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Abstract

We propose a new framework for multiuser detection in
fast fading channels that are encountered in many mobile
communication scenarios. The detectors proposed in this
paper employ a novel multiuser receiver structure based
on time-frequency processing that exploits joint multipath-
Doppler diversity. Performance analysis shows that the
proposed time-frequency multiuser receivers, due to their
inherently higher level of diversity, can potentially deliver
substantial performance gains relative to conventional mul-
tiuser RAKE receivers.

1. Introduction

Code division multiple access (CDMA) has emerged as
one of the most promising systems for multiuser wireless
communication. Two of the most significant factors limit-
ing the performance of CDMA systems are multipath fad-
ing caused by multiple mobile/non-mobile scatterers, and
multiaccess interference caused by multiple users simulta-
neously using the channel. The RAKE receiver structure
is used in practice to combat multipath fading [9], and var-
ious multiuser detection schemes have been proposed [8]
to overcome multiaccess interference. Recently, multiuser
RAKE receivers have been proposed to combat multiac-
cess interference in the presence of multipath fading [15, 5].
However, such schemes are applicable only in slow fad-
ing scenarios in which the channel characteristics change
slowly over time.

Fast fading is encountered in many mobile communica-
tion scenarios and is known to degrade the performance
of RAKE receivers due to less reliable channel estima-
tion. Recently, a single-user spread-spectrum communica-
tion scheme has been proposed for fast fading channels that
exploits the temporal channel variations to provide another
means for diversity — Doppler diversity — to counter such
degradation in performance [12, 13]. The methodology uses
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joint time-frequency processing which is a powerful ap-
proach to time-varying signal processing [3]. At the heart
of our approach is a fundamental time-frequency channel
model that is exploited via joint multipath-Doppler pro-
cessing to achieve a substantially higher level of diversity.
The higher level of diversity achieved by time-frequency
processing can potentially provide additional performance
gains beyond the compensation for the degraded perfor-
mance of the conventional RAKE receiver. [12, 13, 11].

In this paper, we leverage the time-frequency formula-
tion to propose a new multiuser detection framework in the
context of CDMA systems to combat multiaccess interfer-
ence in fast fading channels. Analytical and simulated re-
sults presented in this paper show that the proposed mul-
tiuser time-frequency RAKE receivers can potentially pro-
vide significant performance gains over existing multiuser
RAKE receivers.

2. Time-Frequency-Based Channel and Signal
Models

In this section, we provide a brief description of the
fundamental time-frequency channel model [12, 13] in the
context of multiuser CDMA systems. As depicted in Fig-
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Figure 1. Mobile wireless channel: A linear
time-varying system.

ure 1, the complex baseband signal x(t) at the output of
the channel is related to the transmitted complex baseband
signal s(t) by z(t) = [ h(t,7)s(t — 7)dr, where h(t,T)
is the time-varying impulse response of the channel [9].
An equivalent representation central to our discussion is in



terms of the channel spreading function H(6,7):

Tm prBa ]
z(t) =/ H(0,7)s(t — 1)e’>dodr (1)
0 0 .

where H (8, 1) & [ h(t,T)e=9270tdt. Therefore, the out-

put signal z(t) is a linear combination of time-frequency
shifted copies of s(t). In (1), T}y, is the multipath spread of
the channel, and denotes the maximum delay produced by
the channel. Similarly, By is the Doppler spread and de-
notes the maximum Doppler shift introduced by the chan-
nel.

The dynamics of the channel are best described statisti-
cally, and the wide-sense stationary uncorrelated scatterer
(WSSUS) model [9, 1] is widely used, which assumes that
H(6,7) is a two-dimensional uncorrelated Gaussian pro-
cess:

E[H@,"H*(¢',7)] = ©(0,7)6(0 —0)6(r — 1), (2)
where §(z) denotes the Dirac delta function. The function
W (6, 7) > 0is called the scattering function. The multipath
spread T}, is the maximum (essential) support of ¥(6,7) in
the T direction, and the Doppler spread By is its maximum
support in the 8 direction.

For a spread spectrum signal s(¢) of duration T' and
chip period T¢, the time-varying wireless channel admits

the following fundamental finite-dimensional representa-
tion [13, 12}

T L-1M-1
~ S H™ st —IT)e? ™, 0<t < T,
T 1=0 m=0
(3)
wih L = [Tn/T], M = [Bdﬂ and H™ %
H(m/T,IT,) = fo (t,1T.)e=3 *F** dt, where h(t,7) is

a bandlimited approx1mat10n (w.r t. 7) to h(t, ) [13, 12].
In (3), L denotes the number of resolvable multipath com-
ponents, and M denotes the number of resolvable Doppler
components.

We should note that in practical fast fading scenarios,
even though the Doppler spread is significant enough to de-

grade the performance of conventional RAKE receivers, it’

is not large enough to fully exploit Doppler diversity di-
rectly by resolving a Doppler component (M =2). There are
several approaches for maximal exploitation of Doppler di-
versity that may be employed in practice [12, 13]. One par-
ticularly promising scheme is the use of long overlapping
signaling waveforms [11] to make the channel maximally
time-selective.

For a CDMA system with K users and employing syn-
chronous coherent BPSK signaling, such as may be encoun-
tered in the downlink of a mobile communication system
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[14], the signal at the input of the receiver is given by

> She

i=—1 k=1

r(t) = z(t) + n(t) = L) +nlt) @

where by (i) € {—1,1} is the i-th bit of the k-th user, z (t)
is the unmodulated received baseband signal for the ¢-th bit
of the k-th user, I is the size of the detection window, and
n(t) is the complex baseband additive white Gaussian noise
(AWGN) with power spectral density Ag. In terms of the
representation (3), the signal z (¢) can be expressed as

~1 M-
T, 2mme
o (t) = T ; Z: HM™ ()84 (t — iT — 1T, )ed 7

where s (t) is the spreading waveform of the k-th user, and
H™(4) are the channel coefficients corresponding to the i-
th bit of the k-th user. Note that we have absorbed the signal
powers and the carrier phases for the different users in the
channel coefficients H™ (3).!

For simplicity of exposition, we introduce a vector nota-
tion for the signals. Let us start by defining

s (1) st — 1Tl (©)
and let s(¢) denote the K LM x 1 vector
def T
s(t) = [s7 (1), 83 (), sk (®)] 7
where the LM x 1 vector s (¢) is given by
) % [0 @887 @), sl 77O k=1, K
®
in terms of the L X 1 vectors
gm(p) %t m(L— T
P [spow, s, 70 L

m=0,---,M—1.

Similarly as si(t) and s7*(¢), define the LM x 1 vectors
hy(7) in terms of the L x 1 vectors h' (%), which are in turn
defined in terms of H[™ (7). Finally, define the KLM x K
channel matrix for the i-th symbol

hi(G) O -~ 0
H 0 h2.(i) 0 (10)
0 0 ki)
and the K x 1 vector for the i-th bit
b(i) < [b1(0), b2(0), -, b (D))" (11)

IFor simplicity of notation, we use the same L and M for all the users.
However, our discussion can be extended straightforwardly to incorporate
different values of L and M for different users.



In terms of the above notation, the received signal 7(t) can
be expressed as

I
rit)= Y T (t—iT)H@b() +n(t).  (12)

1=—1I

Thus, the received signal is a linear combination of the time-
frequency shifted signals s7*!(¢) which also define the front
end time-frequency matched filters for realizing the suffi-
cient statistics for detecting the bits of different users. For
negligible intersymbol interference (13, < T'), the output
of the time-frequency matched filters for the p-th bit is given
by the KLM x 1 vector

) % / r(t)s"(t — pT)dt = RH(p)b(p) + w (13)
where B %/ [ s*(t)sT(t)dt and w def [s* ¢t -
pT)n(t)dt is a zero-mean complex Gaussian noise vector
with E[wwf] = ApR. It follows that the “one-shot” de-
tector suffices in which the decision about the p-th bit is
based on the received waveform for the corresponding bit
only. Thus, in subsequent sections, we suppress the bit in-
dex p in the notation and focus on the 0-th bit without loss
of generality.

3. Multiuser Detectors for Fast Fading Chan-
nels

In this section, we develop a multiuser detection frame-
work that incorporates the fundamental multipath-Doppler
channel model of Section 2 to deliver near-far resistant re-
ceiver structures for fast fading channels. Due to the pro-
hibitive computational complexity of the optimal receiver,
lower complexity, suboptimal approaches are sought in
practice. Next, we discuss an approach for designing sub-
optimal near-far resistant receivers that are computationally
tractable.

3.1. Computationally Tractable TF RAKE Re-
ceivers

The structure of the suboptimal receivers that we de-
rive is motivated by the single-user maximal-ratio-combiner
(MRC) detector. Recall the definition of z in (13), and de-
compose it as z = [z, 29, -, 2] analogous to the de-
composition of s. In the absence of multiaccess interfer-
ence the optimal receiver for each user is the time-frequency
maximal-ratio-combiner (MRC) [9]

~

by = sign {Re [thzk] }

L-1M-1
:Sign{Re {Z ZH;nl*zgll}}7k=17“.,K

=0 m=0
(14)

which coherently combines the different multipath-Doppler
shifted signal components to achieve LM -order diversity.
Note that the MRC requires the knowledge of the channel
coefficients H™, which may be estimated through a pilot
transmission, for example. The signal component of 2, in
this case is Exhyby, where &, < J |s(t)[?dt, resulting in
Sthkszk as the real-valued signal component of the test
statistic in (14). Of course, in the presence of other users,
the MRC detector in (14) is not near-far resistant due to the
presence of multiaccess interference.

As evident from (14), the MRC detector makes the de-
cision by coherently combining the matched filter outputs
zy, corresponding to the different multipath-Doppler shifted
signal components. As mentioned before, in the absence of
other users, the signal component of 2y, is (up to a constant)

[ r(t) s} (0)de _ huby. 15)

r(t)=z(t)

In our suboptimal approach, the idea is to obtain an estimate
of the noise free matched-filter outputs, hby, and then to
coherently combine them as in (14) to obtain the bit esti-
mates. The estimation procedure for hyby, should be such
that the resulting detector is near-far resistant. In terms of
the K users, we seek an estimate of

y= /r(t)s*(t)dt = Hb. (16)

r(t)=z(t)

The nature of the estimate of y determines the structure
of the receivers. For computational efficiency, both the re-
ceiver structures that we propose employ a linear estimate.
Generically, the y estimate takes the form

Yy=Fz=FRHb+ Fw=y,+y, amn

where y,, ~ N(0,Q) with Q = NyFRF* The matrix
F' is chosen to yield a near-far resistant estimate of y. Fol-
lowing the application of F', maximal ratio combining is
applied to the different multipath-Doppler components (3,,)
of each user. However, since the noise in the estimate ¥ is
colored, a prewhitening operation is needed. The general
form of the overall multiuser TF RAKE receiver is

~

b = sign {Re [HHD@}} = sign {Re [HHDFz} } ’

where the block-diagonal prewhitening matrix D is given
by

QY o1 -0
0 > 0 -

p=| . * R RO T
0 - 0 Qi

where @Q,; is the block of @ corresponding to the 30 user.
In the following subsections, we discuss two special cases
of the family based on the choice of the estimator matrix F.



3.1.1 Decorrelating TF RAKE Receiver

If the ML estimate of y = Hb is employed, the result-
ing estimate is linear and we obtain a generalization of the
decorrelating receiver [6, 15]. The estimator matrix F' in
this case is given by

Fuyr=R" (20)

since

Unr = argmﬁx [QRe[zHy] — yHRy] =Rz, )

From (18), it follows that the resulting decorrelator TF
RAKE receiver takes the form

Baee = sign {Re [HH DdecR_lz] } NG
where D, is defined as in (19), with Q = NgR™. The
decorrelator TF RAKE receiver in (22) combats fast multi-
path fading by exploiting joint multipath-Doppler diversity
via the fundamental channel model (3), and attains near-

far resistance via the ML estimate in (21), analogous to the
conventional decorrelating detector [6].

3.1.2 Minimum Mean-Squared-Error TF RAKE Re-
ceiver

If a linear minimum mean-squared-error (MMSE) estimate
of y = Hb is employed before coherent combination, a
generalization of the MMSE detector [7, 5] is obtained. In
this case, the estimator matrix F’ is the solution to

Frimse = arg mFi'nE |Hb - Fz|, (23)
and can be shown to take the form
Frimse = (R+No® ™) 7, (24)

where & &/ E[HH"). The resulting MMSE TF RAKE
receiver is given by

Brunee = sign {Re [HY Drnoac Frmscz] } - 25)
where D ,mse is defined as in (19). Note that ¥ is a func-
tion of the powers p; of different users, and the second-
order channel statistics of the corresponding users. Specif-
ically, for the WSSUS channel model, ¥ has a diagonal
structure, with the k" diagonal block being equal to py, ¥,
where ¥y, is a diagonal matrix corresponding to the pow-
ers in the different multipath-Doppler channel coefficients
of the k-th user.
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4, Performance Analysis

In this section, we assess the performance of the pro-
posed time-frequency multiuser detectors in fast fading sce-
narios. Of the two particular multiuser detectors proposed
in the last section, only the decorrelator receiver lends itself
to tractable performance analysis. Proceeding analogous to
the standard performance analysis for the decorrelator de-
tector [6, 15], we first derive an expression for the proba-
bility of bit error for the decorrelator receiver, and then pro-
vide simulated results for both the decorrelator and MMSE
TF RAKE receivers.

Recall from (22) that the decorrelator receiver is of the
form

o~

b = sign {Relg]} (26)
where the test statistic g is given by
9=H"DycHb + H'Dyee R 'w. (27

It follows that the test statistic g5 corresponding to the k-th
user is

gr = R Qlhiby + REQ M6k = go + gnp, (28)

where 1, is the component of the vector R~ w corre-
sponding to the k-th user. It can be readily verified that
Ellgns*|hk] = hi Q;lhy. Thus, the probability of bit
error for the k-th user, conditioned on the knowledge of the
channel coefficients hy, is [9]

Pyh, =@ (\/zhi" Q,:,:hk)

2 .
where Q(z) = \/% [2° €= /2dz. Note that since hy, con-
sists of independent complex Gaussian random variables,

(29)

LM

REQ R, =Y A

k Wik k—z "
=1

(30)

where the A;’s are the eigenvalues of ka;kl W, and the
v’s are independent x? random variables each with two
degrees of freedom. The unconditional probability of er-
ror can be obtained by averaging Pk| h, With respect to the

probability density function of h,kH Q,:kl hy, and is given by

[9, pp. 801-802]
Al
1 —
[ 1+ /\l] > GD

LM LM
Pe=5> | 11
=1 |i=1,il
Note that the eigenvalues A;’s include the dependence on
the signal powers py, and the noise power Ag.

We next provide some numerical results on the perfor-
mance of the decorrelator and MMSE time-frequency (TF)

Al
AL — A



multiuser receivers. All the results are based on a spreading
gain of N = T/T, = 31 and employ M-sequences as the
spreading codes. We also assume that one multipath com-
ponent (L = 2) is resolvable. In fast fading scenarios, we
assume that one Doppler component (M = 2) is resolvable.

4.1. Numerical Results

First, we calculate the analytical probability of error (F,)
based on (31) for the decorrelating TF RAKE receiver and
the conventional multiuser RAKE receiver as a function of
signal-to-noise ratio (SNR). To demonstrate the potential
performance gains achievable through Doppler diversity,
we compare the performance of the conventional multiuser
RAKE receiver operating in a slow fading environment with
that of the TF RAKE receiver operating in a fast fading sce-
nario. Figure 2 shows the results for K = 2 and 4 users.
Evidently, by exploiting Doppler diversity, the multiuser

Probability of bit error
=

TF RAKE : K=4
RAKE :K=4
TF RAKE : K=2
RAKE :K=2

(Decorrelator)

Y L N —L i L i
5 6 7 8 9 10 1" 12 13 14 15
SNR (dB)

Figure 2. Analytical probability of bit error ver-
sus SNR for decorrelating TF RAKE and con-
ventional RAKE receivers.

TF RAKE receiver has the potential of significantly out-
performing the conventional multiuser RAKE receiver. For
example, for K = 4, the TF receiver achieves a 3dB gain
in SNR over the conventional multiuser RAKE receiver. As
expected, as the number of users increases, a higher SNR
is needed to achieve a prescribed value of P, for the de-
sired user. Note that the performance gains of the multiuser
TF RAKE receiver over the conventional multiuser RAKE
receiver increase monotonically as the SNR increases.
Next, we assess the performance of the MMSE TF
RAKE receiver based on Monte Carlo simulations. Figure 3

compares the performance of the MMSE TF RAKE receiver
and the conventional RAKE receiver as a function of SNR.
The results are similar to those obtained for the decorrelat-

Probability of bit error

TF RAKE: K=4
10k |[&—2 TF RAKE: K=2
"""" RAKE :K=4
4a-A RAKE :K=2

(MMSE)

10° o T i L L L L

5 6 7 8 1 12 13 14 15

10
SNA (dB)

Figure 3. Simulated probability of error versus
SNR for the MMSE TF RAKE receiver and the
conventional multiuser RAKE receiver.

ing receiver, suggesting potentially superior performance of
the time-frequency detector due to Doppler diversity.

TF RAKE: K=4
TF RAKE: K=2
RAKE :K=4

Probability of bit error

RAKE :K=2

SNR of user 1 = 10 dB
{MMSE)

4

10— . - L )
-10 -8 -6 -4

Figure 4. Near-far resistance of the multiuser
receiver structures.

Figure 4 demonstrates the near-far resistance of the pro-
posed MMSE TF RAKE receiver by plotting the probability
of bit error for the first user (at SNR=10dB) as a function of
the SNR of the second user relative to that of the first user.
We expect similar behavior for the TF decorrelator receiver.
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Probability of bit error

M-sequences
Random codes

K=4
TF RAKE receiver (MMSE}

e . N .
s 6 7 8 10 1
SNR (dB)

Figure 5. Effect of the choice of spreading
codes on performance of multiuser TF RAKE
receiver

Finally, Figure 5 seems to suggest that there is no sig-
nificant difference in the performance of the multiuser TF
RAKE receiver as a result of using M-sequences versus ran-
domly generated spreading sequences.

5. Conclusions

In this paper, we have proposed a novel framework for
multiuser detection in fast fading channels. At the heart
of our approach is a fundamental finite dimensional time-
frequency channel model that facilitates the exploitation
of joint multipath-Doppler diversity. Analytical and simu-
lated results demonstrate that the proposed multiuser time-
frequency RAKE receivers can potentially provide signifi-
cant performance gains relative to existing multiuser RAKE
receivers.

The multiuser time-frequency RAKE receivers proposed
in this paper espouse the paradigm of removing multiac-
cess interference first, followed by maximal ratio combin-
ing of the multipath-Doppler components. However, re-
ceiver structures that employ diversity combining first are
also possible. According to a study of multiuser RAKE re-
ceivers [4], employing diversity combining first yields bet-
ter performance with perfect knowledge of channel param-
eters, whereas executing interference suppression first, as in
our approach, may be more robust if channel estimates are
used. Performance comparison of the two approaches in the
context of fast fading is a useful direction for future work.

Finally, we note that we restricted our discussion to the
synchronous case for clarity of exposition. However, the
results of this paper can be readily extended to the asyn-
chronous scenarios as well.
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