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Abstract—We propose a new framework for multiuser detec- however, are applicable only in slow fading scenarios in which
tion in fast-fading channels that are encountered in many mobile the channel characteristics change slowly over time.
communication scenarios. Existing multiuser RAKE receivers, Fast fading encountered in many mobile communication
developed to combat multipath fading and multiuser interference . ianificantly d des th f f the RAKE
in slow fading, suffer substantial degradation in performance scenarlos signimcan y_ egrades the per_ ormance orthe
under fast fading due to errors in channel state estimation. The receiver due to less reliable channel estimation [6]-[8]. In fact,
detectors proposed in this paper employ a novel receiver structure existing systems exhibit a limiting bit-error probability floor
based Orll time-frequency (fTFr)1 prO%eSSIng that is dictated by a that cannot be improved by increasing the transmitted power
canonical representation of the wide-sense stationary uncorre- Recentl inale-user spread- rum communica-
lated scatterer (WSSUS) channel model. The workhorse of the {6] [8]'h ece ht Y S sihgie-use prea(fd St)(f?Cé.u Cr? L: (tjﬁ ¢
framework is a TF generalization of the RAKE receiver that ex- ion S_C eme has been prOpo_Se_ or 1as 'a Ing channels tha
ploits joint multipath-Doppler diversity. Analytical and simulated ~ €Xploits temporal channel variations to provide another means
results based on realistic fast-fading assumptions demonstrate for diversity—Doppler diversity—to counter such degradation
that the proposed multiuser detectors promise substantially im- in performance [9]-[11]. The methodology uses joint time-
proved performance compared to existing systems due to the ; PRI
inherently higher level of diversity afforded by multipath-Doppler f!‘equency (TF? processing WhICh is a powerful approach to
processing. time-varying signal processing [12]. At the heart of the ap-
proach is a fundamental time-frequency-based channel decom-
position derived from a sampling of the wide-sense stationary
uncorrelated scatterer (WSSUS) model. The channel represen-
tation naturally leads to a time-frequency generalization of the
I. INTRODUCTION RAKE receiver that gxploits joint multipath-DoppIer inersity.
he TF RAKE receiver can deliver substantially improved

ODE division multiple access (CDMA) has EMer9€herformance compared to existing systems by achieving an
as one of the most promising systems for multius herently higher level of diversity [9]—[11].

wireless communication. The need for accommodating t € this paper, we leverage the TF formulation to propose

growing numb(re]r of userg anq for corﬁmrnlpatllonhlrll dlvers£ new multiuser detection framework, within the context of
envwonmen'ts as posed unique te'c. nological chal'engesdpya systems, to combat multiple access interference in fast-
system design. TW(.) qf the most S|gn|f|cant factors limiting thFéding multipath channels [13]. Our development is based on
performance of existing mobile wireless CDMA systems aig, g pakE receiver, and includes TF generalizations of the

mu!tipe_lth fading and multiple access interference. Multip:_a correlating [14] and minimum-mean-squared error (MMSE)
fading is due to the channel dynamics produced by the multu% ] multiuser receivers. Analytical and simulation results

Index Terms—Doppler, fast fading, multipath, multiuser de-
tection, RAKE receiver.

mobile scatterers encountered in transmission. Multiple access) that the relatively modest Doppler spréatE00—200
interference, on the other hand, is caused by the muli ) encountered in practical fast-fading scenarios can be

users simultaneously using the channel. The RAKE receivt%nsformed into significant joint multipath-Doppler diversity

strqcture ISI .USEd ('jn pra_ct|ce tho comk;]at fagmg [11. [2] agqans by the multiuser receivers proposed in this paper.
various multiuser detection schemes have been propose the next section, we develop the relevant TF-based chan-

to overcome multiple access interference. Recently, multiu | and signal models for fast-fading CDMA environments

RAKE receivers ha_ve bgen proposed to combat multip ection Il develops our multiuser detection framework based
access interference in fading channels [4], [5]. Such SChemgﬁ’the TF RAKE receiver. Analytical and simulated results

_ ed S ber 199 od h 1998, Thi ) on the performance of the proposed receivers are provided in
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n(t)l The channel sampled™ are approximately uncorrelated
S(t) h(t, T) X(t) @ r(t) - E |:Hran*rn,l,:| =~ \i/(m/T, ch)érn—rn’ 61—1’ (8)
def

Fia. 1. Mobile wirel hannel: a linear i _ . whereW(6,7) = E[|H (6, 7)|?] and the waveforms.,,,;(t) =
1g. 1. oDile wireless channel: a linear time-varying system. S(t - ch)ejQﬂ'rnt/T are approximately Orthogonal [9]’ [10]

+ _ 2
multiuser CDMA systems. The channel representation serves /“ml(t)“m'l'(t) dt % byt b / |s(8)]" dt (9)
as the backbone of the multiuser detection framework devﬁ}hereék denotes the Kronecker delta function.

oped in this paper. The representation (5) is a Karhunen&ke-like expansion
_ _ of the received signal in terms of the uncorrelated random
A. Single-User Channel Representation variablesH™"s, and the orthogonal waveforms,,;(t)’s. In

As depicted in Fig. 1, the complex baseband sigr(a) at (5), L denotes the number of multipath components &hthe
the output of the channel is related to the transmitted complB¥mber of Doppler components that are contributing signifi-

baseband signai(t) by cant energy to the channel [1®Ve note that similar sampled
representations for the WSSUS channel have been developed
z(t) = /h(t, T)s(t —7)dr (1) in[16] based on time and bandwidth constraints. However, our

) i . formulation and interpretation in terms of diversity signaling
where A(¢,7) is the time-varying impulse response of the?s quite different.
channel [1]. An equiva!ent representation is in terms of the The power of the channel representation (5) comes from
channelspreadmg;uncgonH(e,T) [1], [16] the fact that it facilitates full exploitation of the inherent
I A e i2mot channel diversity. ThéL + 1)(2M + 1) uncorrelated channel
z(t) _/0 /Bd H(0, m)s(t — 7)e’ dédr(2) samplesH™, corresponding to the TF shifted signal copies
der et s(t — IT.)e?> /T serve as independent fading channels to
H(@,7) = /h(tﬁ)@ /2 (3)  provide a substantially higher level of diversity as compared
conventional systenfs.In particular, resolving the first
= 1) Doppler components yield8(L + 1)-level joint
multipath-Doppler diversity, which is three times higher than

the channel and denotes the maximum delay produced b EHS (L + 1)-level multipath diversity attained by existing
ximd y procu ysystems. As we will see, the TF RAKE receiver provides

channel. Similarly,B, is the Doppler spreadand denotes the ) DA . : .
maximum (one-sided) Doppler shift introduced by the chann he mechan_lsm for exploiting joint mult|path-DoppIer diversity
Fast-fading channels encountered in practice exhibit Dopp computing the ngﬁlgﬁg outputs corresponding to the
spreads on the order of 100-200 Hz due to relative motio@Veformss(t — ITe)c/= "/ %

We note that values df' B, =~ 0.01 — 0.015, produced by

of the users [6], [8]. T
The dynamics of the channel are best described stal;fg_mmonly encountered Doppler spreads, significantly degrade
the performance of the RAKE receiver due to errors in

tically, and the WSSUS model assumes tifat6, ) is a L ;
two-dimensional uncorrelated Gaussian process [1], [16] channel state estimation [6], [8]-.'\"‘?Fe |mporta_n tly, at modestly
larger (0.2-0.6) values ¢f By, significant multipath-Doppler
E[H(0, 7)H™ (¢, 7')] = ¥(0,7)6(0 —6")6(r — ') (4) diversity gains can be achieved via appropriate signal pro-
where §(x) denotes the Dirac delta function. The functioreessing [10], [17]. There are several approaches for exploiting
U(6,7) > 0 is called thescattering function[1], [16]. The multipath-Doppler diversity by attaining larger valuesioB,
multipath spreadr;, is the maximum (essential) support of9]-[11], [17] (more discussion in Section IlI-C).
W(#, 7) in the + direction, and the Doppler spreds); is its
maximum (one-sided) support in tifedirection. B. Multiuser Signal Model
For a spread-spectrum signdt) of duration? and chipin-  For 3 CDMA system withK users and employing syn-
terval T, the WSSUS channel admits the following canonicgly onous coherent binary phase-shift keying (BPSK) signaling,
finite-dimensional decomposition [9]-{11]: such as may be encountered in the downlink of a mobile
L M ot communication system [2], [18], the signal at the input of
z(t) & % >0 H™Ms(t-1T.)e 7, 0<t<T  the receiver is given by

The channel produces time and frequency shifts in the sigr&%}f
and the output signak(¢) is a linear combination of TF-
shifted copies ofs(¢). In (2), T,, is the multipath spreadof

=0 m=—M
5 I K )
with L = [T,,/T.], M = [TB,] and © r(t) = 2(t) +n(t) = <Zr;bk(im(t) +n(t)  (10)
H™ % {(m/T,1T) (6) o

2The approximation in (5) can be made arbitrarily close by including more

whereH(e, 'r) is a TF-smoothed version Qlf(g7 'r) summation terms and sufficiently finer sampling in multipath. However, most
of the energy is captured by tHé& + 1)(2M + 1) terms in (5) [10].
- T [T B (68 3 itrarily high level of diversi be achieved by d
Hb,7)= - H(9’ T,)e_”(g_g YT ~An arbitrarily high level of diversity can be achieved by decreasihg
’ - T ’ (increasing bandwidth; finer multipath resolution) and/or increaindiner
¢ ; 0 —Ba . Doppler resolution). Exploiting Doppler diversity corresponds to the latter.
x sinc((6 — 6" )YT)sinc((7 — 7")/T.)d#’ dr’. (7) Note that the two resolutions are not constrained by the uncertainty principle.
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wherebi(i) € {—1,1} is theith bit of the kth user,z% (t) is
the unmodulated received baseband signal forithebit of
the kth user,I is the size of the detection window, angt) is
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correlators (TF RAKE receiver) for realizing the sufficient
statistics for detecting the bits of different users.
For negligible intersymbol interference (IS(Y,, < 7)),

the complex baseband additive white Gaussian noise (AWGHe output of the TF correlators for thh bit is given by the
with power spectral densiti/y. In terms of the representation K (L + 1)(2M + 1) x 1 vector

(5), the signalzi (¢) can be expressed as

4 LM .
ity = LD Y HP st — il 1)l
=0 m=—M

(11)

where s, (¢) is the spreading waveform of thigh user and
H™(4) are the channel coefficients corresponding to ithe

bit of the kth user?! Note that we have absorbed the signal
powers and the carrier phases for the different users in the

channel coefficientd? ™ (i).>

For simplicity of exposition, we introduce a vector notation

for the signals. Let us start by defining

2rmt

def

sPUt) = sp(t —1T,)ed T (12)
and lets(t) denote thei (L + 1)(2M + 1) x 1 vector
s(t) = [s{ (1),53 (1), sk ()] (13)

where the(L + 1)(2M 4 1) x 1 vectorss(t) are given by

se(®) &[5 0,57 (0, )
T
s ms 0], k=1200K (9
in terms of the(L + 1) x 1 vectors
m def r m m m T
Sk (t) = [Sk O(t)’ Sk l(t)’ sy Sk L(t)] (15)

~M,-M+1,...,0,...,M — 1, M.

m =

Similarly, as withs,(¢) ands;*(¢), define the(L + 1)(2M +
1) x 1 vectorshy (i) in terms of the{L +1) x 1 vectorsh}* (i),
which are in turn defined in terms df;(i). Finally, define
the K (L+1)(2M +1) x K channel matrix for théth symbol as

h(i) 0 -~ 0
e | 0 00 (16)
0 0 hls’.(i)
and theK x 1 vector for thetth bits as
(i) € [b1(3), ba (i), . .., brc ()] (17)

In terms of the above notation, the received sigra) can
be expressed as

I

r(t) & Y st — D) H(i)b(i) + n(t).

i=—T

(18)

z(p) et /7’(t)s* (t—pT)dt ~ RH(p)b(p) +w  (19)

where
Ri; Ry Rix
RY [s*(t)sT(t)dt = o Rz Hax
R.Kl R.KQ RI.(K
(20)
Ry, & /sz(t)s’—,f,(t) dt (21)
and
w /s* (t —pT)n(t)dt (22)

is a zero-mean complex Gaussian noise vector with
E[ww!] = ApR. It follows that in the absence of ISI,
the one-shot detector suffices in which the decision about
the pth bit is based on the received waveform for the
corresponding bit only. Thus, in subsequent sections we
suppress the bit index and, without loss of generality, focus
on theOth bit: z = RHb + w.

Recall that thekth component ofz = [z, z2,..
consists of the TF correlator outputs for thth user

. 7ZK]T

Zzll —

/ () s (t) dt = / r(t)sk(t — IT,)e= 927 T gy

(23)
In fact, the front-end TF correlators are a generalization of the
RAKE receiver and can be efficiently implemented via a bank
of RAKE receivers [9]-[11]. This is the reason for referring
to the proposed receiver structures for joint multipath-Doppler
processing as TF RAKE receivers.

Ill. M ULTIUSER DETECTORS FORFAST-FADING CHANNELS

In this section we develop a multiuser detection framework
that incorporates the fundamental multipath-Doppler channel
model of Section Il to deliver near—far resistant receiver struc-
tures for fast-fading channels. The TF RAKE receiver plays a
central role in our development, and we start our discussion
with the computationally intensive optimal multiuser detector
which is an extension of the synchronous receiver derived
in [19]. The structure of the optimal detector inspires a

Thus, the received signal is a linear combination of the Timified formulation of a class of suboptimal, near—far resistant
shifted signalss;™(¢), which also define the front-end TFreceiver structures that are computationally tractable. The
4For simplicity of notation, we use the sandeand A for all the users. resulting multiuser TF RAKE receivers include generalizations
Our discussion, however, can be extended straightforwardly to incorporgthe decorrelating [14] and MMSE [15] multiuser detectors.
different values ofl. and 2 for different users. _ JenicRestricted to- slow-fading scenariodZ[ = 0 in ()], our
Note that for the downlink (mobile-to-user) the receiver sees |dent|cia e . .
reatment also serves as a unified formulation of the multiuser

channels for the different user&/[** = H™! for all k. However, in the . )
uplink (user-to-mobile) the channels are typically distinct. RAKE receivers proposed in [4], [5], and [20].
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A. Minimum Probability of Error Receiver suboptimal approaches are sought in practice. Next, we discuss
Recall the definition ofz = [z1,2s,...,2x] in (19). In an approach for designing suboptimal near—far-resistant TF

the absence of multiple access interference, correspondindoKE receivers that are computationally tractable.

the single-user case, the optimal receiver for each user is the ] ] )

TF RAKE receiver with maximal-ratio-combining (MRC) [9], B- A Class of Suboptimal Near—Far-Resistant Receivers

[10] The structure of the suboptimal receivers that we derive is
s H motivated by the optimal single-user MRC detector (24). As
bi = sign{Re[hy'z] } evident from (24), the MRC detector makes the decision by
LM el i coherently combining the TF correlator outpgaiscorrespond-

Z Z H ™ , k=12, K ing to each user. As mentioned before, in the absence of other

= Sign{Re
=0m=-M (24) users, the signal component of is

which coherently combines the different multipath-Doppler- /T(t)sz(t) dt = Ehinbr. (27)
shifted signal components to achiefe + 1)(2M + 1)-order rt)==()
diversity® Note that MRC requires the knowledge of the charld our suboptimal approach, the basic idea is to obtain an
nel coefficientsH;™ which, for example, may be estimatecestimate of the noise-free correlator outplitsh, and then to
through a pilot transmissiohThe signal component of;, coherently combine them as in (24) to obtain the bit estimates
in this case isSxhyb, where & defl skl = f 5% (£)[2 dt, for each user. The _est|mat|on p_rocedure o, _should be
resulting in &by /|2, as the real-valued signal componen?“Ch that the resulting detector is near_—far reS|s.tant. In terms
of the test statistic in (24). Of course, in the presence of oth® the K users, we seek a near—far resistant estimate of
users the detector in (24) is not near—far resistant since it .
ignores multiple accesé in)terference. Y= /T(t)s (t) dt et = Hb. (28)

It is instructive to study the structure of the optimal mul- e
tiuser detector which essentially augments the single-usdie nature of the estimate gfdetermines the structure of the
receiver (24) by suppressing multiple access interferenégceivers. For computational efficiency both the receiver struc-
Following the approach in [19], it can be shown that thBIres that we propose employ a linear estimate. Generically,
minimum probability of error reception is achieved by théhe estimate ofy takes the form

maximum likelihood (ML) receiver given by § = Fz = FRHb + Fw =y, + v, (29)
bopy = argbef_l?ﬁ}Kp(z |b) wherey,, ~ N (0,Q) with
= argmax —(z — RHb)’R~!(z — RHD) Q = E[Fww!F] = \{FRF"
— arg max [2Re[bTHHz] - bTH”RHb} (25) Qu Qu - Qi
b Qo1 Qo Qax (30)
where the last equality is equivalent to : : : :
i Qrx:1 Qx2 - Qxrx
Bopt = arg max ZzRe[h,{? zi) i The matrixF is chosen to yield a near—far resistant estimate
boiD of y. Following the application oF, MRC is applied to the

K K different multipath-Doppler components of each ugk),
N [HkHRHk]bk] (26) analogous to (24). Since the noise in the estimgtds
k=1 k/=1 correlated, however, a prewhitening operation is needed. The

where Hy is the kth column of H. Note that the effects general form of the overall multiuser TF RAKE receiver

of fast fading are incorporated in the above formulation vi38COMeS

A~

the multipath-Doppler channel coefficient matik The first b= sign{Re [H”Dy}} — sign{Re [H”DFz}} (31)
term corresponds to the single-user TF RAKE receiver and the

second term eliminates the multiple access interference. Giwehere the block-diagonal matrikd

the knowledge of channel coefficients, the optimal decision Ql 0 - 0
. C o . 11
requires a search ov@”™ possibilities forb, which can be 0 Q, o
efficiently executed with Viterbi sequence decoding [19]. Due D= ) _22 ) (32)
to the exponential computational complexity (in the number : : . 11
of users) of the optimal receiver, however, lower complexity, 0 o 0 Qi

6The conventional single-user RAKE receiver corresponddfto= 0 in  performs the prewhitening and the matk? performs MRC.
(2‘;)- . o . ~ A schematic of the overall receiver structure is depicted in

stllable estimation off;"" is affected b)_/ the rate _of temporal vanatlonsFilg_ 2. In the following subsections we discuss two special
of H"'. We note that noncoherent techniques, which rely less on channe fth . 31) b d he choi f th
estimation, are also possible in our framework [21]. Though importan(tt,ases of the receiver StrUCture( )' ased on the choice of the

channel estimation issues are beyond the scope of this paper. estimator matrixF'.
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Time-Frequency | Z. Prewhitener b
Matched Filter - (D,) - MRC HonRe) =
1 1
l Hz
Time-Frea z :
ime-Frequency 2 Prewhitener b, -
#1 Matched Filter (D,) MRC sian(Ret)
2 2
" Multiuser l H
— )
] z Separation
Time-Frequency 3 Prewhitener b -
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- ¢ ¢
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Fig. 2. Generic structure of the proposed multiuser TF RAKE receivers.

1) ML Estimation—Decorrelating Receivetf the ML es- where
timate ofy = Hb is employed, the resulting receiver is linear def H
and constitutes a generalization of the decorrelating receiver v=£ [HH } (38)

[14], [4]. The estimator matri¥' in this case is , L
The resulting MMSE TF RAKE receiver is given by

Fur, =R (33) A
bmmse = Slgll{Re [HHDIHIHSGFIHIHSGZ} } (39)
since
whereD,,, ... is defined as in (32) and the transformed noise

ymr. = arg Inan[2RE[ZHY] —y"Ry]=R7'z.  (34) correlation matrix is

—1 —1
Note that the correlation matrix of the transformed noise vectorQmmse = No (R + /\/O\Il_l) R(R + /\/Oq;—l) . (40)
is Qumr. = ApR ™. From (31) it follows that the resulting

decorrelating TF RAKE receiver takes the form Note that® is a function of the powerg;. of different users,
X and the second-order channel statistics of the corresponding
baec = Sign{RJe[HHDdecjf]\,ﬂl} users. Specifically, for the WSSUS channel modehas the

following diagonal structure

— sign{Re[HHDdecR_lz} }
1, 0 - 0

(35) def P22

, _ . . ¥ = E[HHY] = . (41)

whereD . is defined as in (32), witll) = Q.. The decor- : : : :

relating TF RAKE receiver in (35) combats fast multipath 0 0 o prWPi

fading by exploiting joint multipath-Doppler diversity, and _ . . .
attains near—far resistance via the ML estimate in (34). where ¥, is a diagonal matrix [due to (8)], corresponding

2) MMSE Receiver:If a linear MMSE estimate of = Hb to the powers in the different multipath-Doppler channel

o] ml
is employed, a generalization of the MMSE detector proposgaeﬁ'c'emSHk of the kth user’

in [15], [5] is obtained. In this case, the estimator maffix ) )
solves C. Discussion

The proposed framework for multiuser detection over fast-

— v 2 : : .
Fimse = arg H}?mE”Hb - Fz|| (36) fading channels promises improved performance on two
) o counts: 1) the underlying TF RAKE receiver is optimally
and, as shown in the Appendix, it takes the form matched to the fast-fading WSSUS channel and 2) the resulting
Fomee = (R + ./\/0\11—1)71 (37) 8Note that for the downlink the channel statistics are identical for all the
users; W, = W. For the uplink, in general, th# ;. are distinct.
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systems achieve an inherently higher level of diversity due simulated results for both the decorrelating and MMSE TF
joint multipath-Doppler processing. RAKE receivers.
As mentioned before, even the relatively small Doppler Recall from (35) that the decorrelating receiver is of the
spreads encountered in practice can be leveraged into sigfafm
icant diversity gains via appropriate signal processing [10], N )
[17]. This is due to the fact that a large fraction of the b = sign{Re[g]}
maximum diversity gain due to additional (Doppler) diversityyhere the test statistig is given by
components is attained at relatively small fraction&-30%)
of total power in those components [10], [17]. Such perfor- g = H'Dy..Hb + H'Dy.. R 'w. (43)
mance gains are inherited by the multiuser receivers propo
in this paper, as demonstrated in the next section.
Several system modalities that can benefit from join
multipath-Doppler diversity are identified in [9]-[11]. One g, = hiQ, 'hyby +hi QWi = gs i + G (44)
particularly promising technique is the use of time-selective ] )
signaling and reception to achieve sufficiently large @.2) Wherewy is the component of the vect®~*w corresponding
values of7'B, [17], [11]. The basic idea is to use signaling® theklth user. It can be readily verified tha{|g,, x|* | hy] =
waveforms that are longer than the intersymbol period, thereBy Q. - Thus, the probability of bit error for theth user,

introducing overlap between successive symbol waveforng@nditioned on the knowledge of the channel coefficidnts
For exampleI'B, ~ 0.013 for a data rate of 10 kHz, carrier!S (1]

(42)

it (flollows that the test statistig; corresponding to théth
ser is

frequency of 1.8 GHz, and maximum vehicle speed of 50 [ 11

mi/h. Spreading codes that are about 16 times longer than the Prin, = Q( 2thk’3h’“> (45)
conventional symbol yield" B, =~ 0.2, facilitating significant L oo a7 . .
joint multipath-Doppler diversity gains (3-6 dB) [17]. ClearlyVhere@(z) = —— [~ ¢ dz. Note that sincé, consists
the overlap between successive symbols introduces ISI. Inifiindependent complex Gaussian random variables
studies, however, in the single-user case indicate that the (L+1)(2M +1)

excellent autocorrelation properties of pseudorandom codes hf ;;hk = Z v (46)
result in virtually negligible ISI [17]. Integrating time-selective =1

signaling into the multiuser formulation developed in this 1

paper warrants further research. We note, however, that tHgere the’s are the eigenvalues 94.Q;), ' and they,'s

; 8 \ :
interference-suppression-based formulation adopted in tAE independent” random variables each with two degrees

2 " =
paper will automatically account for the additional muItipIé)f fr_eedom, andE(|v["] - 1. The uncopdltlonal_ probability
access ISI introduced by time-selective signaling. of bit error can be obtained by averagity,, with respect

Finally, we note that the concept of exploiting Dopplef® the probability density function di;’ Qi i and is given

diversity in a multiuser CDMA framework based on timebPY [1, pp. 801-802]

selective signaling is similar in spirit to the ideas proposed in (L+1)(2M +1) )
[22] and [23]. In fact, the concept of Doppler diversity can B = Z n l - ! 47)
be integrated into the formulation in [22] and [23] to provide =1 2 I+ A
an alternative interpretation of the results. For a more detail
. ere
comparison of the two approaches, we refer the reader to [17].
(L+1)(2M+1) \
l
= _ 48
" ‘ H A=A (48)
i=1,151

IV. PERFORMANCE ANALYSIS Note that the eigenvalues’s include the dependence on the

The main objective of this section is to quantify the joinsignal powersp; and V.
multipath-Doppler diversity gains attainable by the multiuser All the numerical results presented next are based on
TF RAKE receivers in practical fast-fading scenarios. Tooherent BPSK signaling with perfect channel knowledge, and
provide a reference, we compare the performance of temploy M-sequences of lengttv = 7/7T. = 63 as the
proposed receivers under realistic fast fading, with that of tispreading codes. Moreover, in slow fading, we assume that
conventional multiuser RAKE receiver operating under ideélo-level (L = 1) multipath diversity is achievable with a
slow fading conditions. Our results demonstrate that even theiform multipath power profile. For simulating practical fast-
relatively small Doppler spreads encountered in practice ctating scenarios we assume that in addition to the multipath
yield significant gains via joint multipath-Doppler processingzomponents then = 1, Doppler components contribute

Of the two multiuser detectors proposed in the last secticaout 107 of the total power in the channel, corresponding
only the decorrelating receiver lends itself to tractable perfae six-level joint multipath-Doppler diversity with a (0.05,
mance analysis. Proceeding in a manner analogous to thaD®, 0.05) Doppler power profile farn = —1,0,1. As noted
the standard performance analysis for the decorrelating deteatlier, such a Doppler profile may be achieved in practice
tor [14], [4], we first derive an expression for the probabilithy employing appropriate signal processing, such as time-
of bit error for the decorrelating receiver, and then provideelective signaling and reception [10], [11], [17].
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Fig. 3. Comparison between the analytical performance of the TF and conventional decorrelating RAKE receivers for two and four users.

A. Numerical Results: Decorrelating TF RAKE Receiver  similar performance of the two multiuser receivers, we expect

First, we calculate the analytical probability of bit er(@t,) ~Similar behavior for the decorrelating receiver.
based on (47) for the decorrelating TF RAKE receiver and Finally, Fig. 8 illustrates the effect of the choice of spre_zad-
the conventional decorrelating RAKE receive¥/ = 0), as N9 cod_es on the performance of the proposed receivers.
a function of signal-to-noise ratio (SNR). Fig. 3 shows thEOmparison is made betwedd-sequences, which have well-
results fork = 2 and4 users. Evidently, by exploiting joint known characteristics, with randomly geperateq sequences.
multipath-Doppler diversity corresponding to only%4@f the 1he results, based on the MMSE receivers, indicate that
total power in the two Doppler components, the multiusdfe choice of spreading codes has no significant effect on
TF RAKE receiver significantly outperforms the conventiondf€rformance.
multiuser RAKE receiver. For example, fak = 2 users,
the TF receiver achieves a 5-dB SNR gain/t = 10~*, i , , ,
Moreover, as expected, as the number of users increases, I}illultlpath fading and multiple access interference are two
higher SNR is needed to achieve a prescribed value pflue of the most significant factors limiting the performance of
to increased interference. As illustrated in Fig. 4, however, tf&iSting mobile wireless CDMA systems. Receiver structures
loss in performance for higher number of users is reduced fo@t combine multiuser detection and multipath diversity pro-
longer spreading codes due to improved correlation propertfé&SSing have been developed recently to address the two
(and, hence, reduced interference). Moreover, the performaR&gPlems. However, the performance of existing multiuser
gains of the TF RAKE receiver increase monotonically witRRAKE receivers degrades significantly in fast fading encoun-
increasing SNR (decreasing,) tered in many mobile communication scenarios. In particular,

Fig. 5 shows the performance results based on the Morstems based on the conventional RAKE receiver exhibit
Carlo simulation. Evidently, analytical and simulated resul{&niting bit error rates that cannot be improved by increasing

agree closely. Analytical results are slightly optimistic fof'€ transmitted power. In practice, additional diversity is
K — 4 users. needed for improved performance.

In this paper, we have proposed a novel framework for
. ) multiuser detection that achieves an inherently higher level of
B. Numerical Results: MMSE TF RAKE Receiver diversity via joint multipath-Doppler processing. At the heart

Fig. 6 compares the simulated performance of the multiusefrour approach is a TF RAKE receiver, derived from a canoni-
MMSE receivers. The results are similar to those obtained foal TF decomposition of the fast-fading channel, that facilitates
the decorrelating receiver, demonstrating superior performanomt multipath-Doppler diversity. The proposed multiuser TF
of the TF RAKE receiver due to joint multipath-DopplerRAKE receiver structures are near—far resistant and include
diversity. generalizations of the conventional decorrelating and MMSE

Fig. 7 demonstrates the near—far resistance of the proposeckivers. Analytical and simulated results demonstrate that the
MMSE TF RAKE receiver by plotting theP. for the first relatively modest Doppler spreads encountered in practice can
(desired) user (a6NR = 14 dB) as a function of the SNR be transformed into significant diversity gains by the proposed
of the second user, relative to that of the first user. Based wnltiuser systems.

V. CONCLUSION
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Fig. 4. Analytical performance of the decorrelating RAKE receivers for longer spreading code¥: €)127and (b) N = 255. The difference in
performance for two and four users is smaller for longer codes.

The multiuser TF RAKE receivers proposed in this paper esased on spreading codes that are substantially longer than
pouse the paradigm of first removing multiple access interfehe intersymbol duration [10], [11], [17]. For long codes,
ence, followed by MRC of the multipath-Doppler componentén addition to improved performance, the system is also
However, receiver structures that employ diversity combinirlgss affected by the number of users, as indicated by our
first are also possible. According to a study of multiusexnalysis. Moreover, such systems effectively transform the
RAKE receivers [24], first employing diversity combiningfading channel into an AWGN channel (in the limit) [17],
yields better performance with perfect knowledge of channidereby facilitating the use of powerful coding techniques
parameters, whereas executing interference suppression fiastieloped for the AWGN channel.
as in our approach, may be more robust if channel estimates-inally, we note that even though we restricted our discus-
are used. Investigation of the two approaches in the contextsidn to the synchronous case, for clarity of exposition, the
fast fading warrants further investigation. results of this paper can be readily extended to asynchronous

From a diversity viewpoint, we note that an arbitrarilyscenarios. Moreover, the multipath-Doppler diversity frame-
high level of diversity can be achieved in the proposedork can also be leveraged to develop powerful techniques for
systems by employing time-selective signaling and receptiooncoherent detection and multiuser timing acquisition [21].
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Fig. 5. Comparison between the simulated performance of the TF and conventional decorrelating RAKE receivers for two and four users.
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Fig. 6. Comparison between the simulated performance of the TF and conventional MMSE RAKE receivers for two and four users.

APPENDIX

Recall that

YIHIHSG = FHlHlSeZ

where F .« Solves

FH]H]SQ = a‘rg Ir%i‘nEHHb - FZ||2.

The MSE functional can be expanded as

E|Hb — Fz|]?
—E zHFHFz} +E [bTHHHb} - 2Re{E[zHFHHb]}
W) [FE[22"]F"| +Tv [E[H7H]|
- 2Re{Tr [FHE [HszH }
—_— Tr [FQlFH} T [E [HHHH - 2Re{Tr [FHQQ}}

(51)
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Fig. 7. Near—far resistance of the MMSE RAKE receivers (simulation results).
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Fig. 8. Effect of the choice of spreading codes on performance of MMSE TF RAKE receiver.

whereTr[ -] denotes the trace of a matrix. Usiag= RHb+ where we have used the following identities:

w we get
OTX[FQF ']

Q& E[zzH} — RUR + A R (52) 5 = 2QF” (55)
where & = E[HH”] and we have used the fact that ORe{Lt[FAQ} 4 56
E[bbT] = 1. Similarly, —r -9 (56)

el H| _
Q: =F [Hbz } = ¢R. (53) Setting the gradient in (54) equal to zero yields the optilhal
Differentiating £||Hb — Fz||? in (51) with respect tdF, we
have mese = QQQ;I = (R +N0‘Il_1)_1 (57)
JE|Hb — Fz||?

_ H H
OF =2QuFT —2Q; (54)  where we have used (52) and (53).
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