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Abstract—The acquisition of ultra-wideband (UWB) signals is a
potential bottleneck for system throughput in a packet-based net-
work employing UWB signaling format in the physical layer. The
problem is mainly due to the low received signal power and the
fine time resolution which forces the acquisition system to process
the signal over long periods of time before getting a reliable es-
timate of the timing of the signal. Hence, there is a need to de-
velop more efficient acquisition schemes by taking into account
the signal and channel characteristics. In this paper, we investigate
two approaches, the square-and-integrate and the integrate-and-
square, which collect the energy in the mulitpaths by performing
equal-gain combining (EGC) to improve the acquisition perfor-
mance. We define the hif set as the set of hypothesized phases which
can guarantee adequate system performance after acquisition, and
also study the effect of the EGC window length on the acquisition
performance.

Index Terms—Acquisition, equal-gain combining (EGC), multi-
path channels, serial search, ultra-wideband (UWB).

1. INTRODUCTION

LTRA-wideband (UWB) signaling [1]-[4] is under eval-
U uation as a possible modulation scheme for wireless per-
sonal area network (PAN) protocols. The features of UWB radio
which make it an attractive choice are its multiple-access ca-
pabilities [1], [5], lack of significant multipath fading [6]-[8],
ability to support high data rates [9], and low transmitter power,
resulting in longer battery life for portable devices. The ac-
quisition of the UWB signal is a potential bottleneck for the
system throughput in a packet-based network employing UWB
signaling in the physical layer. The problem is mainly due to the
following two reasons. First, the received signal power is low,
which forces the acquisition system to have a large dwell time
in order to improve the signal-to-noise ratio (SNR) of the de-
cision statistic. Second, the large system bandwidth results in a
very fine time resolution of the ambiguity region, increasing the
number of phases in the search space of the acquisition system.
Thus, the acquisition system is forced to process the signal over
long periods of time before getting a reliable estimate of the
timing (phase) of the signal. Hence, there is a need to develop
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more efficient acquisition schemes by taking into account the
signal and channel characteristics.

The UWB channel is a dense multipath channel without sig-
nificant fading [7], [10]. In a dense multipath environment, there
will be a considerable amount of energy available in the multi-
path components (MPCs). It seems reasonable to expect that an
acquisition scheme which uses the energy in the MPCs would
perform better than one which does not. Acquisition schemes
which take into account the multipath nature of the channel have
been developed for the case of direct-sequence code-division
multiple-access (DS-CDMA) signals in [11]-[14]. Many of the
previous schemes proposed for UWB acquisition have not con-
sidered the UWB channel characteristics for analysis or sim-
ulation. For instance, either an additive white Gaussian noise
(AWGN) or a flat-fading channel model is assumed for anal-
ysis of the schemes discussed in [15]-[19]. Estimation-theoretic
approaches to UWB acquisition which exploit the cyclostation-
arity present in UWB signaling [20], [21], or perform subspace-
based spectral estimation [22] have been proposed. The problem
of efficient search strategies for UWB acquisition has been in-
vestigated in [23]-[25]. The performance of serial search strate-
gies for acquisition of general spread-spectrum signals in dense
multipath channels has been investigated in [26]-[28]. A more
detailed discussion of proposed UWB acquisition schemes can
be found in [29].

Considering that we have no information regarding the
channel state, there are essentially two ways in which we
can attempt to use this energy in order to develop a more
efficient acquisition scheme. In the first approach, the received
signal is first squared to eliminate the channel inversion, and
then equal-gain combining (EGC) is performed to exploit the
rich path diversity present in UWB channels. In the second
approach, EGC is performed first, and the integrator output is
then squared to generate the decision statistic. In the following,
we will refer to the former as square-and-integrate (SAI) and to
the latter as integrate-and-square (IAS). It is not exactly clear
which approach is more efficient. Also, the choice of the length
of the EGC window is not apparent. For instance, in SAI, a
small window will not collect enough energy, and thus will
result in a low probability of detecting the correct signal phase.
A large window may collect a considerable amount of energy,
even when the true phase does not match the hypothesized
phase, resulting in a high probability of false alarm. In this
paper, we derive and compare the performance of both SAI and
IAS as a function of the EGC window length.
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Finally, in a multipath environment without significant
fading, the ambiguity function!' does not have an impulse-like
shape, as it does in the absence of multipaths. In fact, the
ambiguity function decays slowly from its maximum value,
since a significant amount of energy is collected even if the
hypothesized phase is not equal to the true phase but is suf-
ficiently close to it. The fundamental difference between the
acquisition problems in a multipath channel and in a channel
without multipath is that there are more than one hypothesized
phases which can be considered a hit or a good estimate of
the true signal phase. Thus, there is a need to redefine the set
of hypothesized phases which correspond to a hit by taking
into account the channel model and the demodulator structure.
In this paper, we propose a definition of the set of hypothe-
sized phases which correspond to a good estimate of the true
signal phase by considering the demodulation performance
subsequent to acquisition. The presence of a high degree of
path diversity in the UWB channel motivates the use of a Rake
receiver to improve demodulation performance. The three main
Rake receiver structures considered for UWB signal demod-
ulation are the all Rake (ARake), the selective Rake (SRake),
and the partial Rake (PRake) receivers [8], [30]. The large
number of resolvable multipaths in the UWB channel obviates
the use of the ARake receiver due to the complexity involved in
its implementation. We assume that the receiver uses a partial
Rake (PRake) receiver to perform demodulation. Our choice is
guided by the fact that the PRake receiver has lower complexity
and still achieves comparable bit-error performance relative to
the SRake receiver [30].

The paper is organized as follows. In Section II, we describe
the system model under consideration. In Section III, we de-
fine the set of hypothesized phases which correspond to a hit
by considering system performance subsequent to acquisition.
We derive expressions for average probabilities of detection and
false alarm for SAI and IAS in Sections IV and V, respectively.
In Section VI, we give a design criterion for choosing the de-
cision threshold and derive the mean detection time for a serial
search strategy as a function of the average probabilities of de-
tection and false alarm. In Section VII, the mean detection time
and the probability of a miss are used as performance metrics to
compare the two approaches. Section VIII has some concluding
remarks.

II. SYSTEM MODEL
A. Channel Model

We assume that the propagation channel is modeled by the
UWRB indoor channel model described in [31]. This model gives
a statistical distribution for the path gains based on a UWB
propagation experiment, but does not address the issue of char-
acterization of the received waveform shape. Due to the fre-
quency sensitivity of the UWB channel, the pulse shapes re-
ceived at different excess delays are path-dependent [32]. To
enable tractable analysis, we assume that the pulse shapes asso-
ciated with all the propagation paths are identical. The channel

IThe ambiguity function is the correlation output of the received signal and
the locally generated template signal.
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is then a stochastic tapped-delay line model expressed as the im-
pulse response

Niap—1

h(t)= Y prhif(t— kT2 (1)

k=0

where Ni,p, is the number of taps in the channel response, 7. =
2 ns is the tap spacing, hy is the path gain at excess delay k7,
pr is equally likely to be 1 to account for signal inversion due
to reflections [33], and f(¢) models the combined effect of the
transmitting antenna and the propagation channel on the trans-
mitted pulse. The path gains are independent but not identically
distributed with Nakagami-rm distributions. The average energy
gains Q, = E[h2] of the path gains normalized to the total en-
ergy received at 1-m distance are given by

Eio —
Q _ 1+TtFt(E)7 fOI' k =0
T B e () fork=1,2,... Ny — 1
1+rF(e) s &y -+ - fVtap

)
where E} is the total average energy in all the paths normal-
ized to the total energy received at 1-m distance, r is the ratio of
the average energy of the second MPC and the average energy of
the direct path, € is the decay constant of the power delay profile,
and F'(e) = (1 —exp[—(Nyap —1)kT:/€]) /(1 —exp(—kT./€)).
According to [31], Eiot, 7, and € are all modeled by lognormal
distributions. The Nakagami fading figures {rn, } are distributed
according to truncated Gaussian distributions whose mean and
variance vary linearly with excess delay. In this paper, these
long-term statistics are treated as constants over the duration of
the acquisition process.

B. Transmitted and Received Signals

The transmitted signal is given by

W) =VF Y e-T—aT) O

|=—oc0

where 1(t) is the UWB monocycle waveform, P is the trans-
mitted power, Tt = N¢T. is the pulse repetition time, {¢;}
is the pseudorandom time-hopping (TH) sequence with period
Ny, taking integer values between 0 and Ny, — 1, and T is the
step size of the additional time shift provided by the TH se-
quence. The pulse repetition time 7t is chosen to be not less
than (N, 4+ Niap )T to avoid overlap between the multipath re-
sponses corresponding to distinct transmitted pulses.
If u(t) = h(t) % 2(t), the received signal is given by

r(t) =u(t) + n(t)
=VE Y wt—ITi—aT.—7)+n(t) @
l=—0c0
where

Niap—1

w(t)= > pehathe(t — KT). 5)

k=0

Here F is the total received energy at a distance of 1 m from the
transmitter, 1, (t) = f(t) * ¥(¢) is the received UWB pulse of
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duration Ty, < T, normalized to have unit energy, 7 is the prop-
agation delay, and n(t) is an AWGN process with zero mean
and power spectral density (PSD) Ny /2.

III. HIT SET DEFINITION

The timing information of the received signal is essential
for the performance of a receiver in a wireless communication
system. In a multipath channel, the energy corresponding to the
true signal phase is spread over several MPCs. The main differ-
ence between the acquisition problems in a multipath channel
and a channel without multipath is that there are more than one
hypothesized phases which can be considered a good estimate of
the true signal phase. In a multipath environment, the receiver
may lock onto a nonline-of-sight (non-LOS) path and still be
able to perform adequately as long as it is able to collect enough
energy. From the viewpoint of postacquisition receiver perfor-
mance, a receiver lock to any one of such paths can be consid-
ered successful acquisition. Thus, we require a precise defini-
tion of what can be considered a good estimate of the true signal
phase. A typical paradigm for transceiver design is the achieve-
ment of a certain nominal uncoded bit-error rate (BER) A,,. Then
all those hypothesized phases such that a receiver locked to them
achieves an uncoded BER of A, can be considered a good esti-
mate of the true signal phase. We define the hit set to be the set
of such hypothesized phases.

To simplify the analysis, we assume that the true phase 7 is
an integer multiple of 7. By the periodicity of the transmitted
signal, we have 0 < 7 < (N, Ny — 1)T... The hypothesized
phase 7 is also an integer multiple of 7, with the same range as
7. Then AT =7 — 7 = T} + BT, where a and 3 are integers
such that — N, +1 < a < Nyy —1and 0 < 8 < Ny — 1. For
a given true phase 7, let Pg(AT) denote the BER performance
of the PRake receiver when it locks to the hypothesized phase
7. Let T, be the minimum SNR at which the PRake receiver
achieves a BER of A, when it locks to the LOS path, that is,
Pg(0) < A\, when the SNR is T, and Pg(0) > A, for all SNRs
less than Y. Then for an SNR Y > 7T, and true phase 7, the
hit set is given by

Sy ={7: Pe(AT) < Ap}. 6)

To completely characterize the hit set, we need to calculate
the error performance of a PRake receiver which is locked to
a particular hypothesized phase 7. We assume that the modula-
tion format is binary phase-shift keying (BPSK) with Ny, con-
secutive UWB monocycles modulated by one bit. The signal
received during the demodulation stage is given by

rp(t \/_ Z b

l=—00

t—le—ClT —T)—l—TL() 7

where b; € {—1,1} for each i, |x] is the largest integer not
greater than z

Niap—1

> prhaihi(t — kT0) ®)

k=0

and n(t) is a zero-mean AWGN process with PSD Ny/2. The
PRake receiver is assumed to have N, fingers where N, <

w(t) =

Niap- When the receiver estimates 7 to be the true phase in the
acquisition stage, the PRake receiver estimates and combines
the paths arriving at delays 7 + k7. (k= 0,1,...,N, — 1) to
obtain the decision statistic. Since 7 = 7 + (aNf + 3)T, the
PRake receiver is estimating the values of po N, +g+iha N;+5+i
for: = 0,1,..., N, — 1, where we define p;, = hy = 0 for
k & {0,1,..., Niap — 1}. To make the analysis tractable, we
assume that PRake is able to estimate these path gains and in-
versions perfectly. The decision statistic for the mth bit, Z,,,
can be obtained by correlating the received signal with the fol-
lowing template signal:

(m—l—l)Nb—l
3b<t) = Z ’U(t —IT — T, — ’f’) )
l=mNb
where
Np—1
o(t) = Y Pantprihanirprit(t —iTe).  (10)
i=0
Then we have
) 7A'+[(m+l)Nb—1]Tf
Zn =5 1o (t)sn (1) dt
T+mNy T
P_l
- bm \/ Z paNf-i—@-l—z aNf-l—@-I—l +
1)_1
— bm \/ Z haNf+/i’+7, + np (11)

where ny, 1s a zero-mean Gaussian random variable (RV) with
variance o2 = (No/2Np) Y% " h2 N4 i Then from [34,
pp. 268-269], the average probability of error is given by

2E1 Ny, h?
Pe(AT)=E; |Q \/ . }ENO S

(-

2 aN¢+B+Ny,—

/ I

1=aNi+p3

2E,1 Ny, >
— | db
Npsin“ 0

where M;(+), the moment generating function of h?, is given
by
M1(3): (1_ ??%j) ? forze{07177Ntap_1}
L, otherwise.
(12)

Fig. 1 shows the hit set size as a function of the average energy-
received-per-pulse-to-noise ratio Ey Eio /Ny for Ay, = 10-3
Ny = 8 and N, = 5,10. The values of the other system pa-
rameters are given in Section VII. This plot confirms our claim
in the beginning of this section about the existence of multiple
phases where a receiver lock can guarantee adequate demodu-
lation performance.

IV. PERFORMANCE OF SAI

In this section, we derive the performance of an acquisition
system which takes the SAI approach.
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Fig. 1. Hit set size as a function of the average energy-received-
per-pulse-to-noise ratio for N, = 5, 10.

A. Derivation of the Decision Statistic

The acquisition system correlates the squared received wave-
form with a locally generated replica, and compares the corre-
lator output with a threshold to determine whether the hypothe-
sized phase of the replica is correct. If the threshold is exceeded,
the hypothesized phase becomes the estimate of the true phase.
We assume that the normalized received monocycle waveform
1, (t) and the TH sequence {c¢;} are known to the receiver. We
propose to use an equal-gain combiner of window size G. The
receiver template signal w,(t) is given by

Q

wi(t) = ) it - kTe).

0

(13)

7~
Il

The reference TH signal can be obtained by combining the re-
ceiver template signal w,(¢) and the known TH sequence as

M Nip—1

Z wr(t—le— CITC —72)
=0

s(t) = (14)

where M specifies the number of TH waveform periods in the
dwell time and 7 is the hypothesized phase. The correlator
output is given by

T+MNin Tt
1 2
= t)s(t)dt
. A0
7T+ M Nw Tt
1 2
= t)s(t)dt
MN. u”(t)s(t)
7T+ M Nen T
2
t)s(t)n(t)dt
+ o u(®s(On(1)
T4+ M Ny Tt
1 2
t)s(t)dt 15
N as)
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The first term in (15) can be simplified to

Niap—1

EiRy2(0) D ri(Ar)hi

k=0

R(AT;h) = (16)

where h is an Ntap >< 1 vector containing the channel gains,
Ryn(v) = [Z_ 4™ (t)¢r(t 4+ v)dt and ry(AT), the average
number of times the energy in the kth MPC is collected by one
period of the reference TH signal, is given by

x(c1+37+ B, ciyiva +k+iNg)

a7
where x(a,b) = 1 if a = b, and 0, otherwise. The value
of 7,(AT) depends on the particular pseudorandom TH se-
quence chosen. To simplify the analysis, we assume that the
TH sequence is random and that Ny, is large. Under these
assumptions, the mean value of r; (A7) is a reasonable ap-
proximation to the actual value. The mean value of 7 (A7) is
calculated in the Appendix by averaging over the set of random
TH sequences.
Conditioned on the random vector h, the second term in (15)
is a zero-mean Gaussian RV with variance

N T4+ M Ny Tt
2
2 . 0 2 2
o2(AT;h) = TENT W(t)s*(t)dt  (18)
Ntap—1
2F, Rwa (O)NO !
. A § AT)R2 (1

where the second equality is obtained by exploiting the sim-
ilarity between the integral in (18) and the first term of (15).
We have also used the fact that

MNgu—-1G—1

> Wit -k
=0 k=0

— T —eT.—7)  (20)

which differs from s(¢) only in the exponent of the received
pulse waveform 1, ().

We approximate the third term in (15) by a Gaussian RV with
mean /i, and variance 1/ , which are given by

T+M Niw Tk

1

= E 2(8)s(t)dt
=B | [ s
N T+M Ny Tt
0
- t)dt
M Ny, s(t)

_ GRy,(0)Ng
o 2
_GN,

; @
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and
F4+M N T 2
1
vy = ENT ———F n?(t)s(t)dt -

th J
P

E [ M NaTE M No Ty nZ(t)nZ(u)s(ws(u)dtdu}
M2Nt2h

8

T+ M Ny, T
NO

4M2Nt2h

+ s(t)ydt | — u?,
2
_ Ng Ry (0) 22)
2M Ny
respectively. Note that the expectation in the derivation of 1,
and 1/}2, is only with respect to the noise process n(t). This ap-
proximation is accurate provided that the product of the inte-
gration time M N, T} and the bandwidth of the system B is
large [35, pp. 240-250], which is the case for the scenarios we
consider.
Then the correlator output can be written as

= R(A7;h) +n, (23)

where, conditioned on h, n, is a Gaussian RV with mean /.,
and variance o (A7;h) + 12

B. Average Probabilities of Detection and False Alarm

For a particular channel realization h and fixed A7, the de-
cision statistic y in (23) has a Gaussian distribution with proba-
bility density function (pdf)

—(y=R(AT;h)—py)*
exp[ 2(e2(ATsh)+v2)

\/27r )2A7'h —l—l/).

(24)

py(y) =

The probabilities of false alarm and detection conditioned on the
particular channel realization and given the decision threshold
v are given as

Pra(7y, At|h) = Prly > 7|7 & Si]
— R(A1;h) — .
_o(? ( ) ¢S
O';(AT;h) —1—1/3
(v, At|h) = Prly > 7|7 € Sy
— R(A+h) —
:Q Y R( 75 ) “) , ’f‘ c Sh-

02(Ar;h) + 12

From (16) and (19), one sees that the conditional probabilities of
false alarm and detection depend on h only through s(A7;h) =

kN;“(;)_l r5(AT)hZ. Using (16) and (19), we define

7 = By Ry (0)s(Arsh) — py

2E1 R ;3 (0)No
MNoy °

Since the path gains hy, (k = 0,1, ..., Niap, — 1) are indepen-
dent, the characteristic function of s(A7;h) is given by

I(s(At;h) = Q (25)

(AT;h) + v2

Niap—1

= ] Mx(ri(Ar)w)

k=0

O (w; AT) (26)

where M, (-) is defined in (12). The pdf of s(A7;h) is given
by fo(z; AT) = (1/27) [T @y(w; AT)e <" dw. Then for 7 ¢
Sh, the probability of false alarm averaged over the channel re-
alizations is given by

Ew [Pra(y, Atlh)] = Ex [I (s(A7; h))]

oo

- / T(8)fu(ts A7),

0

27

Similarly, for 7 € Sy, the average probability of detection is
given by

En [Po(v, Arh)] = /1 )fo(t; AT)d (28)
0

The structure of M () prevents evaluating f5(-) in closed form.
So we resort to numerical integration to calculate f(-) and the
average probabilities of false alarm and detection.

V. PERFORMANCE OF IAS

In this section, we derive the performance of an acquisition
system which takes the IAS approach. The derivation of the de-
cision statistic in this case is very similar to the decision statistic
derivation in the previous section. All the relevant assumptions
made in the previous section, to enable tractable analysis, still
hold unless stated otherwise. To avoid repetition, we only de-
fine those quantities which have not already been defined in the
previous section.

A. Derivation of the Decision Statistic

In this approach, the acquisition system correlates the re-
ceived waveform with a locally generated template signal and
squares the integrator output to generate the decision statistic.
The receiver template signal v, (t) is given by

G—-1

Z P (t — ETe).

k=0

v (t) = (29)



484

The reference TH signal is given by

MNy,—1
gt)= > ot =T — o/T. - 7). (30)
=0
The decision statistic is given by
r F+M N T 2
1
= t)q(t)dt
=, ) 0
- . >
Niap—1
= |VE Y ru(Ar)prhi+n, (31)
L V(Avf;h)

where n, is a zero-mean Gaussian RV with variance 02 =

GNy/2M Ny, and 1 (A7) is given in (17).

B. Average Probabilities of Detection and False Alarm

For a particular channel realization h and fixed A7, the de-
cision statistic z in (31) has a noncentral chi-square distribution
with pdf

1 _(:+V2(Ar;h)) Arh
pr(z) = ——e 202 cosh VzV(AT:h) )
V21zo, o2

The probabilities of false alarm and detection conditioned on the
particular channel realization and given the decision threshold
~v > 0 are given by

Pra(y, At|h)
= Prlz > 7|7 & Si]
—Q <M> L0 <M> 7

V4 UZ
7 g Sh
PD(77 A7—|h)
= Pr[z > |7 € Sy
v — V(AT;h) v+ V(AT;h)
(AT o (VI VAT,
Oy Oy
7 € Sh. (32
Before we derive the average probabilities of detection and
false alarm, it is instructive to look at the characteristic function
Oy (w; A7) of V(AT; h). Since the polarities p, and path gains
hy are independent, we have

Oy (w; AT)
— tﬁil ¢k(\/E_1rk(AT)W)z¢k(_‘/E_1Tk(AT)w) (33)
k=0

where ¢(-) is the characteristic function of the Nakagami-m
distributed hj, [34]. Since the hy’s are real-valued, the ¢ (-)’s
are conjugate symmetric functions, and hence, ®v (-) is a real-
valued function.
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The Gil-Pelaez lemma [36] gives an alternative form of the
Q function as

T 1 2
/26_7 sin(tz)dt. (34)
0

Substituting this form of the @ function in (32), the probability
of false alarm averaged over the channel realizations, for 7 ¢
Sh, is given by

EH [PFA('Y7 AT|h)]

1 1 t2
_ 1__/_6*731{
T t

0
t —V(Ar;h t V(AT;h
x[sin (ﬁ (Ar; )) +sin (ﬁ—i_ (Ar; ))]dt
Oy, 0y
T t2 t :
= 1_3 /le_TSin(ﬁ )EH {Sinw}dt
™ t (] 0y
B 2 ool e VIt jY(Ari)e
=1 7r/te 2 Sm( p )IIH{EH [e 7 ]}dt
0
2 Ool 12 t t
—1- —/—e_Tsin(ﬁ )@V <_;AT> it (35)
T ) t o, o,
0

where the last equality follows from our observation that ®+/(-)
is real-valued. Similarly, for 7 € Sy, the average probability of
detection is given by

Ey [Pp(v, At|h)]

oo P "
_q1_2 / L% sn (‘ﬁ ) oy <i;A7) dt. (36
™ t Oy Oy,
0

VI. MEAN DETECTION TIME ANALYSIS OF SERIAL SEARCH

We define a hit or detection event as the event when the deci-
sion threshold is exceeded for some 7 € S},. We define a miss
as the event when the decision threshold is not exceeded for all
7 € Sy. Although the average probability of a miss is a po-
tential indicator of acquisition system performance, the mean
acquisition time is usually the metric used to evaluate the per-
formance of acquisition systems [35]. The calculation of the
mean acquisition time enumerates all false alarms which occur
before a detection event and associates a false-alarm penalty
time T}, to each one of them. The false-alarm penalty time is
equal to the dwell time of a verification stage in the acquisition
system which aids in the confirmation of detection events and
rejection of false-alarm events with high probability. In other
words, a good verification stage simultaneously achieves low
probabilities of miss and false alarm. The choice of the mean
acquisition time as the performance metric implicitly assumes
that one can construct such a verification stage. However, for
threshold-based UWB acquisition systems, it is shown [37] that
the average probabilities of false alarm and miss cannot be made
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arbitrarily small, even in the asymptotic scenario of the SNR ap-
proaching infinity. Thus, it is not apparent how one would build
a good verification stage for such systems. We propose to deal
with this problem by choosing the decision threshold y such that
the average probability that the acquisition process will end in
a false alarm, Pg (), is small. The justification for this design
is that a false alarm is a more serious problem in the absence of
a verification stage. Then if Pr(~) is small enough, we can use
the mean detection time as the performance metric. The mean
detection time is defined as the average time it takes for the ac-
quisition process to end in a detection event in the absence of
false alarms.

In the Appendix, we calculate Pr(+y) as a function of the av-
erage probabilities of detection in the hit set and the average
probabilities of false alarm at the phases not in the hit set. We
choose the decision threshold -4 to be the minimum threshold,
such that Pr(7) is not greater than a given positive constant
6 <1

Ya = inf {y|Pr(y) < 6}. (37
If the correlator outputs for different phase evaluations are as-
sumed to be independent, then the average probability of a hit
for a particular 7 is Ep,[Pp (4, A7|h)], and the average proba-
bility of a miss is given by

Pu= [I (0= En[Po(ra, A7|R)]) .

TESh

(38)

The mean detection time depends on the search strategy
employed, and to illustrate the effect of the choice of G, we
assume that a serial search strategy is used. Owing to our
definition, the hit set Sy, consists of a contiguous set of H
hypothesized phases within the search space. The search space
istheset S, = {nT. : n € Zand 0 < n < N; — 1}, where
Ng = N Ns. Let the first phase of the hit set be at position A
in the search space S},. Then the hit set consists of the phases
{(A-1T., AT,..., (A + H —2)T.}. The initial value of the
hypothesized phase Wthh corresponds to the starting point of
the search is chosen at random from the set S,,. Thus, there is
no loss of generality in assuming that A = 1.

We need to consider all possible sequences of events leading
to a hit or detection event. The mean detection time can then be
calculated as the average time taken for each of the detection
events. A detection event is defined by a particular position 7
of the initial value of the hypothesized phase in S,,, the position
1 of the hypothesized phase in S} where we have a hit and a
particular number of misses j of Sy,. Let Tget(n) be the mean
detection time conditioned on the event that the serial search
starts at the nth position in .S, i.e., the initial value of the hy-
pothesized phase is (n — 1)T,. Then the mean detection time is

1 &
Taer = 3~ Z_j et ( (39)

First, suppose that the initial value of the hypothesized phase
lies to the right of the hit set, i.e.,n € {H+1,H+2,..., N}.

The total detection time for a particular detection event defined
by (n,7,4) is then
T(n,j,i) =(Ns —n+ 1)T + jNT +iT

(Ny—n+ 1+ jN,+i)T

(40)

where 7' is the dwell time for the evaluation of one hypothesized
phase. Let P4(7) denote the average probability of detection of
the +th phase of the hit set. The average probability of the serial
search missing the hit set is Py; = Hfil[l — Py4(4)]. Then the
probability of j misses of S}, followed by a hit at the phase in
Sy which is at the ith position of the hit set is Py; Py (7) where
Py(i) = Py(4) H:;ll [1 — P4(7)]. The mean detection time con-
ditioned on the starting point of the serial search is given by

ZZ n,j,t )PMPh()

Tdet(
A rN —ntitl N.P,
s si M .
= T Py (1
; { 1— Py (1 - Py)? h(@)
N.PyT
=(N, —n+1)T + 250
( n+1)T + Py,
H . .
TPy
n > iz 1T PL(3) @1

1- Py

where we have used the identities Zfil Py(i) = 1— Py in
obtaining the third equality.

Now suppose that the initial value of the hypothesized phase
falls in the hit set, i.e., n € {1,2,..., H}. Let m be the total
number of phases evaluated for a particular detection event. We
can partition the set of detection events into two sets, one con-
taining those events for which m < H — n + 1 and the other
containing those events for whichm > H —n+1. The mean de-
tection time for events in the first set is just m71’, and for events
in the second set, it is Taet(H + 1) + (H — n + 1)T, where
Taet(H + 1) is obtained from (41). Averaging over the total
number of phases evaluated, we get

H

=S (i —n+ 1)TPu(i) 1:[ (1= Pa(4))

i=n

Tdet <n>

H
+ (Taet(H + 1)+ (H —n+ 1)T Hl—Pd (42)

From (41) and (42), we obtain the conditional mean detection
times Tyet(n) for all values of n € {1,2,..., Ng}. The mean
detection time is obtained by substituting these values in (39).

VII. NUMERICAL RESULTS

In this section, we compare the performance of SAI and IAS
in terms of the average probability of a miss Py; and the mean
detection time T got. We also investigate the effect of increasing
the EGC window length on these performance metrics for both
schemes. We choose the following values for the system pa-
rameters: the TH sequence period N, = 256, N, = 16, the
length of the channel response Ni,, = 100, Ny = 116, and
the number of monocycles modulated by one bit Ny, = 8. The
nominal uncoded BER requirement is set to be A, = 1072, The
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Fig.2. Effectof EGC window length on the probability of a miss for SAI when
N, = 5.
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Fig.3. Effect of EGC window length on the probability of a miss for SAI when
N, = 10.

decision threshold 4 is chosen to be the minimum threshold
such that the bound on Pg(vq) is & = 0.05. We assume that
Fi.t = —20.4 dB, which is its mean value when the trans-
mitter—receiver (T-R) separation is 10 m [31]. We choose the
power ratio r = —4 dB, decay constant ¢ = 16.1 dB, and fading
figures my, = 3.5 — (kT./73), 0 < k < Niap — 1, which are
their mean values given in [31].

Figs. 2 and 3 show the effect of increasing GG on the average
probability of a miss Py; for SAI when the number of PRake
fingers are N, = 5,10, respectively. For each value of IV,
we plot Py for the average energy-received-per-pulse-to-noise
ratio Fy Eiot /Ng = 7,10,15,20 dB. When E Ey /Ny is low,
Py decreases at first as G increases, and then begins to increase.
When E Eiot /Ny is low, increasing G helps combat the effect
of the noise by collecting more energy when the hypothesized
phase belongs to the hit set. This is the reason for the initial
decrease in Py;. At the same time, the energy collected in the
nonhit set phases begins to increase, resulting in a much higher
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threshold being chosen to ensure that Pr(~4) does not exceed
6. Consequently, the probabilities of detection decrease, causing
Py to increase. When Ej Eyio/Np is high, the detrimental ef-
fect of the noise is not very significant, and hence, increasing G
does not improve the probabilities of detection significantly. But
the probabilities of detection suffer from the stringent choice of
threshold required to keep Pr(7a) small. This is the reason for
the increase in Py with G for high values of E Eot/Ng. The
values of Py; show a slight decrease for large G in the case when
N, = 10, compared with the case when N, = 5. This is be-
cause the hit set is larger when IV, = 10, but the probabilities of
detection in the additional phases becomes significant only for
large G.

Figs. 4 and 5 show the effect of increasing G' on the av-
erage probability of a miss Py; for IAS when the number of
PRake fingers are NV, = 5,10, respectively. For all values of
E1Eio1/No we considered, Py increases with G from a value
close to zero to a value close to one. Thus, performing EGC
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Fig. 6. Effect of EGC window length on the mean detection time for SAI when
N, = 5.
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Fig.7. Effect of EGC window length on the mean detection time for SAI when
N, = 10.

in the TAS approach actually results in a degradation in perfor-
mance. As G increases, the EGC window collects multiple paths
which may have opposing polarities resulting in cancellations,
and hence, a decrease in the probabilities of detection in the hit
set phases. This is the reason for the increase in Py with G.
This cancellation effect is also present in the nonhit set phases,
resulting in a less stringent choice for the threshold needed to
keep Pr(~q4) small. This effect is absent in the case of SAIL be-
cause the squaring operation eliminates the path polarities. The
small values of Py; (for small G) suggest that IAS does a better
job of averaging out the effect of the noise than SAI. Squaring
the received signal before integrating seems to be preventing this
averaging effect in SAI, resulting in higher values of Py; when
E1E;ot /Ny is low. When F; Eiot /Ny is high, the less stringent
threshold results in smaller values of Py for IAS in comparison
to SAIL Once again, the presence of a larger hit set for N, = 10
results in smaller values of Py for IAS, in comparison with the
case of N, = 5.
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Fig. 8. Effect of EGC window length on the mean detection time for IAS when
N, = 5.
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Fig.9. Effect of EGC window length on the mean detection time for IAS when
N, = 10.

To compare the performance of the two schemes in terms of
the mean detection time T 4et, we assume that the dwell time
is equal to one period of the TH sequence, i.e., M = 1 and
T = Ny NtT.. Figs. 6 and 7 show the mean detection time in
seconds (at different values of £y Eo/Np) for SAI as a func-
tion of G for N, = 5,10, respectively. Figs. 8 and 9 show
the corresponding plots for IAS. For both schemes, the effect
of increasing G on the mean detection time mirrors its effect
on Py for the same reasons mentioned in the previous para-
graph. Once again, performing EGC is beneficial in the SAI
approach, and causes performance degradation in the TAS ap-
proach. For SAI, we observe that the minimum mean detection
time is achieved for some value of GG larger than one. This value
of G changes with E E\t /Ny, but is the same even when the
number of PRake fingers [V, is increased from five to ten. In-
creasing IV, keeping the E; F /Ny fixed increases the size of
the hit set. But the probabilities of detection in the additional
phases becomes significant only for large values of G where
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the probabilities of detection have already been lowered by the
stringent choice of threshold. On the other hand, the IAS ap-
proach achieves mean detection times which are significantly
lower than the corresponding values for SAT when F1 Fiot /No
is low, and hence, is a more efficient scheme. Even though the
probabilities of detection get better as Fj Eyo /Ny increases,
the mean detection time does not change significantly, since it
is dominated by the time the acquisition system spends in the
nonhit set phases. The minimum mean detection time is seen to
be of the order of a second, which is too high from a practical
system viewpoint. This is due to the large search space and the
fact that the serial search has to evaluate a considerable number
of phases on the average before it encounters the hit set. This
issue can be alleviated by a parallel search strategy.

VIII. CONCLUSIONS

We have analyzed two approaches, SAl and IAS, for the acqui-
sition of UWB signals which perform EGC to use the energy in
the multipaths. By considering system performance subsequent
to acquisition, the set of phases which can be considered a hit was
obtained. In the SAI approach, performing EGC improves ac-
quisition performance at low SNRs, while it causes performance
degradation in the IAS approach. With mean detection time as
the metric for system performance, we observe that the TIAS
approach outperforms the SAI significantly. Thus, EGC may not
be a good method to use the energy available in the multipaths to
improve acquisition performance. Finally, the far-from-practical
values of the mean detection time obtained motivate the need
for a parallel search strategy and the development of acquisition
schemes capable of reducing the search space.

APPENDIX

A. Average Number of MPCs Collected

The calculation of the expected value of 7 (A7) is made easy
by the observation that it is a sum of Bernoulli distributed RV's

ri(aTin + BT
Ny —1

X(Cl +.7 + /H7Cl+i+o¢ + k + ’I/Nf) .

v

Bernoulli RV

Hence, the expected value is just the sum of the probabilities of
the events of each Bernoulli RV taking the value one

G-1
Pr X(Cl+j+/87cl+i+a+k+iNf) =
j=0
U (Clyita +Ek+iNe=c1+j5+ )
G-1
=) Prlagiva+k+iNe=ci+j+ /]
7=0
G-1 j+B+Nn—1
7=0 m=j+03
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X Pr[cl_,_i_,_a + k+iNg =

XPr[cl—l—j—l—ﬂ:m]
G—1 j+B+Nn

mlc;+ 7+ 0 =m)]

X PI'[CH_H_a +k+ ’LNf =
G—-1 j+B+Nn—1 1
= Z Z — PI‘[CH_H_Q + k+ 1Ny = m]
Ny
m=j+0
G—1min{j+B+N,—1,k+iN¢+N,—1}
= DR
j=0 m=max{j+3,k+iN¢} 1
G—1min{j+8,k+iN¢}+Np—1 1
> NE-

=0 m=max{j+3,k+iN¢} h

mle+ 7+ 0 =m]

M

(43)

The sixth equality in the above calculation is due to the
random sequence assumption which does not hold if
i+ a = 0(modNyy,). If there is an 7; € {0,1} such that
i1 + a = 0(modNyy,), we have

G—-1
Pr x(c+J5+ B, crpira +hk+i1Np) =1

.
Il
=)

=UB+G —1,k+i;N)U(k + i, N, B)  (44)

where U(a,b) = 1if a > b and 0, otherwise. In general, we
have

E [rk(aTr+BT.)] = U(B+G—1, k+iy Ne)U (ki1 Ny, B)

1 G—1min{j+8,k+iN¢}+Np—1
+>

1
2: N2
101]0

i m=max{j+3,k+iN¢} h

(45)

where the expectation is over the set of random TH sequences.

B. Average Probability That the Acquisition Process Will End
in a False Alarm

Most of the notation used in the following has been defined
in Section VI during the calculation of the mean detection time.
As in the calculation of the mean detection time, we assume that
the hit set consists of the phases {0, Tt., 2T, ..., (H —1)T.} in
the search space S, = {nT, :n € Zand0 < n < N,—1}.Let
Pr(~y,n) be the average probability that the acquisition process
will end in a false alarm conditioned on the event that the serial
search starts at the nth position in S;,. Then we have

(40)

1 &
:FZ

First, suppose that the initial value of the hypothesized phase
lies to the right of the hit set, i.e.,n € {H + 1, H+2,..., Ns}.
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Let P¢(7) denote the average probability of false alarm at the ith
position of the search space when H + 1 < 7 < Nj. Then

Pr(v,n)
N, Ns
- 1_H(1_Pf(z'))+ H(I—Pf(i))
_z:n X =n N,
x|1= T =P Pt | T (1—Pe(i))
i=H+1 i=n
r N, Ns
X H (1= Pe(d))| x |1~ H (1—Pe(i))| Py
Li=H+1 i=H+1
- N, N, 2
+[[a-rap|| TI -~
Li=n 1=H+1
.
x (1= J] Q=P@))| P+
L i=H+1
N
=1-TT(-P(3))

[T, (L= Pe(i))] [1 =TT 2 (L= Pr(0))| P
L= Pu T g0 (1= Pe(i)

T[0-P6) 1=l

Faled 1= Py T gy (1= Pr(i))

+

=1-

(47)

Now suppose that the initial value of the hypothesized phase
falls in the hit set, i.e., n € {1,2,..., H}. Then

Pe(v,m) = Pe(y, H+ ) T (1= Pala).

=n

(43)

The average probability that the acquisition process will end in
a false alarm is now obtained by substituting (47) and (48) in

(46).
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