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Abstract—The problem of initial acquisition of the channel each of which sees a different multipath channel. The acquisi-
parameters of a wideband CDMA signal received in a multipath  tion of a new user by the base station is hence severely affected

fading environment with multiaccess interference is considered. by multiaccess interference (MAI). Our goal is to design acqui-
Since the signal is wideband, the fading is frequency selective .. . )
sition schemes that are resistant to MAI.

and the parameters of interest are the (complex) gains and delays i ; L
in the corresponding tapped delay line model for the channel.  The conventional approach to multitap channel acquisition,
The scenario considered is one where a single new user is to bethat is used in 1S-95 based CDMA systems [19, p. 84], involves
acquired on the reverse link by the base station, and where the acquiring one tap of the desired signal (usually the strongest),
channel parameters of the interfering users are known. Following and then searching for additional taps around the acquired tap. In
aminimum mean squared error (MMSE) strategy for suppressing 5 qqition, the conventional acquisition scheme treats the MAI as
the multiaccess interference, the parameter estimation problem is additive random noise without exploiting any of its structure. In
posed in a maximum likelihood framework. To reduce complexity, . . P g y . S
the solution is implemented in two stages: first, the estimated tap récentwork, Rick and Milstein [10] considered bt acquisi-
delays are restricted to be at chip spacings; second, the number tion of the taps for a single user in additive white Gaussian noise.
of taps is reduced by allowing for arbitrary spacing between Clearly, acquisition can be further improved if the MAI can be
them. The performance of the proposed techniques is studied cancelled or suppressed. There have been several papers on ac-
through numerical simulations. It is shown that significant gains quisition schemes that are resistant to MAI, some of which are
can be Obtﬂineﬂ by e)l(ploiting the S.t”.mlure of the interference and applicable to multitap channel acquisition. These include sub-
acquiring the channel parameters jointly. space-based decomposition techniques (e.g., [12]), maximum-
_ Index Terms—Bandlimited communication, code division mul-  |ikelihood techniques involving sample statistics [14], [13], and
}.'Ifcl‘?ﬁssafadt'.ng ;:.hannellst,. least rr]"ean lsq“are methods, maximumMgint MMSE acquisition and detection [3], [4]. The underlying
kelinood estimation, mulliuser channets. assumption in all of this work is that the spreading sequences
of the users repeat every symbol peristidrt sequences). But
|. INTRODUCTION short sequences may be impractical for the asynchronous re-

. . link. Sh llow for th ibility th
ODE DIVISION multiple access (CDMA) S|gnals,verse ink. Short sequences allow for the possibility that two (or

) ) ; . more) users have signals that are highly correlated over several
particularly wideband CDMA signals, are likely to hav ) 9 gnty

it intervals, reducing the worst case performance and reuse ef-
bandwidths that are considerably larger than the inverse of ency [18], [17] [8?. P

delay spread of the multipath propagation environment. Hence praciical wireless CDMA systems, such as those specified in
CDMA signals typically undergo frequency selective fadingpe |5-95 standard [16] and the CDMA 2000 proposal [15], ran-
and the channel appears as a tapped delay line to the sign@nize the users’ signals on the reverse link by using spreading
Accurate estimates of the channel parameters (i.e., tap dela¥§uences whose periods are much greater than the spreading
and complex gains) are needed prior to diversity combining afgttor. It is of interest to develop acquisition schemes that are ap-
symbol detection. The process of obtaining initial estimates gficable to such systems and are resistant to MAI. In this work,
these parameters is calladquisition we extend the single-path MAI resistant acquisition proposed in
The acquisition problem is relatively easy on the forward lin7], to thejoint acquisition of the taps of a frequency selective
of a cellular communication system for two reasons: 1) therefisding channel. Although our scheme is derived for systems that
usually a pilot signal that assists channel estimation; and 2) thee long spreading sequences, it can be applied to those that use
signals of all the in-cell interferers see the same channel that #fert spreading sequences as well.
intended signal sees. Our focus is hence on the reverse link ofVe consider the situation where the channel parameters of a
a CDMA system, where the received signal at the base statitingle new user need to be estimated. If more than one user en-
consists of the sum of the asynchronous signals of the usdess the system at the same time, we can assume that the users
are acquired one at atime. Hence, since the existing users in the
system have already been acquired and are being successfully
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reconstruct the code symbols, which may be impractical d&ugging (2) into (1) we get

to the complexity and decoder delay involved. Consequently,

we do not assume knowledge of the code symbols of the in- oo oo

terfering users. Instead, we implicitly use soft estimates based, () — Z h(t, /W) / s(t — &) sindW¢ — £) de¢

on a minimum mean squared error (MMSE) criterion, and pose —oo

the channel estimation problem in a maximum-likelihood (ML) 1

framework based on the resultant signal. It is important to note =737 >t LW )s(t— /W), 3)

that in random sequence CDMA systems, MMSE detection of £

the data symbols may be impractical, since the detector needs to

be updated at the symbol rate. However, using MMSE symbphus, the channel can be represented by a set of discrete taps

estimates for acquisition with a sufficiently long preamble doeg strengthh(t, £/W) spaced at intervals af/W'; this is the

not have the same timing constraints and should be practicatapped delay linehannel model. Note that the representation is
The frequency selective fading channel may be modeledggependent of the origin of theaxis. In particular, (3) is valid

a tapped delay line with equally spaced taps where the numggen when we have flat fading for which the channel can be

of taps is determined by the delay spread of the channel [9,rgpresented by a single path with time varying gain and delay,
795]. However, this model may lead to an unnecessarily largg.

number of taps if only a subset of the taps capture significant

signal energy. Hence, we consider ways to reduce the number _

oftaps (and hence, the complexity of postacquisition processing h(t, &) =[ho(t)5(£ — &o(t))] = SINAWE)

at the receiver) while retaining most of the signal energy. In = ho(t) SindW (& — &(t)) 4)
order to improve the approximation with the smaller number of

taps, we allow for arbitrary spacing between them. We con5|daer§d£0(t) is nota multiple of /. Here, * represents the con-

an optimal approach to reducing the number of taps basedv%rl]ution operation, and convolving with sifi’¢) in (4) ban-

maximizing a correlation performan_ce mgtric, as well as twglimits the channel t87/2. Hence, although the channel is re-
T e s e oo e b 501 0 AWt iy e vy ).
bap 9 : ’ 7? can be represented by a tapped delay line with taps spaced at

f=—o0

review the frequency selective channel ”_‘Ode" and apply It ixed delays{¢/W}. However, to get a reasonable approxima-
an asynchronous CDMA system. In Section lll, we derive the . ; - ) .
L . 1on with the tapped delay line, we would need multiple taps.
ML acquisition scheme under the framework outlined above:. _ -
or the representation (3) to be valid in general, we must

We also develop schemes to reduce the number of taps. In Sei#: R
tion IV, we study the performance of the various joint tap a@'oW for an |_nf|n|te number_ of taps. However, for a frequ_ency
quisition schemes, and also compare the performance with tﬁglte_cfuve fading chanqgl with delay spreagk, A(z, E/.W) IS

of a simple tap-by-tap acquisition scheme. Finally, in Section §/gnn‘|cant only for a finite numbetL,, of the taps. Since the

we give our conclusions and outline topics for future researlPS are restricted tp beBtiV spacing with respect to the ongin
on this problem, on ¢ axis, L. may in general be greater thampsW (as in

the flat fading case noted above). Assume that the first signif-

icant tap is at delay(¢), whered(t) is some multiple ofl /W

and could possibly vary with time. The band-limited channel re-
Consider a band-limited signa{z) with complex baseband sponse can then be written as

bandwidth of W/2 (i.e., a passband bandwidth @) trans-

Il. SYSTEM MODEL

mitted through a multipath propagation channel. The channel A4 Lomt
is well modeled as a linear time varying system [9], with im- _ Y .
pulse response that we denote/ify, £). The received signal (. &) = Z h(t, £/W)6(§ = £/W) ] = sindWE)
can then be written as t=d(t)

oo d(t)+L.—1

)= [ e st - dg. M = 3 Rt /W) sindWE — 1)
—oo £=d(t)
Without loss of generality, we can assume that the channel is of Le—1 _
bandwidthi¥/2 as well? i.e., = Z h(t, (£+d(t))/W)sindW¢ — £—d(t)). (5)
£=0

H(, f) = /_OO h(t, e de =0 for|f| > W/2.

In CDMA systems that use chip waveforms that approxi-

Hence, applying the sampling theorenvi@, &), we have mate Nyquist sinc pulses, the chip periggd ~ 1/W, and
0o the above approach allows us to consider a chip-synchronous
h(t, &) = Z h(t, £/W)singW¢ — 0). (2) model even when the users are asynchronous. However, the
P — number of taps in such a model may be prohibitively large,

_ o _ _ and we will be interested in reducing the number of taps by
10f course, the time variations in the channel will result in a Doppler

spreading of the bandwidth; we are assuming i includes guard bands allowing for arbitrary spacing betW?en.the tap;. Clearly, for a
that account for this Doppler spread. channel model consisting @f taps with time-varying complex
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gainshy(t), ..., hyp(¢) at delaysr (t)/W, ..., 7.(t)/W, the (based on the arguments given in the beginning of this
band-limited channel response is section).
L » w(t) is a zero mean circularly complex Gaussian (CCG)
h(t, €) = < hom (£)5(6 — Tm(t)/W)> + SinQWe) process with autocorrelation function
m=1

v Ry (1) = E[w* (H)w(t + 7)] = Nob(7).
= Z B (1) SINAWE — 7,0 (2)). (6)

m=1

Note thatw(¢) may be assumed to include out-of-cell interfer-

) ) ence as well.
For the remainder of the paper, we consider the channel to b§y consider an observation interval that encompasdes

?nvariant ovgrthe observation window for the acquisition _Staggymbol intervals. If the users are synchronous, the fading
ie., the fa_ldlng is gssumed to blw. We hence drop the time ;g flat, and the chip waveformj(t) is limited to 7., then
variablet in denoting the channel response. exactly M symbols of each user contribute to the observation
We now apply the channel model discussed above to the asyfarya|. However, since the users are asynchronous, the fading
chronous (reverse link) CDMA system wifti users and linear js frequency selective, and we consider chip waveforms that
modulation. The received complex baselFasignal is given by span several chips, more thad symbols could contribute.

K Lo w—1M—1 The number of symbols that contribute significantly to the
r(t) = Z Z Br e \/gfkbk’nc;") (t — (dy +¢)/W) observation interval is denoted by’
b1 =0 m—0 The new user entering the system is assumed to be the one
+ w(t), t € [0, MT,] (7) corresponding t& = 1. In addition, we assume the following
about the system.
where . . « The initial timing uncertainty is J chips, i.e.,
b n is symboln of userk, and7} is the symbol period; dy € {1,2,...,J}.
Ek is the average received symbol energy summed over , The new user transmits a preamble with known symbols
) all the paths of usef; and over the observation interval. Without loss of generality,
¢, "(t) s given by we can assume that ,, = 1,forn =0, ..., M’ — 1.
N—1 ¢ The channel responses of the interfering users are known
ci"’)(t) _ Z c;"’z»w(t — T, — §T.) since they are already being demodulated. However, the
=0 (code) symbols transmitted by the interfering users are not

known.
Under the above assumptions, the received signal of interest
can be expressed as

where T is the chip period, and the ratity =
T./T. is thespreading factoof the system.
The sequencefjf} is the (complex) chip sequence of théh
user. Ifcif’z, = 620)1 for all j andn, the sequence is said to be
short.If cg"z does not exhibit this periodicity, then it is said to n(t) = ; az,eer(t = (dy + OT2) + z_:o kZ_Q i
long or random. = (n) TR
The chip waveformy(t) has unit energy, and the spreading “ag, brney (8= (dp + OTe) +w(t)  (8)
waveform corresponding to each symbol is also normalized to M1 (n)
have unit energy by normalizing the corresponding chip séhereax ¢ = Br, ¢ V&, andei(t) = >°,_," ¢ (¢). Note
quence_ We assume thMt) is Chosen to be a good approximalhat.for ConVenience we haVe dropped the Subscript “E,clri .
tion to the Nyquist sinc pulse, i.ej(t) ~ VW sind Wt —0.5). Since user 1 employs a preamble, this model can be converted

In the numerical results, we modg(t) as a sinc pulse truncatedt© & problem involving a maximum dfeq = M’(K — 1) + 1
to a length of 9 chips. effective users by separating the signals corresponding to each

« L. x is the number of taps of theth user channel. Note symbol of each interfering user in the observation interval. De-

that on the reverse link the users see different propagatiférﬁe
channels.

* B, ¢ is the channel gain at tapof userk, and the tap
gains are, in general, modeled as random variables with ¢z (k—2)+n+2, 5 (t) =Mt — T, — (j — DTL),

L.—1 M'—1 K L¢ -1

&, () =t — T, — (j — DT)

variances normalized so that forn=0,..., M -1 (9)
L. &
Z Elfd? = 1. where & = 2,..., K is the interfering user index,

j = 1,..., L.y is the path index, and € [0, MT}].

=1
Consequently, (8) can be rewritten as

* d, is the offset due to propagation delay of usewhich

can be assumed to be an integer without loss of generality L. Ko Lew
r(t) = ay. ¢ 4(¢ by, ay G () +wl(t
2Af y,(t) is a real passband signal with carrier frequengy, and () z:l Lj 171( )+k22 k z:l k,j k:J( )+ ()a
Jj= = j=

ys(t) is the corresponding baseband complex envelope, we assume that

Up(t) = REV2ys(t)e??7 /7], te[0, 7]  (10)
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where, T = MT,, and forn = 0,..., M’ —1,andk = a1 = [a1,0 ... al,LC—l]T is the vector of corresponding tap
2,..., K, amplitudes. Furthermoré] = [u; ... ug ] is the matrix of
, _ spreading vectors (combined over the taps) of the interferers,
QM (k—2)4nt2,6 = Db, ¢ andb = [by ... by_]" is the vector of their code symbols.
and Before proceeding further, we note that a channel estimation
Varr(e—2)nt2 = Ok, (11) algorithm based ogwould have to process the matfik which

canbeuptoasize df N x M'(K — 1). We could trade off the

The first step of the proposed channel estimation algorithf@sulting complexity with performance by considering ofly
involves generating discrete statistics from the observed cont the K — 1 interferers, and including the remaining interferers

uous signal. One way to produce these statistics is through ¢ Rhe noise vectow. The variance of the noise components can

matched filtering. i
Remark 1: Statistics generated by chip matched fiIEhen be modeled as (see also [6]):

tering, where the received continuous-time signal is pro- ) K E
jected onto shifted versions of the chip pulse function o7 =No+ Z N ¥
P(t—iT,),i=0,..., MN — 1, are approximately sufficient k=K. +2
as long as the shifted chip waveforms are roughly orthogon@heregi - ffooo Ri(“) der, with R,,(o) being the autocorre-
andZ, ~ 1/W, i.e.,y(t) = VW sindWt — 0.5) [6]. lation of the chip waveform, i.e.,

Chip matched filtering produces a vecipoof dimensionD = oo
MN with Ry(a) = / DEV(t — oT) dt.

n — AT t 5 t— I.Tc ) . '
! v (T) vt~ i As mentioned beforew could include out-of-cell interference
I/ r(typ(t —iT,)dt  fori=1,...,D (12) aswell
0

where I1l. CHANNEL ESTIMATION ALGORITHMS

T . Assuming anL. tapped channel model with equally spaced
{(f: 901 = /0 f(t)g™(t) dt taps, the channel parameters to be estimated are the initial tap
_ _ S delayd; and the gain vectar; . This problem is considered first.
is the inner product over the observation intery@l T]. a5 mentioned in Section I, we would also like to reduce com-
Since this is a linear operation, the resulting VeCt(HIexity by reducing the number of taps once fhetap channel

- T i e e ) ,
Yy = [vyn v ... yp]' can be written as a sum of thejs estimated. Schemes for achieving this reduction are also dis-
contributions of each effective user as cussed in this section.

L. Kogr L(‘, k
y=> ayju;+Y b > a m;+w  (13) A MMSE-ML Estimation
=1 k=2 g=1 Consider the discrete system model given in (14). Since the

where theith component of the vectas_; is given by new user is still to be acquired, it may not be reasonable or
. . - practical to impose a prior distribution on the parametierand
(1) = (P(t — L2, & j(8)r a1. Hence, we adopt the maximum-likelihood criterion for the
andw is a complex circularly Gaussian (CCG) vector with coestimation problem. Also, since we are interested onl iand
variance matrix ay, the interferers’ symbols are essentially (discrete) nuisance

parameters. If the distribution of these symbols was known, the
likelihood function for the estimation problem would be

p(yldi, a1) =Y p(yldy, ay, b)p(b). (15)
b

.R,w = E(TUTUT) = N()IJWN

with T denoting the Hermitian operation.

Since the spreading sequences and channel parameters of the
interfering users are assumed to be known, the second summa-
tion for the effective users in (13) can be collapsed into a singNote that, since the noise is assumed to be circularly complex

vector Gaussian (CCG), the conditional probability density function
I (pdf) p(y|d1, a1, b) is that of CCG vector with medii; a; +Ub
. : o
o o k=2 ... K. and covariance matrlxrljj}4Ar. For a codeq CDMA system,
b ; U, 54, 3> e el p(b) may in general be difficult to characterize. Moreover, even

) if we assume that the symbolsérare independent, identically
Hence, the received vector can be represented compactly u$igributed (i.d) taking on equally likely values, it may not

the matrix-vector equation be possible to obtain a closed form expression for the likeli-
y=Uia; +Ub+w (14) hood function in (15). Consequently, this approach does not ap-
) ) pear promising. However, for most coding schemes in practice,
wherelU; = Ui(dy) = [ur,1 ... wy L] is the matrix of it is the case that the code symbol vectosatisfiesE[b] =

spreading sequences corresponding to the taps of user 1, @n@(pb| = 1, as long as information symbols are independent
SFor largel, the edge effects resulting from limiting the integrafto 7]~ and equ;_i"y ”ke_ly- This information about the Stati_Sticg’@b—n
become negligible. be exploited using an MMSE approach, as described below.
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For fixedd; anda;, we produce an MMSE estimate for theimprove performance, this computation may prove too cumber-
vectorb from the effective received vector for the interfererssome. An alternate approach in this case would be to process
defined as the longer preamble in short blocks and combine the results

[7]. Specifically, assume we have an observation of legdth

z=y—U;a; =Ub+w. symbols

The MMSE solution corresponds bgse = Gz, where

G =arg min E[|Gz ~ b||?].

y=[yl ... w]"
wherey,, : = 1, ..., b, are of lengthi/ N . We could then pose

This is a standard problem in estimation theory [2, ch. 12] ait ML probleminterms of the vecto$iy,, . .., Buy,, where
has been applied to the CDMA detection problem in the pa@t‘ is the matrixB for the ith block of observations. The corre-
[5]. The MMSE solution can be given in two alternative formSPONding solution can easily be shown to be

[2]: a, =P v
IA)MMSE = [UT (UUT + U%I)*l]z d = arg Ir(llelxvaP_lv (21)
=[(U'U + o21)"'U"2. (16) where
Using 131\,“\,15E, the maximume-likelihood channel estimation b
problem for user 1 can be posed as v= Z ULiBiyi
[di, a:] = arg Inax p(yldy, a1, bansk).- (17) o

b
P=)> Ul ,BU,,

i=1

Using the fact thatv is CCG, (17) can easily be written as

[d1, 1] = arg min (z — UG2)'(z — UGz) with U, ,;(d,) being the spreading sequence matrix of user 1
dl’_‘“ ; over theith block. Note that the above block processing would
= arg 5}11;11(?/ —Uya,)'B(y — Uia1) be simpler when short sequences are used, since the mgtrix
’ would be independent éfand would have to be computed onl
= arg max y' BU a: +a{U{By - a[U[BUar (0 P P y

(18)

whereB = (I — UG)!(I — UG), andG can be obtained from
(16). Since the metric in (18) is a quadraticdn, the estimate
of a; as a function ofi; is given by

B. Reduction of Taps

In the second stage of the channel estimation algorithm, we
are interested in reducing the number of taps in the channel re-
sponse tal,. < L. while retaining most of the signal energy.

i = (UIBUl)_l(UIBy). (19) The main motivation behind this stage is to reduce the com-
) . o . plexity of the receiver. In a channel having a large delay spread,
We then substitute (19) back into the likelihood function to ohy i hossible that most of the signal energy is concentrated in a
tain an estimate for the delay of the first tap as few distinct pockets.Hence, althougt.. is quite large, only a
dy = arg max(y"BU)(UIBU,)"(UIBy).  (20) subset of the taps may receive significant energy. In such a situa-
d1 tion, the complexity of the receiver can be reduced by employing
Note that although we are computing the ML estimate af.an fewer taps for the channel response. Referring back to (5), we
tap channel, the maximization of the likelihood function in (17¢an define the actual band-limited channel response function in
is only over a single variablé, . In addition, sincel; is an in- terms of the tap amplitudeg and the delay/; as

teger, we only need to search for the maximuny d&bcations, Lo—1
and the matrix/; can be formed directly using shifts of the he(€) = Z ay ¢SINQWE —dy — £) (22)
spreading sequence corresponding to user 1. In effect, we have =0

asingle variable hypothesis testing problem: fhéap channel whereq, ¢ is the/th component o&, . Note that the definition

response of user 1 can be estimated from (20) by maximizigg,, inciudes the received signal amplitug€ along with the
over the/ possible values af;, and then computing the Corre-cp 46| gaing, ,, but we continue to refer to it as the channel
sponding estimate af, using (19). Itis worth noting that when e snonse for the sake of convenience. The estimated band-lim-

K. =0andL. = 1, the MMSE-ML scheme proposed abovéq channel response can be defined analogously as
is the same as the matched filter based single tap acquisition

scheme used in IS-95 systems [16]. We refer to this special case - . 5
as “conventional” acquisition and compare it to the more gen- he(§) = Z dy ¢ SiNAWE —dy — )
eral case above in Section IV. o =0 _

The crux of the computation to implement the abov¥herea . is thelth component of the estimaig .
MMSE-ML algorithm is taken up in forming the matrix Now, we would like to approximate this estimated response
B. The matrix inverse involved in the computation has siZeY @nL, tap model, and we allow for arbitrary spacings between
M'K. x M'K., and hence its computation would requiré «rhis could happen in cases where the signal is received from a small number
O(M?) operations. As we increase the preamble size 6bstrong reflectors.

L.—1
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the taps to improve the approximation. Consequentlylth@p where(:, j)th component oY is Y;; = sindr; — ;). Hence,
model can be written using (6) as definingT = [r1 ... 77.]", the parameters for the reduced tap
channel are given by

L,
he(€) = am SINGAWE — dy — 73

m=l1 [, &] = arg max x a'Xa|.
whereq,,, are the amplitudes in the new model gng, 7.} are T, @ alYa=ala
the delays relative tél T.. Essentially{r,,, 7. } are (continuous)
variables chosen in the ranffe L.77]. However, to ensure that  Using the Cauchy—Schwarz inequallity, it is easy to show that
the taps in the reduced tap channel see approximately indep&g-solution is
dentinterference, we impose the restriction that no two taps are
less than a chip apart, i.e., tHaf — ;| > 1 for i # j. 7 = arg max alX( VY (1) X (1),

Clearly, we need to define the sense in whigli¢) approxi-

matesh. (€). If we consider them to be functionsif[—oc, oc] &= L‘””al” (27)
with the inner product el XTY 1 Xa||
= /Oo F(&)g*(¢) d¢ where the vector norms are the usual Euclidean norms.
While this approach maximizes the correlation between the
the correlation coefficient can be defined as L, tap model and estimatef. tap model, it is important to
(f. g) _ note that this correlation is not the performance measure for the
o(f; 9) = Tl with the norm|| f[| = /{f, f)- algorithm over both stages. The overall metric is the correlation

(23) magnitude|p(h., h,.)| of the reduced-tap channel with the ac-
tual (and, of course, unknown) channel, which would involve

Now, if the Rake receiver (maximum ratio combiner) correthe inner product

sponding to the functioh.. is used, it is shown in the Appendix

that the output SIR is proportional tp(h., h..)|?. This moti- 1 Lzl I o

vates the use of the magnitude of the correlation coefficient be<{/, /i) = W a1, ¢SINAdy + Ty, — dy — £)
tween theestimated¢hanneh..(¢) andh..(£) as the performance =0 m=1

metric for the second stage, and we refer to it simply astine _ 1 o' Za, (28)

relation. Note that the correlation of discrete channel vectors
has been used as a performance metric elsewhere in the litera-
ture (e.g., [13)]). whereZ,,, (41 = sind(d 47, — dy —#). The MMSE-ML algo-

The problem then is to find,.(¢) that maximizes the absolutefithm followed by the correlation-based tap reduction is thus not
value of the correlatior{p(k., h,)|. In addition, we impose the optimal in the overall sense. In addition, note that the solution
constraint that the norm df,.(¢) must be the same as that of(27) involves a joint maximization over, delays (albeit over a
h(£), so that the received signal energy does not change wigistricted search space). Hence, we propose other simpler (but

the choice of the channel model. Thus, moread hog approaches below.
Alternative Approaches to Reducing the Number of

h(€) = arg max e, b <Ahc’ h)| Taps: The first approach i; to simply pick the,. most sig-
hei e ll=lRe [ Ae | [P nificant taps of theL, taps inh.(¢). We refer to this as the
= arg max (he, hy). (24) “Max-L," approach in next section.
i ||| =|lPec | We can improve on the “Max,.” technique as follows. Con-

The constraint thus reduces the problem to one of maximizigiler again the MMSE-ML solution for th&. tap channel in
the absolute value of the inner product. Naw,, &, can be (19) and (20). Although this solution was derived based on a

written in terms of the tap parameters as single delay parametef , it is easy to see that the solution can
L1 L also pe applled to an arbitrarily spaced channel mode_l, where the
<hc hy) Z Z otiin ¢ matrix U is a function of the delay vectat. In order to find the
’ yr it m reduced tap channel, we could hence perform a brute force max-
_ N _ N imization of the metric in (20) over. However, instead of per-
(smo(W&’ diy — T ), SINQWE — dy — £))

forming the L,. variable maximization over the entire window
Le 1 Lr [d1, di + L. — 1], we restrict our search space tata neigh-
W Z > aminesind7, — ) borhood around each of tie. most significant taps of thé.
1 taps inh.(£). The reason for this restriction of the search space
=—a'Xa (25) is based on the intuition that th#,. taps which best approxi-
w matefzc(g) would be in the vicinity of the most significant taps
wherea = [a; ... ar ] and the(m, ¢ + 1)th component of in }}C(g)_
X is given by X,, ¢y1 = sind7,, — £). Similarly, We will see in the next section that themet hocapproaches
1 to tap reduction result in some performance loss with respect to
1] = (Ry 1) = W a'Ya (26)  the optimum correlation scheme.

=0 m=1
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Fig. 1. Performance with variation in SNR; /V,,, with a deterministic equal gain channel for the desired user and independent Rayleigh fading channels with
equal tap variances for the interferers, with = 6, L. = 3, M = 3, b = 1.

IV. NUMERICAL RESULTS instead of jointly. This scheme maximizes the single tap ML

We now study the performance of our acquisition scherﬁgetric’ Whi?h can bg seen as a spgcial case of (2.0) when we
through simulations. Throughout the simulations, the spreadiﬁ surtrje ?sTgIe_ tap in thbe channel, iig.= 1. The estimate of
factor is fixed atvV = 31 and the delay uncertainty d@t= 30. aparticuiar tap 1S given by

The chip waveform is taken to be a sinc pulse truncated to a . |ui (1) By|?
length of 9 chips (the truncation results in about 2% loss in en- A e e (r) T Buy (1)
ergy of the pulse), and the chip sequences are assumed to take u.(71) By

on binary+1/+/N values (BPSK spreading). In addition, we set ) = —  iBu

the number of users in the systemAo—= 10 and assume that u (71) PP (71)

the average received poweis from all the users are the sameThe channel is again estimated in two stages. In the first stage,
Finally, the joint maximization over continuous delays requiretthe single path ML metric is evaluated at thehip boundaries
in the second stage of our proposed algorithm is approximatedhe uncertainty region and the maximum is picked. The search
by using discrete delays with a resolution of 5 samples per chgpace is then restricted to2d.. 7. region about this position,

In order to illustrate the improvement in performance thahe single tap metric is computed over the restricted space, and
can be achieved by using an MAI resistant joint estimatiadhe delays corresponding to the maximum values are picked.
scheme, we compare our schemes to three special case$he delay values are also restricted so that no two taps can be
our general framework. We refer to these as thé “= 0,” less than a chip apart, and so that thetaps do not have a span
“tap-by-tap,” and “conventional’ acquisition schemes. Ththat is greater thafrpsi].

“K. = 0" scheme treats all the interfering users as random Finally, the “conventional” scheme involves settiAg = 0
noise, but continues to estimate the channel coefficients joinths well as estimating the channel tap by tap as described above,
This essentially amounts to settify= I in the estimators (19) i.e., it involves neither MAI suppression nor joint acquisition of
and (20). Once thé&. tapped channel estimate is obtained, thime taps.

optimal correlation maximizing second stage is implemented. The performance of the proposed acquisition schemes is

The “tap-by-tap” acquisition scheme uses an implicit MMSRBlustrated by observing the magnitude of the correlation,
estimate of the symbols but estimates the channel tap by tafp(%., h,.)|. In all cases, the channel is taken to hdye= 6
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Fig. 2. Performance with variation in SNR, /N,, with independent Rayleigh fading channels with equal tap variances for all userd, with 6, L.. =
3, M =3,b=1.

taps. For the interfering users, it is assumed that each &pge achieves the highest overall correlation and approaches
undergoes independent Rayleigh fading, i.e., the channel gamasymptotic value of approximately 0.9, and both the second
coefficientsBy ¢, fork = 2,..., K and/ = 1, ..., L, are stage schemes perform better than the “mhakscheme justi-
i.i.d. zero mean CCG random variables with equal variancdging the need for a more sophisticated second stage. Since the
E|By,¢|> = 1/L.. We also assume that the coherence tiniéap-by-tap” scheme suppresses MAI, it does not suffer from a
of the channel is longer than the preamble length; hence, thaise floor like the K. = 0" and “conventional” schemes. The
coefficients{/3, .} are constant over the observation intervétap-by-tap” scheme is therefore able to capture most of the en-
and are generated independently across different simulatengy as long as it has estimated the strongest tap correctly, and
trials. this becomes more likely at high SNR’s. In fact, this scheme
For the desired user, we consider two scenarios for the @ould perform better than the “mdx.” scheme at high SNR’s,
tual channel. In the first case, dll. taps/, ¢ are deterministic since it allows for arbitrary spacing of the taps.
and equal td /+/L.. Although such a channel is rarely encoun- It is interesting to note that the schemes that do not suppress
tered in practice, it is interesting to study the performance MAI (namely, “K. = 0” and “conventional”) perform better
the proposed schemes in this special case. In the second cms the remaining schemes at sufficiently low SNR’s. This be-
we assume the same channel model for the desired user asltator arises because of the unreliability of the implicit estimate,
for the interfering users:i.d. Rayleigh fading with equal vari- b, of the interfering symbols atlow SNR'’s. It is analogous to the
ances. Finally, we choode. = 3 as the number of taps in thecross-over behavior at low SNR observed in [7] for single path
reduced channel. acquisition, and in [11] for the decorrelating detection problem.
The performance with equal deterministi¢ , is shown in Fig. 2 shows the same curves whén, arei.i.d. CCG
Fig. 1. These performance curves are obtained when the piadom variables. The proposed schemes perform better in this
amble of the new user is of lengtW = 3 symbols and pro- environment as opposed to the previous one, since the tap gains
cessing is done once over the entire preamble. It is clear framould in general be unequal for each realization, and using a
these curves that significant gains can be obtained if the schem@uced channel with just three taps suffices to obtain a good
exploits the structure of the interferers and estimates the chanagbroximation. The deterministic equal gain channel can thus
coefficients jointly. The “opt. correlation” scheme in the seconlde viewed as the worst-case situation for tap reduction, since
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Fig. 3. Performance with variation in SNR; /N,,, with independent Rayleigh fading channels with equal tap variances for all userd, with 6, L, =
3, M = 3, b = 3. This plot shows the improvement in performance that results from the use of multiple blocks for the estimation.

a significant fraction of the energy may not be captured. In V. CONCLUSION
addition, note that the performance gap between the differemi
second stage schemes reduces when the gains are randorg\
the weaker taps for each realization are insignificant compar

to the strongest., taps, then fine tuning the tap position i

becomes unnecessary. Hence, there may not be any neea‘g
a sophisticated second stage at high SNR'’s, as the “max

%this paper, we considered reverse link channel estimation
rithms for a single new user entering a wideband CDMA
tem that uses random spreading sequences. A maximum like-
ood solution was obtained for the channel parameters after
%g implicit soft MMSE estimates for the symbols of the inter-
) X . fering users. The initial problem formulation involved a channel
scheme may attain the same correlation as the optimum sec el with equally spaced taps. Schemes to reduce the number
stage. of taps by allowing for arbitrary spacing between them were also
Now, as discussed in Section lll, the SNR required to achiepgoposed. Numerical results presented indicate that MAI resis-
the same performance can be reduced for any of the schemeggy joint tap acquisition schemes provide significant gains over
processing multiple blocks using (21). This is shown in Fig. 3chemes that do not exploit the structure of interfering users or
where we have usdd= 3 blocks instead of one, with/ = 3  those that acquire paths individually. Most of the computation in
as before. Note that averaging over multiple blocks reduces the scheme is taken up in forming the soft MMSE estimates and
noise floor for the(. = 0 schemes and, hence, the performanage L,. variable optimization over the delays in the second stage
of these schemes in Fig. 3 is significantly better than that of tap reduction. However, unlike multiuser detection schemes
Fig. 2. that involve updating the detector when the spreading sequences
Finally, we study the loss in performance resulting due to tagmange, the initial channel estimation is not as severely time
reductionin Fig. 4. As before, we sBtf = 6 with i.i.d. Rayleigh constrained, and it should be possible to allow for some com-
fading on each tap for the desired user. As SNR increases, fiexity. Moreover, the proposed schemes allow for a tradeoff
asymptotic value of the correlation is limited by, and a suffi- between performance and complexity through the parameters
ciently high value ofZ,. should be chosen to obtain the desired.,., the final number of taps, andd.., the number of interferers
performance. In Fig. 4, for instance, depending on system mppressed. In particular, fé€. = 0 andL, = L. = 1, the
quirements, the minor improvement thigt = 5 taps provides MMSE-ML metric reduces to the single tap scheme based on a
over L, = 4 may not justify the additional complexity. matched-filter statistic that is used in IS-95 based systems [16].
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Fig. 4. Performance with variation in SNR, /N, with independent Rayleigh fading channels with equal tap variances for all userg, withé, M = 3, b =
1, with varying ...

A key assumption in arriving at the solution was that the APPENDIX

channel gains and spreading sequences of the other users W&Ee show that the output SNR of a Rake receiver that corre-

known. If knowledge of the channel gains is not assumed, Jg 4o+ thel,. tap model k.., is approximately proportional

is possible to take a decorrelation approach to suppress in} Mthe square of correlation coefficient betwegnand the ac-
ference [7], but such a scheme would have a limitation on t al L. tap model/:

number of interferers that can be suppressed, and the "mitat'o%uppose the complex baseband sigsi@) = bocy(t) is

would become more stringent as the number of resolvable paltll?ﬂ'nsmitted through thé.,. tap channel, wherd, is the trans-
C L]

Increases. Itis worth noting that the MMSE-ML scheme Pr%itted symbol, and (t) is the symbol waveform. The received
posed in this paper imposes no constraint on the number of Hﬁmplex baseband signal can be expressed as
terferers in the system, but the robustness of the scheme to the

knowledge of these channel parameters needs to be investigated L.—1
further. r(t) =Y abocr(t — /W) +w(t), te[0,T] (29)

It is possible to incorporate argy priori information about £=0
the distribution of the channel gains of the new user into the
MMSE-ML estimate, as done in [10]. However, the availabilityvhereac = 8 V€, T'is the observation interval and(t) is
of such information at the receiver is open to question, ad§sumed to be a complex white random process with autocorre-
the resulting improvement needs to be investigated. Finall§tion functionNoé(7). Suppose the receiver assumes a channel
proposals for third generation systems (e.g., [15]) providBodel withL, taps and amplitudes,,,, m = 1, ... L,. Then,
the option of having users with different data rates. If thie statistic of the Rake receiver is given by
multiple rates were accommodated by using multiple spreading L. L1 -
sequences with the same spreading factor, it is clear that tp 2 Z Z o asbo /
MMSE-ML solution can be applied with no modification. If vl S 0
the spreading factors vary across the users, it is still possibleto
apply the solution by identifying the effective users appropri- — Z Z ol acboD(UT, — 7, T.) 4+ w (30)
ately. 1 —o

e (t — LT (t — i Te) dt +w
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where
L. T [1]
w= Z o, / w(t)ey (t — 1, T.) dt (31) 2]
m=1 0
[3]
and
T [4]
L(r)= / c(t+71)cf(t) dt
0 [5]
T N—1N-1
0 j=0 k=0
-singWt+ W7 — k— 0.5)dt .
N—1N-1 71
= Z Z ClJCikSian’F —k +J)
j=0 k=0 (8]
=Y sindWr—7) Y e el 4y o
r J
wherer =k — j. (32) [0

Under the assumption that the spreading sequences have g%ﬂ
autocorrelation properties,

0
*x ~
E :clzjcl,r-i-j -~ {1

J

ifr#£0
if r=0.

(33) [12]

[13]
Note that this assumption is used in establishing the (approxi-
mate) optimality of the Rake receiver [9, p. 800]. Hence, we cafp4
rewrite (32) as

I(r) ~ singWr). @4 M
The Rake receiver statistic then reduces to [16]
r Le—1
17
7 a3y Z ok agSiNGl — 7)) +w ]
m=1 (=0 [18]
=boW{he, I} +w (35)

[19]
where we have used (28). The SNR at the output of the rake
receiver is then given by

2
SR, o 2 [te: )l f”” (36)
U'w
whereo? is the variance ofy and can be written, using (31) and
(26), as
L. L,
o, =No > > aharsindre — 1) = NoW |||
m=1{=1
Finally, noting thatl|h.||? = (1/W) Y p0" |ac? = (£/W),
we have
& [ [he, hr>|>2 € 2
SNR, ~ — <7 = — |p(he, h»
No \Thell ) = g 10 o)
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