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Abstract—Very high rate packet data systems such as those (in-phase or target present) cell. Subsequent work has focussed
based on wideband spread-spectrum (SS) signaling face anon the effect of the presence of multighg cells. For example,
important challenge - achieving fast and reliable acquisition to [3] investigates mean acquisition time (MAT) of serial search

minimize preamble overhead and optimize packet throughput. .
Such wideband modulation schemes undergo frequency selectivefor the case when the search starts outside fihecells. In

fading, implying a very large number of resolved multipath [4], the multiple H; cells are replaced with a singld; cell
components. Thus, the conventional analysis of serial searchwith an equivalentP,. These assumptions and the resulting

acquisition schemes based on simplifying assumptions that are analysis are valid when the number Hf cells, L is much
valid in narrow(er) band systems (and are invalid for sufficiently g a1ler than the total number of cellg,that an acquisition
wideband systems) need to be revamped. Also, there is a needS . has to test. ch teristi fDS' SS t ina |
to devise new schemes that exploit the presence of multipath receiver has to test, ¢ _arac eristc o -9 Sysiems using fong
components for faster acquisition over simple serial search. PN codes. In [5], serial search was analyzed for/apath
Our work provides novel contributions in both these aspects: case but with the assumption of equal powers. To the author’s
we analyze serial andrandom search acquisition schemes and knowledge, there does not existtcamprehensivanalysis of
compare their performances in several multipath environments. yhq serial search scheme in general multipath scenarios without
It is shown that over many typical indoor channels, random . lifvi i Such Vsi Id be i tant
search offers significantly lower mean acquisition times. Simp |fy_|ng assumptions. such an analysis wou € importan
when either short codes are employed or when the number of
multipath components are very large due to the fine resolution
of the signals used, i.el; << ¢ is not necessarily valid, and
constitutes a notable contribution of our work.
. INTRODUCTION Further, serial search is best suited flansechannels, i.e.

Code synchronization in direct-sequence spread spectr\lﬁvnqere % mu_ltipath arrival is.present f'ﬂ every tap in a delay line
systems is the process of aligning the receiver’s locally gerr]qpreseqtatlon of the equwalgr_lt d|scretg channel. Howeyer,
erated code with that in the received signal. Successful ot everal F”door c_hannels exh|b|t a certain sparseness since
synchronization is fundamental to a successful spread Sptgg% T(:(;t'gat&ea[g\éaésgggcfg ;ja ?(l;:SLtKX/Sé T:;e :h;t?;fl[g]n?%e I
trum receiver since it precedes despreading and demodulatéon P Y N bropag LT

TR . . ] or example, uses two Poisson distributions to characterize
Code synchronization is typically done in two stages: co

e . o . .
acquisition for coarse alignment and code tracking ior finrgUItIIOath arrivals. This inherent randomness in multipath
synchronization: the former is the focus of this paper arrivals has prompted considerable interest in random search
In packet ba,sed wireless systems, code synchr'onizat%%a possible scheme for faster acquisition. To the authors’
. ; ! 2 \<nowledge, random search acquisition has not been analyzed
is done on a per packet basis, typically requiring a known : : )
reamble within the packet header for synchronization puf: the literature with the exception of [8], where only the
poses As packet bage d svstems strive t)(/) achieve ver p#ild al’ case of zero false alarm probability and unity detection
P . b Y Y pgobability is considered. We conduct an analysis of random

data_throughp_ut_, t_he preamble S.hOUId be kep; as sma_ll <Barch leading to the derivation of a compact formula for the
possible to minimize overhead, i.e. the need is to achie

fast acquisition/synchronization. The problem is compounded;-l;; accompanving motivation for our work is provided b
by the severe multipath environments that these high data panying P y

. . . e recent upsurge of interest in ultra-wideband systems [9],
rate systems typically operate in. In fact, reducing the (me_aﬂ ], [11] which are characterized by bandwidths in excess

acquisition time while maintaining the reliability of acquisi- . .
tion/synchronization in multipath is probably the single mosf 500 MHz resulting from the use of appropriately shaped,

significant challenge in high data rate SS system design. ultra-thin pulses for transmission. The resulting fine time

.. . T solution leads to a large number of significant multipath
Initial development and analysis of acquisition schemes ([ .
components. Hence, we have chosen ultra-wideband channel
and [2], for example) were conducted for the case where there

exists only one resolvable path and conseguently onlyféne models adopted by 802.15.3 standards group in addition to
y P q y only the conventional wideband channel models for evaluation of
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802.15.3a channels. As a further contribution, we considempalse duration, i.el, = T,. Note that there is no explicit
non-consecutive search scheme presented in [12] and compareonversion (carrier modulation) stage at the transmitter,
its performance with serial and random searches in convemd hence DS-UWB modulation can be simply treated as an
tional wideband channel models. It is worth mentioning thaquivalent baseband signal.
while the analytical approach developed for serial search isGaussian shaped pulses have the flexibility of spectral
not applicable to the 802.15.3a channel models (in which tehaping (to meet the FCC specified mask, for example) by ap-
assumption of multipath arrival at every channel tap made fmopriate choices of the derivative order and pulse parameters.
the analysis does not hold), the random search analysis makesaditional wideband DS-SS, bandwidth scaling is achieved
no assumption about the channel model and can be appliegtionarily via reducing the chip duration and the effect of the
all channel models. pulse shape is largely secondary. In UWB systems however,
pulse shaping significantly affects the system bandwidth. In
II. SYSTEM DESCRIPTION whichever manner bandwidth scaling is achieved, the objective
A. Signal model of this paper is to 'in'\'/estigate the effect .of such Wide.ba'nd-
) o . ) widths on the acquisiion performance. It is worth mentioning
For packetized data transmission with conventional Dat the particular choice of the pulse shape changes only the
SS modulation with short spreading codes, each bit is s@fynal bandwidth and hence the multipath resolution, but does

by a length N, PN sequence oft1 binary chips that are ot affect the analysis carried out in this paper.
periodically repeated in each bit interval. However, during

the preamble-assisted acquisition phase, it is assumed that an

unmodulated PN sequence is transmitted, i.e., B. Channel models
We consider two different wideband channel models - the

s(t) = VEe Y cxp(t — kT.) (1) firstis the conventional channel model based o aap delay
k line with a multipath component at each delay and the second
where {c;} is the pseudo-random code sequence and tisethat adopted by the IEEE 802.15.3a task group based on
energy in the pulse(t) is normalized to unity (hencd;. is the Saleh-Valenzuela model.
the transmitted energy per chip). For the specific case of UWB1) Conventional tapped delay line modeln a time-
modulation based on direct sequence spread spectrum (Dfvariant multipath channel, the received signal is given by
UWB) as embodied in a proposal before the IEEE 802.15.3a
standard body [13], an appropriately shaped baseband pulse srec(t) = s(t) * h(t) +n(t) 3)
shape is used. We use théd.derivative of a G_aussian pulsg where (1) is the impulse response of the channel arfd)
[8] in contrast to raised cosine pulses used in [13] primarii¢ 5 ;o0 mean additive white Gaussian noise process with a
for the known analytical benefits. power spectral density aV,. The wideband channel can be
represented by a tapped delay-line model with the spacing of
() = 4 - (t>2 ox 1 (i)z ) a minimum multipath resolution,, that is determined by the
p 3t/ tn P 2 \ tn bandwidth of the system. For convenience, wetset T,,/M,
The parametet,, determines the effective time width of theWhereTp 's the pulse duration andf s & positive integer.

L
(a) pulse p(t) (b) Freq. spectrum of p(t) h(t) = Z azd(t — (l — l)tb) —+ n(t) (4)
=1

o
©
T

where L. denotes the number of resolvable paths. In our
analysis, we assume an exponentially decaying multipath
intensity profile £[a7] versus the lag) with a decay factor of
7n; this was assumed as the model for indoor channels in the
2.45 GHz ISM band by the standards group for IEEE 802.11b
Wireless LANs. When the total power in all the resolvable
paths is normalized to unity, the (average) power in khie
path is expressed as
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Fig. 1. (a) The pulsg(t) as a function of time (b) The normalized magnitude In vyideband channels as in UWB, the number Of_ u_nresolved
spectrum ofp(t) multipath components per tap are expected to be limited due to

the fine time-resolution. Therefore the Rayleigh distribution,
pulse T, and hence its bandwidth. The pulggt) and its widely used for narrowband systems, is not a suitable model
frequency spectrum are shown in Fig. 1 for = 0.125 ns. for the tap weight distribution; instead, independent log-
The effective time duration of the pulse for this valuetgf normal distributions has been found to be a good fit from some
is T, ~ 1 ns and thel0-dB bandwidth is approximately experimental wideband channel measurements [6]. Further, it
GHz. The chip duration has been assumed to be equal to thémportant to note that the channel coefficients are assumed
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real and not complex since we assume that the widebaadquisition is declared to have been achieved and the search

transmission is a baseband signal [7] (there is no explitérminated; alternatively, a false alarm is detected, in which

frequency upconversion/downconversion as in conventiorase the search resumes after a fixed penalty timeref

narrowband systems). seconds. If the threshold is not exceeded, the corresponding
2) IEEE 802.15.3a channel modelany indoor channels cell is declared to be an out-of-phase cdliy(cell) and the

display a certain ‘sparseness’ when modelled as a delay lineeeeiver proceeds to test the next code shift. The process is

the component multipaths are typically clustered. The mod&peated until acquisition which is defined as the state when

adopted by the IEEE 802.15.3a for UWB propagation in 3he receiver locks on to one of thi, cells to within a step

10 GHz band [6] is a (frequency selective) delay line baseize ambiguity. The number of cells in an uncertainty region

on the celebrated Saleh-Valenzuela (S-V) model [14]. Thisa§ N.T.. seconds is thug = N.T../t; = N.M.

characterized by two Poisson distributions for the arrival times2) Random search acquisition receivérhe random search

- one for the delay of the first path of each clusfgrwith receiver is very similar to the serial search receiver except that

a mean (cluster) arrival rate of; the second for the pathsthe search logic is to shift the phase of the local code by a

within each clusterr;,; with a mean (path) arrival rate of. randommultiple of ¢, chosen betweef and (¢ — 1). The re-

The distributions of the cluster and path arrival times are thgeiver continues to run with random jumps in local code phase

given by at each step until acquisition is achieved. The observation that

the MAT for random search may be significantly lower as
(6) compared to serial search in some profiles when the number

i ) . of multipath components is large provides a compelling case
Therefore, the multipath channel has the following discre{g stydy the random search receiver.

p(Ti|Ti-1) = Aexp [~A(Ti — Tiv))]
p(Tk7l|T(k,1),l) = )\exp [—A(Tk,l — T(k—l),l)]

time impulse response. 3) Non-consecutive search acquisition receiver with cell-
L-1K-1 by-cell detection (NCS-CC):The non-consecutive search
h(t) = Bre,id (t — Ty — i) (7) scheme was proposed in [12], where the scheme has been
=0 k=0 applied and analyzed for the acquisition of conventional DS-

wheregy,; are thereal multipath gain coefficients correspond-SS signals. In order to exploit the presence of multiple
ing to a baseband model. The multipath intensity profile &£lls, the search logic is modified such that the correlator step

defined by a double exponential decay model size isL t, durations, wherd., denotes the number of resolv-
) S ) able paths assumed known to the receiver. In the conventional
E [Bia] = Qoe™ e (8)  tapped delay-line model with a multipath component at every

where Q) is the mean power of the first path of the firsfap_ positioQ, the NCS scheme ens.ures thgt}bhec_ells are
cluster andl’ and 4 are the cluster and path decay factordniformly distributed in the uncertainty region. This reduces

respectively. The amplitudes are assumed to be independ@f Mean time to reach &, cell from an initial cell. An
log-normal distributions. additional phase adjustment by otweduration is required in

the search logic after every.T./Lt, = N.M /L steps to
o ] avoid testing the same cells over again in the next cycle and
C. Structures of the acquisition receivers ensure that all the cells in the uncertainty region are searched.
We consider four different acquisition receiver structures in 4) Non-consecutive Search Acquisition Receiver with Joint
this work. The first three - serial search, random search amdin-Cell Detection (NCS-TC)In wideband systems, the
non-consecutive search with cell-by-cell detection - can beceived signal energy is spread among many multipath com-
represented by the basic structure shown in Fig. 2, each dibnents. It seems reasonable then to expect that a search
fering only in the search logic employed, while the fourth, thecheme that utilizes energy over multiple paths would perform
non-consecutive search receiver with joint twin-cell detectidretter than the one that does not, i.e. bases it's decision only
receiver is depicted in Fig. 3. on isolated cells. A joint twin-cell detection scheme has been
1) Serial search acquisition receiverThe conventional proposed in [3], where the decision variable is formed by com-
method used to synchronize the received signal with théning detector outputs corresponding to two successive cells;
receiver’s local code is the serial search scheme using tearly the price is increased hardware cost due to the need
sliding correlator [15]. The receiver works by shifting thdor a pair of correlators. To avoid the problem of correlation
local code progressively in steps of size equal to the between successive decision variables, we implement the joint
multipath resolution. At every shift position (also called a cellfwin-cell scheme with non-consecutive search as suggested in
a decision variable is formed by correlating the local code wifti2], where a joint triple-cell detection scheme is employed.
the received code over a correlator dwell time, which in odrhe structure of the acquisition receiver employing NCS-TC is
case has been assumed to be one full period of the PN code stewn in Fig. 3. The receiver consists of a pair of correlators
» = N.T,. seconds. The decision variable is then compardidat are supplied by the same code generator; one of the inputs
with a decision threshold},. If the decision variable exceedsis however is delayed with respect to the other by one step
the threshold, the corresponding cell is tentatively declarsizet,. The outputs of the two correlatorg, andy, are then
to be an in-phase off; cell (signal present) and the systenadded non-coherently with equal weights to form the decision
goes into a verification mode. The result of the verificatiomariabley. If the two cells being combined ar; cells, the
stage may be a confirmation of thé;, cell, in which case combined outputy has a higher energy than that obtained
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YES ACQ

Verification  #——»

Sy (2)
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PN code and
Template Waveform Search Logic
Generator
Fig. 2. General structure of serial, random and NCS acquisition receivers
YES ACQ
Verification $——
p] 2
7 y=ri+r|
e L) Tp ¥ET,
NO
NO
Syt
Template
Waveform r'
Generator Lxt,
Fig. 3. Structure of an acquisition receiver employing non-consecutive search with joint twin-cell detection
using just one correlator. On the other hand, in th&" H, cell, the output of the
correlator is Gaussian with varian@é. N, as before, while its
I1l. PERFORMANCEANALYSIS meanN.«;+/ E. depends on the path amplitudg Therefore,

In this section, we analyze the serial and random sear}¢ conditional probability of detecting the" H, cell given
acquisition schemes and derive expressions for their MAT8€ I"" path amplitude is

Specifically the acquisition analysis in Sections IlI-B and IlI- Pp,(Tun) = Pr(|y| > Ty|Hy)
D and the expressions for MAT derived therein are new to the N.E.
best of our knowledge. =Q ( Ny (Ten— O”)) (10)
N.E.
+ Tin +
A. Probabilities of detection and false alarm @ ( No (Ten al))

Owing to the presence of. multipaths the uncertainty The false alarm and detection probabilities for the twin-cell
region consists of., H, cells and(q — L) Hy cells. In the scheme depicted in Fig. 3 are different and are shown in
presence of AWGN with power spectral densiy, the output section lI-F
y of the correlator in the receiver structure of Fig. 2 irf{g
cell is a zero-mean Gaussian random variable with a variari8e Serial Search in conventional multipath channels
of N.No. If we introduce a normalized thresholfi, related  Traditional analyses of acquisition using serial search in
to T), via Ty, = Yen NeV'Ex, the probability of false alarm is ¢onventional wideband multipath channels have made sim-
given by plifying assumptions, namely that the number of multipath

components is much smaller than the total number of cells

NCECT that the acquisition receiver has to test [3], [4] or that the
N th) 9) !

0 paths have equal powers [5]. In the following, a complete

Pra(Tw) = Pr(ly| > Tu|Ho) = 2Q (
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Successful

from the firstH; cell before encountering H, cell and
a total miss in any round, respectively.

(i) Given that the initial cell is thé!* H, cell, the transfer
function to reach the ACQ state is

Hi(2)(my) = Hp, (2) + Hu, (2) Hq—1.(2) (1) (12)

where Hp (z) and Hy;, (z) are the transfer functions
denoting absorption into the ACQ state starting from the
it" H, cell before encountering &, cell and missing
the H; cells numbered through L, respectively.

L
Hp, (2) IZ D zH 1—Pp,)z
T
Hu, (2) = H (1—Pp,;)z
Jj=t
. . Since each cell has a uniform probability bfq of being the
. starting cell, the overall transfer function of the serial search
Fig. 4. Circular state diagram for the serial search acquisition systemI% glven by

multipath

{ZH (H0)+ZH <H1)} 13)

analysis of serial search acquisition is presented without thehe mean acquisition time can then be obtained by
above assumptions by invoking the transfer function approach
7o dH (z)

for the acquisition time variable. We separately compute the neg =
transfer function starting from &/, (H;) cell to the final dz
acquisition state denoted bYC' Q). The relevant state diagram which (after some algebra) is given by
is shown in Fig 4.

X Tp (14)

z=1

= q— L\ = L\ =
(i) Given that the search starts inf& cell that is: cells LPacq = [< q )TWZO + (5) T‘w‘h} X TD (15)
to the left of the firstH; cell, the transfer function of _ _
the delay in reaching the ACQ state is given by where, T',cq, andTq.,, are the mean.number of steps that
would be taken to get to thdC'Q state if the search were to
Hi(2) gy = Hi(z) x | Hp(2)+ comimence from &, cell or aH; cell respect!vely and are
shown on the bottom of this page. In (16)p is the mean
HM(z)Héq’L’”(z)Hi(z)<H0) (11) number of steps to reach theC'Q) state starting from the first

H, cell given that the search doesn't encountdiacell and
P, is the probability of total miss which are given by

9 (o

(1_PDk)

_ Hg(2)Hp(z)
1— Hu(2)H 9 (2)

where, Tp =

Ho(z) = PFAz”l + (1= Pra) )

ZPD ZH 17PDk
] 1 k=1

Py =

Eh?Mh

™
Il
-

EquationT,.,, is essentially the formula derived in [3]
Hu(z H (1= Pp;) where it is assumed that the search starts outsidéfiheells.
=t When Pp, = Pp for all j, the formula forTacq simplifies
Hy(z), Hp(z) andHy, (=) are the transfer functions forto the one derived in [5] where it is assumed that all the
exiting a Hy cell, absorption into the ACQ state startingpaths have equal powers. At high signal-to-noise ratios when

— 2TD+(q+qP]\/I—L+1—ij)(l-f—JPf)-f—LP]\/[(l—JPf)

Tacqo = 2(1 — P]\{f)

- L L j—1

Tacqy = 7 Z (J—i+ 1)PDj H(l - PDk)) (16)
i=1 j=i k=i

SIS

_l’_

(2 (TD +(q— (1)(_1 ;A;f.]) + LPy +(L—i+ 1)) (H.(1 — PDk)>>
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Pra — 0andPp, — 1 Vi, the process takes one integratiothe search has &— L/q probability of starting in aH, cell
period to reach the ACQ state if the search falls in any of tlend al/q probability of starting in each of thél; cells, the
H, cells and(i+1) integration durations if it falls in &, cell effective transfer function to reach theaC'Q state is given by
that is7 cells removed from the nearesf; cell. Therefore,

Taeq reduces to (18), which is the same as that derived in [8]. H(z) = (q - L) Ho(2) + (1) i Hi(2) 1)
q q =1
Taeq(sat) = 1 L qz_f G +1)| x 7o The MAT is again calculated _ugi'ng (14). For random search,
q P (18) the formula for the mean acquisition can be shown to be given
_ (2(L—1)+(q—L+1)(Q—L+2))TD by the closed form
2q

= Prad(q—L)+q
Tacq = (L—P) X Tp
21:1 D,

Alternatively, the expression for MAT can be derived purely

In contrast to the conventional wideband channel mode|t A : .
) om probabilistic arguments. Since the search is memoryless,
the UWB channel models as prescribed by the IEEE 802.15 2 probability of acquisitiop,.., at any step is the probability

do not necessarily have multipath arrivals at every tap Iocati%p hitti L
. : . . itting one of theH; cells and detecting it.
of the delay line. Thus, the analysis of serial search in UW ¢ ! g

channels requires not only the knowledge of the number of 1 &
multipath components and théi,'s, but the relative locations Pacqg = q Z Pp,
of all the paths for each channel realization. This implies the =t
need for a realization dependant state diagram and resultahbe number of steps until successful acquisition is thus
MAT that must be averaged; owing to this complexity w@eometrically distributed with parametgy.,. If C}n) is the
resorted to simulations to determine the mean acquisition tinfée delay incurred by unsuccessful steps, then the MAT

(22)

C. Serial Search in IEEE 802.15.3a multipath channels

(23)

of serial search in UWB channels. can be determined from
D. Random Search for conventional wideband and UWB Tocq = {Z (C}") + 1) (1 _pacq)npacq:| D (24)
channels n=0

In the following we develop an analysis of random searciio calculateC}"), we note that given that there have been
acquisition that makes no assumption about the multipathunsuccessful attempts, the number of time&@cell has
arrivals and thus can be applied to both conventional widebaneen visited follows a binomial distribution with probability
channel models as well as the IEEE 802.15.3a models.

In random search, since tii& cells are dispersed randomly ;= Pr{H, cell| acq. unsuccessfhl

among theH, cells, the overall transfer function can be ~ Pr{acq. unsuccessflilH, cell} Pr{H, cell}
derived by noting that when the process is /g cell, it Pr{acq. unsuccessfl (25)
has al — L/q probability of transitioning to &1, cell in the _e-Dfa_ 4 _LL
next step and a/q probability of transitioning to each of the 1 — Pacq q—22 Pp,
L H, cells. Therefore, the transfer function for exiting By Therefore the time delay incurred duertainsuccessful steps
cell is given by is obtained by averaging oveéythe number of timeg/, cells
Ho(z) = (Praz’™' + (1 — Ppa)z) x are visited.
L
—L 1 19
(L) Ho(2) + (7) ZHi(z)} (19) S
q 1/ = C; :Z(I:i(PFA(J-Fl)-F(l—PFA))+(Tl—i)
where H;(z) is the transfer function for exiting thé" H, l:; _ , (26)
cell. On the other hand, when the search is in tfe H; (Z leo(lpro)(”ﬂ))
cell, it could move to theAC'Q state with a probability of — 1 (Prg Prad + 1)

Pp,, to a Hy cell with a probability of(1 — Pp,) (1 — L/q) o ) _ _
and to each of the remaining; cells with a probability of Substituting (23), (25) and (26) in (24), the MAT is obtained
(1— Pp,) (1/q). Therefore the transfer function from thi¢ @S

H, cell is given b _
1 g y Ta(;q _ PFAJ(L(/] L) +q ¥ T (27)
g—L 21:1 Pp,
Hi(z) = Pp;z+ (1= Pp;)z x {(T) Ho(z) In random search at high signal-to-noise ratio values, the
N & (20) probability of acquisition is just the probability that the search
+ (6) ZHJ(‘Z)]’ i=1,2.,L lands in one of thef; cells, which isL/q. The number of
j=1

jumps to get to &, cell follows a geometric distribution with
The H;(z)'s and Hy(z) can be obtained by simultaneouslya mean ofq/L. Therefore the MAT at high signal-to-noise
solving theL+1 equations obtained from (19) and (20). Sinceatios is
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B typically decaying profiles and the probability of false alarm
Tacq(sat) = (%) TD (28) is essentially given by

which is the same as predicted by (27) &4 =0, Pp, = 1

N.E.
vi. Pra(Yen) = Pr(y > Tw|Ho) = exp <—

2Ny

T?h) (30)

However, when the cells being combined die cells, the
decision variable has a Ricean distribution singeand yo
are non-zero mean Gaussian random variables. Therefore, the

The non-consecutive search was proposed by Shin and fgbabilities of detection are given by [16]
in [12], where a complete analysis is presented based on the

state diagram and the formula for MAT derived. The acqui- Po, = O ( | NcEe A [N E. Tt,> (31)
sition scheme described therein involves a verification stage ! No "7V No '

and the expression for the MAT has some minor typographical ) ) 5
errors. We re-derived the formula for the case of no verificatioN€r€ @1 (a, b) is the Marcum-Q function and is the non-

stage and corrected the typographical errors in the expresstghtrality parameter.
for T4, which is shown on the bottom of this page. { a1 1=1
by

In (29), JaZfar | 1=2.3,..L (32)

E. Non-consecutive Search with cell-by-cell detection in co
ventional multipath channels

H)y=1—Ppa+ (J+1)Pra
L

Hy =[] - Pp,) IV. SIMULATIONS
= We simulated both the conventional wideband channel
Hy = LH(l — Pp,) model and the IEEE 802.15.3a channel model to evaluate and
= compare the performances of the search schemes described in
, : the foregoing sections. For each channel realization, knowing
Hp(l,5) = Pp,,. 1-Pp,,, !
(h.3) = Po ,E< D“”“”) the channel gains, the analytical results were obtained by
oo _ izl first calculating the probabilities of detection and false alarm
Hp(,5) = Po,_y G =1+ D ]] (1—[’/% 7> from the equations shown in Sections Ill-A and IlI-F and
=1 subsequently using these probabilities in the MAT formulas

1. derived. For the simulation results, the probabilities were first
simulated and were subsequently used in the MAT simulations.

F. Non-consecutive Search with joint twin-cell detection iW either case, the MATs were averaged over 100 channel

. . realizations.
conventional multipath channels . . .
P For our simulations we used a UWB pulse of widts

The analysis of NCS-TC is the same &s that of NCS-Clyy 4 pN code of length28. Considering the bandwidth of
except that the false alarm and detection probabilities gffg pulse ¢ GHz), the multipath resolution, was taken to
modified due to the combining of the cells. When the tWgg 95 ns i. e. M = 4. The total number of cells in the
cells combined areH,, cells, the decision variablg has a uncertainty region is thug = 512. Threshold setting was

Rayleigh distribution sincg, andy, themselves are zero mean,ssed on constant false alarm rate (CFAR) wiftihy = 10—,
Gaussian random variables with varian¥eN,. However, it

is possible that the present cell isHy cell and the previous . .
cell is a H; cell. When this happens, thel; cell is the A. Conventional wideband multpath channel model

In the above expression§(l)) = [(I — 1) mod L

last multipath component, which has a small signal energyFig. 5 shows the results of the simulations using the conven-
component when the exponential profile is assumed. Furtliemal wideband channel model with exponential=€ 0.25)

this H; — Hy cell combination, which could lead to a falseand uniform ¢ = 0) power delay profiles for delay spreads
alarm, happens only once i cycles while theH, — Hy of 16 ns (L = 64) and32 ns (L = 128). Comparing (a) and
combination happeng;/L — 1) times every cycle. Therefore, (b) for L = 64 and (c) and (d) for. = 128, it is evident that

the effect of H; — Hy cell combination can be neglected inrandom search is the preferred strategy over serial search when

L L+l—1q 7 q 1 q q
. ! . / .
Z, L(ZL+Z—3—2(L+1>>HOHD(Z,3)+LHD(Z,])
L(1—Huy)

L
Z %HD(ZJ) ((g— L)HoHwn + Hiy)

X TpD
(29)

L(1— Hy)? XD
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Fig. 5. Mean acquisition time in conventional wideband multipath channel models with (a) uniform POP-ar@d and (b) exponential PDP antd = 64
(c) uniform PDP andL = 128 (d) exponential PDP and = 128

the multipath profile is uniform. In the uniform PDP casejumber of steps required to reachfHa cell decreases faster
while the performance of random search is the same as seftalrandom search than for serial search. In summary, random
search at lower SNRs, it clearly outperforms the latter at highseearch gives the most benefit whére multipath profile is
SNRs. On the other hand, when the profile is exponentialhiform and the number of multipath components is large
serial search performs marginally better than random search

at lower SNRs, but the latter quickly takes over as the SNR The NCS scheme, owing to its step size, reduces the number
increases. The reason is that while random search has @heSteps to reach i, cell compared to the conventional
advantage of being able to reachfa cell faster on average serial search. However, at low SNR values, when the detection
when the number of paths is large, the advantage of sef4pbabilities are low, this benefit is not apparent and so
search is that it encounters paths with higher probabilitidde performance improvement provided by NCS is not very
of detection earlier (relative to those with lower detectiofiignificant. At high SNR values, since ti#®, values are high,
probabilities) when the profile is exponential. However, seriff€ time required to get to thd; cells is the factor limiting
search does not enjoy its advantage when the profile is unifoM\T performance and thus the NCS scheme provides far
and it's performance is always worse than random search.gtter performance than serial search. In fact, at sufficiently
exponential PDP conditions, the natural advantage of rand&#§h values of SNR, the acquisition times obtained by using
search outweighs that of serial search only beyond a certf}§ non-consecutive search can be upLtéimes lower than

SNR. Further, as the number of paths increases, the mé3@se obtained using serial search. Like random search, the
NCS scheme also gives the most benefit when the multipath
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Fig. 6. Mean acquisition time in the IEEE 802.15.3a channel models (a) CM1, (b) CM2, (c) CM3 and (d) CM4

profile is uniform. Hence the non-consecutive schemes cannot be applied to UWB
The problem of small improvements in performance ahannels. Furthermore, the NCS and the NCS-TC schemes
low SNR values is addressed by the NCS-TC scheme. Tiheed knowledge of the number of multipath components,
use of equal gain combining improves the probability ofrhich requirement restricts its application. Considering these
detection and consequently there is a noticeable improvemeanstraints, we restrict our comparisons in 802.15.3a channel
in performance at low SNR values. The MAT curve could beodels to only the serial and random search schemes.
shifted further to the left by using more than two correlators For oyr simulations, we considereth0 realizations of
indicating a design trade-off between hardware complexity aggannel models 1 through 4 (CM1, CM2, CM3 and CM4)
performance. Moreover, beyond a certain point, the numbgfineq by IEEE 802.15.3a [6] with a resolution @R5 ns.
of correlators results in diminishing returns, particularly if thghe results of the simulations are plotted in Fig. 6, which
channel intensity profile is exponential in nature. shows the acquisition times as a function of SNR for the
two acquisition schemes - the conventional serial search and

B. UWB channel models random search schemes.

The NCS-CC and the NCS-TC acquisition schemes arelt is clear from the figure that the performance advantage of
designed to exploit the presence bfcontiguous multipath using random search increases with SNR as is the case with
components by having a step siZzetimes larger than serial conventional multipath channels and for the same reasons.
search. The IEEE 801.15.3a model however does not assurhe most striking observation however is that although the
presence of multipath components at contiguous tap locatiopsrformance of serial search is marginally better at lower
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SNRs, this difference diminishes as we move to higher channg@l] M. z. Win and R. A. Scholtz, “Impulse radio: How it works,” fEEE

models which are characterized by more random multipath ~Communication Letterssol. 2, pp. 36-38, Feb 1998. .
ival d longer delav spreads. In fact. as we move frd%‘%)] K. Siwiak, “Ultra-wideband radio: Introducing a new technology,” in

arrivals an 9 y sp - ; Proc. 2001 Spring Vehicular Technology Corgip. 1088—1093, 2001.

CM1 to CM4, the performance of serial search approachgs] S. Roy, J. R. Foerster, V. Somayazulu, and D. G. Leeper, “Ultra-

that of random search at all SNR values. wideband radio design: The promise of high-speed, short-range wireless
The reason for this behavior is that the inherent randomness connectivity,” in Proc. of the IEEE. Special Issue on Gigabit Wireless
I vior | I vol. 92, no. 2, pp. 292-311, Feb 2004.

of the multipath arrivals in the higher channel models gf2] O.S. Shin and K. B. Lee, “Utilization of multipaths for spread-spectrum
802.15.3a renders the behavior of serial search to be very code acquisition in frequency-selective rayleigh fading channels,” in
imil d h E in CM4. th Iti h . IEEE Trans. Communicatigrvol. 49, pp. 734-743, Apr 2001.

similar to random search. ven in , the muU_pat arr|va[§3] R. Roberts, “Xtremespectrum CEP docu-
are not completely random in that they are still clustered, ment” http://grouper.ieee.org/groups/
which explains the little difference in performance between the ~802/15/pub/2003/Jul03/03154r3P802-15

ial d d h As the multipath arrivals beco TG3a-XtremeSpectrum-CFP-Docum_en_tatlon.pdf i _
serial and ran Qm searches. As ultip v X mﬂ A. Saleh and R. Valenzuela, “A statistical model for indoor multipath
more random, i. e. thef; cells become more uniformly propagation,” inlEEE J. on Sel. Areas in Comynuol. SAC-5, no. 2,
dispersed amongl, cells, the performance of serial search  Pp- 128-137, Feb 1987. o

h d L h sch f h élS] A. J. Viterbi, CDMA: Principles of spread spectrum communication
scheme - or any _ete_rm|r_1|st|c search scheme for that matteT™ \a 'y, 's. A' Addison-Wesley, 1995.
would become indistinguishable from that of random seardhe] J. G. ProakisDigital Communications NY, U. S. A: McGraw-Hill,
This underscores the broad utility of the random search 1989
analysis developed - it can be used as a good modedrigr
deterministic search scheme where the multipath arrivals are

‘randomized’.

V. CONCLUSIONS

We have provided an accurate analysis of serial searchac-
quisition by removing the simplifying assumptions invoked fqg
conventional DS-SS systems that are not valid for wideba
systems employing short PN codes. We have also derived
expression for the MAT for random search that is applicable
any general multipath channel model. It has been shown t
in conventional wideband channel models, the random sea
provides significant improvement in performances over ser acquisition/synchronization issues of wideband sys-

search when the number of multipath components is large tems, localization and positioning, MAC design for

; : A ; d-hoc wireless systems and PHY-MAC cross-layer optimization. At present,
and especially when the multipath profile is more umfomﬁ'is focus is on the design of energy-efficient PHY and MAC principles for

Several indoor channel models like those used in UWB teffleless sensor networks.
to have random multipath arrivals. It has been shown that in

such channels, the random search analysis developed can be

used to model any deterministic search scheme.
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