflEI(fl) E) ’
where 1/(m = (Em0?)/(MoWp) is the SNR at which the

mth user’s transmission is received, and where

1 _1q~1-()?
ML G

with Ej(-) denoting the exponential integral Ey(s) =
[ et/tdt. Note that if pf — 1 for all i, then 4} —
1/¢m, which substituted into (17) yields the performance
of the AWGN channel.

The following algorithm predicts the performance of the
multipass receiver as a function of the number of iterations
used:

1. Set p2 =0 and let I = 1.

2. For each m, compute the SNIR 7}, at the slicer input

on the Ith decoding pass from the correlation p};! and
channel SNR via (28) with (29). Then, from the slicer

input SNIR, 4¢,, use (17) to compute the symbol error
probability Pr(e!,) at the slicer output.

(28)

(29)

3. Compute the normalized correlations p,, between the
symbols z,,[n} and the estimates #),[n] produced at
the slicer output via (27).

4. Increment ! and go to step 2.

Although the algorithm applies more broadly, in the
sequel we illustrate its key performance characteristics in
the scenario in which power control is employed so that
(m = ¢ for all m. In this case, the optimum p!, are all
identical as well, i.e., g, = p' for all m.

For a given SNR 1/¢, the relationship between p'~! and
Pr(e!) corresponding to Step 2 of the above procedure can
be expressed in the form

1

Pr(e') = F(¢,p'71) (30)
where the function F(-,-) has the property that it is de-
creasing with both correlation p' and SNR 1/¢, as can be
verified by substituting (28) into (17).
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Fig. 4. Iterative receiver performance on the for-
ward link. The successively lower solid curves
plot QPSK symbol error rate as a function of the
correlation coefficient p for SNRs of 7, 10, and
12 dB. Along each curve, 0’s identify the theo-
retically predicted decreasing error rates achieved
with [ = 1,2,... decoding passes, and the inter-
sections with the dashed line are the steady-state
values (I = o0). The associated experimentally
obtained values are depicted using #’s.

Since the mapping (27) of Pr(¢') to o' in Step 3 is de-
creasing, it is straightforward to verify that p' and hence
Pr(e') converge as I — co. Moreover, substituting (30)
into (27) with I ~ oo we obtain that the steady-state cor-
relation p™ is the unique solution to

1-p™ = 2sin® (L) F(C,0™), (31)

and that the steady-state symbol error rate is, in turn,
Pr(e>) = F(¢, p™).

These steady-state values are depicted in Fig. 4 for the
case of QPSK (N = 4). In particular, the solid curves
in the figure correspond to the right side of (31) plotted
as a function of 1/(1 — p) for several values of SNR 1/¢,
while the dashed line corresponds to a plot of the left side
of (31). Hence, the intersections denote the steady-state
values for the different SNR levels.

Fig. 4 also illustrates the predicted error rates as a
function of iteration, which correspond to moving from
the solid curves at p = 0 (iteration 1) horizontally to the
dashed line, then vertically down to the solid curve (iter-
ation 2), horizontally to the dashed line and down again
to the solid curve (iteration 3), etc., in accordance with
the algorithm described above. The results from Monte
Carlo simulations involving 8 users with sufficiently long
maximally-spread signatures are also shown, from which
we can see the good accuracy of the theoretical predic-
tions.

Note that as Fig. 4 reflects, the monotonicity properties
of F(-,-) ensure that the steady-state error rate Pr(¢*) de-
creases monotonically with SNR. Moreover, the larger the
SNR, the closer the correlation p* is to unity, which as we
discussed corresponds to the performance of the AWGN
channel and therefore effectively perfect interference can-
cellation. These characteristics are illustrated more di-
rectly in Fig. 5, in which error rate is plotted as a function
of SNR. This figure also suggests that comparatively few
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Fig. 5. Iterative receiver performance as a func-
tion of SNR on the forward link. The successively
lower solid curves depict the symbol error rate as a
function of SNR for 2,3,5, and co decoding passes
for QPSK transmission. The dashed curve is the
corresponding AWGN channel performance.

(< 5) iterations of the decoding algorithm are required to
converge to typical target bit error rates. This is signif-
icant since both the amount of computation and system
delay are directly proportional to the number of iterations
required.
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Fig. 6. Iterative receiver performance on the re-
verse link. The successively lower curves formed
from 0’s connécted by dashed lines depict pre-
dicted QPSK symbol error rate as a function of
the number of decoding passes, for SNRs of 5,9,11,
and 14 dB. The corresponding curves formed from
*’s connected by solid lines are the experimental
measurements.

Performance predictions can be obtained in a similar
manner for reverse link scenarios. As an illustration, Fig. 6
depicts performance as a function of the number of decod-
ing iterations with a simplified M = 2 user system em-
ploying power control. The corresponding plots of perfor-
mance as a function of SNR are shown in Fig. 7. As these
figures also reflect, a modest number of iterations gener-
ally suffices for convergence in this scenario as well. It is
important to point out, however, that when large numbers
of users are involved, the predictions tend to be somewhat
overly optimistic even at high SNR. Such issues, as well as
a number of others including sensitivity characteristics of
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Fig. 7. Iterative receiver performance as a func-
tion of SNR on the reverse link. The successively
lower solid curves depict the QPSK symbol error
rate as a function of SNR for 1,2,...,10, and oo
decoding passes. The dashed curve is the corre-
sponding AWGN channel performance.

the iterative receiver, are explored in more detail in (8].
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