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Abstract— In this paper we consider the problem of es- findings ([2],[3]) have shown that if closely spaced delays
timating the propagation delays of a synchronous direct- (around one chip duration or less for DS-CDMA) can be
sequence code division multiple access (DS-CDMA) systemyegolved, SNR gains of several dB can be achieved in in-
operating over a multipath fading channel. In a mobile re- door scenarios compared to the case when the paths are

ceiver, the task of delay estimation can be divided into an not resolvable. It was also shown that tracking of closel
acquisition of all multipath delays and subsequent trackimg ' 9 y

of the individual delays e.g. with a RAKE structure. Both SPaced delays is possible with little complexity if accarat

tasks are especially challenging in indoor scenarios which initial estimates are available.
commonly exhibit low delay-spread and thus require a high ~ Delay acquisition for DS-CDMA has received much

resolution of the estimation algorithms. A novel delay acqis  attention in recent literature. Most results however con-
sition algorithm is presented in this paper, which is able to sjder either the multiuser problem in the asynchronous
resolve multipaths whose delay difference is below one Chipuplink ([5],[6]) or static (i.e. not time-varying) chansel
duration with high probability of acquisition and low com- [7]. In this paper, a novel subspace-based approach to

putational complexity. It is based on a decomposition of the . . . .
time-averaged correlation matrix of the output of a sliding single-user delay acquisition of multipath channels is pre

correlator into signal and noise subspaces, with subsequen Sented, which assumes knowledge of the user’s (aperiodic)
MUSIC spectrum computation and maximum search. The Spreading sequence and acts as a hierarchical extension to
performance of the algorithm is assessed by means of com-conventional sliding-correlator based acquisition [4]y B
puter simulations. exploiting the eigenstructure of the time-averaged sample
correlation matrix of a coherent sliding correlator output
I. INTRODUCTION the observation space is partitioned into a signal and a

RAKE receivers employed in current and future DSIO1s€ subspace.

CDMA systems require the knowledge of instantaneousThe DS-CDMA signal model assumed for the underly-

channel parameters for detection. A precise estimatill¥ system is presented in Section Il. Section Il defines

the sliding correlator model and describes the novel acqui-
of these parameters, the complex-valued path attenuation . . . .
. . sition algorithm. The algorithm performance is quantified

and the corresponding propagation delay of each channe

. . . ; . I ection 1V, followed by a conclusion.
tap, are especially important in challenging environments
such as in indoor scenarios. This is because in such en- Il. SIGNAL MODEL

vironments, the signal energy is concentrated around the .
line-of-sight component in the delay domain and a hig In DS-CDMA communications, the user data symbols

resolvability of signal components is a prerequisite fa ttba“} are overs_ampled by the spreading factor, njultlpllgd
RAKE receiver to efficiently gather signal energy and th Y the spreagllng sequence and pulse ;haped with a Wlde_
improve its performance. Especially in mobile han dsg%and tra_nsmlt pulse. A baseband-equivalent transmitted
however, the computational complexity of such algorithm DMA signal for one user can be expressed as
is very critical. o0

The focus of this work is on the estimation of the s(t) = > ak dg(t -~ KTo), @
propagation delays in the synchronous downlink of a DS- k="eo
CDMA system. This synchronization task can be subdkith a, being the data symbol sent at time instamt
vided into an initial acquisition of all relevant delays andl. the spreading factor anftl} the effective spreading
subsequent tracking of the acquired delays [1]. Previosgéquence. The wideband transmit pulse is denoted by
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N =4...512 T, = 26042 ns andy(t) is a root-raised co-
sine pulse with rolloff factor 2. The effective spread-

) : e : = [t q...]" (5)
ing sequence is the multiplication of a short spreading se-
guence with a very long scrambling sequence. ) )
We assume a WSSUS multipath fading channel model :
with N, propagation paths and channel impulse response zf"’&l a(NT) Ry((N—K) To— 1))
(CIR) horr — - (6)
eff
N2 5% (T Ry((n—k+ 1) To - 1)
h(t;1) = Z} a(t)d(t—m(t)), (2 :
1= L _

with ¢ (t) being the complex-valued Rayleigh fading The vectomhess is theeffective CIRwhich is the convo-
channel phasor and(t) the corresponding delay of pathlution of the CIR with the effective transmit puls®(t),
I. We shall omit the time-dependency of the delays in tlsampled at the chip rate. Itis seen that each received chip
following, since the delay dynamics are usually assumedntains the contribution of infinitely many chips from the
to be significantly smaller than those of the fading preffective spreading sequence. In a practical implementa-
cess. The received signgt), which is subject to AWGN tion however, the sliding correlator estimates the efiecti
and other-user interferencgt), is pulse matched-filtered CIR by correlating with a subsequence of the known effec-

with g(t) and we have tive spreading sequendely}. Assuming that we want to
estimateN,, samples of the effective CIR, starting at chip
Z(t) = r(t)xg*(-1) (3) indexng, using a sliding correlator of lengtd, we need to
= (s(t) *h(t;T) +n(t)) *g* (1) process the incoming signal in blockshf+ Ny, — 1 chips.
Np—1 Thei-th block of data to be processed is then given by
= 2 alt) ZawkcJ dkRy(t —kTe—11) +n'(t), 7 = [2(INT)...Z((i+ )N+Ny—2)T)]"
= ADI heff (7)
whereRy(t) represents the pulse-autocorrelation func-
tion of g(t). with
[11. PROPAGATION DELAY ACQUISITION , _
Qme dw,m,1
A. Conventional Sliding Correlator i diN—ny+1 din—n, @®)
D' = : .

The sliding correlator (or equivalently a matched filter)
estimates the channel impulse response by correlating the

received signal with the known spreading sequence. In or—N te that din (7) that the ch | .
der to facilitate the illustration of the proposed alganmitha ote that we assume in(7) a the channel remains ap-
roximately constant for the duration Nf+ N,, — 1 chips.

signal model in matrix-vector notation will be derived. Wi

i+ )N+Ny—no—2 (4 1)N+Ny—no—3

will assume the existence of a pilot channel which conti he sliding correlator can be described by a code matrix

, : . - - ) ]
uously transmits known symbols. All other data channe of leensg)n(NW XN+ I;l‘iv 1)rglf)tr;]talnflfngt§hlfted ve(;
pertaining to the same user are assumed to be orthogcﬁ{%’l[18 ot a subseq duen(;e o_the?hgt d e Z Iec ve sp;rteha )
to the pilot channel, such that they can be included in t Sequence, indexed wi € desired locangrof the

noise termn(t) in (3). The transmitted signal from equa—e ective CIR. At the output of the sliding correlator we

tion (1) then reduces t8(t) = A S, dkg(t — kTc), with then have
A being the pilot symbol. In the following we shall denote ﬁem = [ﬁim ﬁi7no+Nw,1]T
the received signal witl(t) and the received noiseless sig- — CiAS
. ~, . _ 5 1 . .
(r;;’:\ll with Z(t) : z(t) = Z(t) +n'(t). If we samplez(t) at the — AICD hert ©)
p rate, we get
Np—1 with
nTe) = Agdk % G (nNTe)Ry((N=K) Te —T1) d 0 ... 0
I= i
: o d ... 0
= Ad" hets 4) c' = _ o (10)

with 0O ... 0 d



d = Moo - N1 (11) (5x5). Assuming that we know the number of signal
° components, sal, we would then partition the observa-

We will denote the correlator outplisr; = hery; +f  tion space into aignal-plus-noise subspacepanned by
aschannel snapshatsf the correlation lengtiN is suffi- the eigenvectors corresponding to theéargest eigenval-
ciently long, the producE’ D' will be the (N, x N,) iden- Ues, and its orthogonal complement, the@se subspace

tity matrix. It is noted that the vectdt contains uncorre- |f we don’t have a-priori knowledge about the number of
lated noise samples. signal components, this measure must be estimated ([9]).

Accordingly, equation (14) can be rewritten as

The location of the propagation delays in the delay do-
main can be estimated by identifying peaks in tosver-

delay profile(PDP). In order to do that, we need to average whereOs is (Nox L), Acis (LxL), O, is (Noy x Ng— L)

B o s or DBa  s (Ny LMy”Li. W o yng i e
ging P 9 P nullspace of the tru&,, the MUSIC spectrum is

~ ~ ~ T
heor = [heperng - hPDRRG+N,-1]
M
r & . P1) = ———, 16
hppRno+j = Zl|hi,no+j\2a j=0...Ny—1 (12) ® [h(T)H On\z (16)
=
B. Subspace-Based Delay Estimation The vectorh/(t) of length N, is a sampled version

We are interested in resolving closely spaced mulf?-}c the known efiective transmit pulse, dela%/ed oy
paths. Figure 1 depicts an estimated PDP of a channel V\ntﬁT) =[Rg(noTe — 1) ... Rg((no + I\_IW_* DTe *'T)} :
two taps of equal power spaced one chip aparfatnd The MUSIC spectrum will exhibit peaks if the delay
2T, respectively. In this caseg = 0, Ny, =5, N = 256 and correponds to one of the channel path delays in the delay
M = 100. It is seen that the two paths cannot be resolv@%ﬂion of interest. The 'division in equation (16) is not re-
by the standard sliding correlator approach. quired for |mplgmentatlon. Furt_hermore, the vedhb(rr) _
The MUSIC algorithm ([8] and references therein)San alsq be projected onto the S|g.nal subspace, which is fa-
originally derived for direction-of-arrival estimatioman Vvorable ifL <Ny —L. Figure 1 depicts a MUSIC spectrum
be used to estimate the path delays. It requires an eigfiich was obtained using the same 100 channel snapshots
value decomposition of a sample correlation matrix, whidhat were used to average the PDP. The projection grid
is known to have complexitp(n?), if n is the dimension Was chosen to b&;/10. It is clearly seen that the MU-
of the correlation matrix. For our problem however, the!C spectrum exhibits peaks at the location of the true de-

dimensionality of the correlation matrix and thus the ovel@yS, whereas the conventional PDP fails to resolve the two

all complexity can be kept low if we process the cha@ths in this environment.

nel snapshotﬁem instead of the received data and if we

consider only those portions of the PDP which exhibit

nonresolvable "clusters”.
We know from (4) and (9) that the sliding correlator out- *[ ' iy

put is an estimate for a sampled version of the effectivi

CIR. The sample correlation matrix can be estimated bos

averaging over individual snapshot correlation matrices:

0.6

~ 1M "
Rhh = v i; hettihete (13)

0.4

An eigenvector decomposition & yields

0.2

Iihh = Oi\UH, (14) y e mm -
with Q being a unitary matrix containing the eigenvec- o; : - — .
tors of Rph andA = diag(Ag ... An,—1) @ diagonal matrix v

containing the eigenvalues. Notice that the correlation Mariy. 1. Comparison of PDP estimate with MUSIC spectrum
trix only has size(N,, x Ny), for the example in Figure 1
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Fig. 2. General acquisition setup

It is noted that a similar application of the MUSIC algoef the channel if the channel snapshots are correlated i.e.
rithm is reported in [9], although in a more general contextiue to slow fading.

The structure of the new delay acquisition is shown in If the acquisition time is constrained, one has the possi-
Figure 2 in conjunction with the standard sliding correiility to either use less snapshots at a higher SIR or vice-
lator approach. The thin arrows indicate complex-valuegtrsa. Simulation results have shown that increasing the
signals, whereas the thick arrows stand for vector or m&iR in general leads to better performance.
trix signals. In the standard approach in the upper branch,The acquisition probability is depicted in Figure 4 for
the correlator outputs are magnitude-squared and sub&ge= T./2. Obviously either more channel snapshats (
quently averaged to generate the PDP estimate accordd@g) are required than fak; = T;, or the SIR must be
to (12). In the lower branch, the correlator outputs aiacreased (by about 10 dB) in order to achieve the same
processed coherently, with the correlation matrix estimaequisition probability. Nevertheless it is clearly demon
tion followed by the subspace decomposition and MUSI§trated that suliz delay differences can be resolved with
spectrum computation. The maximum search unit can e novel algorithm.

used for both algorithms. The bounds of delay resolvability of the new algorithm
are guantified in Figure 5, where the acquisition proba-
IV. PERFORMANCEANALYSIS bility is plotted against the path delay differenae for

The performance of the proposed delay acquisition M =100 channel snapshots and several SIR values. It is

gorithm was assessed by means of computer simulatiopeen that if an SIR 10 dB is available, 100 snapshots suf-

All simulations were carried out for a channel scenaritic€ 0 resolve delay differences even bel@wvith high
with two adjacent paths with equal power. The channBTObab'“ty'
snapshot length was chosen toMyg= 5 as for the exam-
ple in Figure 1. The probability of acquisition, which was
estimated by Monte-Carlo simulation of 1000 independentA novel high-resolution delay acquisition algorithm for
trials, is defined to be the probability thadthdelays were DS-CDMA was presented and its performance was quan-
acquired correctly within A Te. tified in a downlink scenario. The algorithm exploits
Figure 3 shows the probability of acquisition as a fun¢he eigenstructure of the time-averaged sample correla-
tion of the number of processed uncorrelated channel snéipn matrix of a sliding correlator output, decomposing the
shotsM for a delay differencé; = 11 — 1o = T and several observation space into a signal-plus-noise subspace and a
signal to interference ratios (SIR) measured after correldoise subspace. Projecting delayed versions of the known
tion. It is seen that already for values of the SIR arourithnsmit pulse onto the signal space (or taking the inverse
10 dB, corresponding to -14 dB SIR on the channel fof the projection onto the noise space) yields a MUSIC
N = 256, only about 30 channel shapshots are requiredsiectrum which exhibits sharp peaks in the vicinity of the
acquire both delays with 97% probability. SIR values itiue path delays. Standard maximum search algorithms
this order of magnitude can be expected on the commoan be used to determine the path locations.
pilot channel according to 3GPP testcases [11]. The algo-The algorithm was shown to resolve path delay differ-
rithm obviously allows for a certain tradeoff between thences below one chip with high acquisition probability.
SIR and the number of processed snapshots if a fixed atee complexity of the proposed scheme can be kept low
quisition probability is desired. The SIR can be increaséfdt is used as a hierarchical extension to a standard gjidin
by coherent integration die¢¢ within the coherence time correlator, processing only those parts in the delay domain

V. CONCLUSION



which exhibit non-resolvable clusters in the PDP.

Due to the limited complexity of the algorithm, an im-
plementation in a mobile handset seems feasible. For .
realization as a dedicated hardware component or on s
fixed-point DSP, the sensitivity of the MUSIC algorithm &'
in general and especially the eigenvector decompositios
(EVD) with respect to a fixed-point representation of the3 *°
data needs to be quantified. Furthermore, alternatives
the EVD such as subspace tracking approaches are unc
consideration.
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