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Double-Dwell Hybrid Acquisition in a DS-UWB System

In this paper, we analyze the performance of double-
dwell hybrid initial acquisition in a direct sequence ultra-
wideband (DS-UWB) system via detection, miss, false
alarm probabilities, and mean acquisition time. In the
analysis, we consider the effect of the acquisition sequence
as well as the deployment scenario of the abundant
multipath components over small coverage of the piconet
in the DS-UWB system. Based on the simulation, we
obtain various performance measures for the mean
acquisition time by varying parameters such as the total
number of hypotheses to be searched, subgroup size, and
dwell time. We thereupon suggest the optimum pafameter
set for the initial acquisition in the DS-UWB system:
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1. Introduction

Ultra-wideband (UWB) technology is the basis for wireless
personal area networks (WPANSs), intended for use on 3.1 to 10.6
GHz of unlicensed band,‘subject to the FCC Part 15 rules that
specify a maximupafransmit power spectral density of 41.3 dBm.
UWB scheme§ ean achicve, very high aggregate data rates over
short distances due to the ultra-wide bandwidths employed.

If a direct sequence UWB (DS-UWB) system, the goal of
acquisition is to achieve the time alignment between the
received spread code and the locally generated code to the
accuracy of a fraction of one spread code chip. Unlike the
conventional DS-CDMA system, acquisition is based on the
acquisition sequence, not on the spread code itself.

One approach to achieving rapid acquisition is to use a double-
dwell scheme rather than a single-dwell scheme [1], [2]. The
advantage of the double-dwell scheme comes from the significant
reduction of costly false alarms. A double-dwell scheme has two
stages: search and verification. The former is used to make a
tentative decision on the received code phase, and the latter is
used to verify the decision in the search stage. To avoid increasing
the correlation intervals for better reliability, verification methods
based on multiple observations [2], [3] or differentially coherent
combing [4] have been investigated. In multiple observation
methods, a number of correlations are performed to obtain
multiple observations for the cell under testing.

In this paper, we focus on the issues of initial acquisition in a
DS-UWB system based on the acquisition sequence defined in
the IEEE802.15.3a proposal [5] and the specific UWB channel
model where abundant multipath components exist [6].
Compared with other studies, we obtain meaningful analytical
results on initial acquisition, which are specific to the UWB
channel environment in the presence of multiple /A, hypotheses
(in-phase cells) and data modulation in the acquisition sequence.
We use the hybrid double-dwell scheme and divide the
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hypotheses into several subgroups. The subgroup with H,;
hypotheses is called an H, subgroup. Otherwise, the subgroup
with only H, hypotheses (out-phase cells) is called an H,
subgroup. The simulation results for detection, miss, false alarm
probabilities, and mean acquisition time are also presented under
the UWB channel environment. Furthermore, we suggest the
optimum dwell time and number of subgroups in search and
verification modes based on the simulation results.

The remainder of this paper is organized as follows. In
section II, we analyze a specific scenario in the UWB system
and theoretically derive the detection, miss, and false alarm
probabilities in search and verification modes. Also, we obtain
the state transfer diagram and analytical mean acquisition time
based on the above probabilities. All the analyses are
conducted on the basis of a double-dwell hybrid acquisition
scheme. We present the performance of initial acquisition in the
DS-UWRB system based on the acquisition sequence defined in
the proposal and the double-dwell hybrid acquisition scheme in
section III. Finally, conclusions are presented in section IV.

II. Analysis of Initial Acquisition Performance

1. Probability Distribution Function for DS-UWB System

With a large number of multipath components, the complex
amplitude of the received signal has a complex Gaussian
distribution [6]. Based on a non-coherent detector struéture) the
decision variable 1, which is the sum of mutuallj~independent
I/Q non-coherent correlator outputs Z, L=1, 2;---, L, is chi-
squared distributed with 2L degrees_of freedom under an H, or
H, hypothesis [7]. The in-phaseseell'is deneted by H)and the
out-phase cell is denoted( by 44, The probability density
function of n under His

7
L-1 Vi,

£, (nHy) , (1)

S (L-DWy
where L is the post-detection integration period. Furthermore, we
use Vy, to represent the correlator output when the Hj cell is
under testing and V=N_l,. Here, N, is the spreading factor of the
acquisition sequence and /; is the interference spectral density
which is caused by the background noise and other interference.

In this paper, we consider a multiple number of H,
hypotheses. The probability density function of n under an H,
hypothesis is given by

YAG @
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where Vy,, refers to the output of the I/Q non-coherent
correlator when the i-th H) hypothesis is under testing. In (3),
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Vu,, is given by considering the effect of data modulation in the
acquisition sequence:

Vy =N2ES d*0) R (-2 )/ N, )

j=1
-Ela;]-R2(&-7,)+ N I,
i=12,---,1.

G)

Here, the acquisition sequence is generated in a manner in
which a PN sequence is spread by the piconet acquisition code
(PAC) [5]. In (3), E. is the chip energy of PAC; d(f) is the PN
sequence to generate the acquisition sequence with a
normalized autocorrelation function R, R. is the normalized
autocorrelation function of the PAC; and ¢ and 7; are the time
information of the i-th H, hypothesis and the j-th path,
respectively. Both time information values are normalized to
one chip period 7. of the PAC.

According to the IEEE 802.15.SG3a final channel report [§],
we have

I
DIV ARD WL T @
=1

where £, 1s the mean energy of the first path of the first cluster, 7;
is the arrival time of the first path of the /th cluster, and 7, is the
delay of the 4-th path within the /-th cluster relative to the arrival
time, 7; of the first path. The cluster and ray decay factors are
denoted by /7 and y; respectively. For simplicity, we can convert
(3) to (5) based on (4) with the assumption that the PN sequence
used to generate the acquisition sequence is orthogonal.

®)

J=1
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where |§l. —r_/.| <N..

In the present work, we consider a hybrid acquisition scheme
that combines both parallel acquisition and serial acquisition. The
acquisition process consists of search and verification modes.
The search and verification processes in the hybrid acquisition
scheme are shown in Fig. 1, which consists of a bank of N
parallel I/QQ non-coherent correlators. The uncertainty region 7,
which is defined as the total hypotheses to be searched, is
represented by W/A. Here, W denotes the maximum
transmission delay according to the piconet coverage, and A
represents the search step size. Both # and A are normalized to
one chip period of the PAC.

We then partition the uncertainty region ¥ into Q subgroups
for the hybrid acquisition. Then, O becomes V/M, where M is
the number of hypotheses in one subgroup. In this paper, H;
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Fig. 1. Search and verification processing in hybrid acquisition
scheme.

subgroup means the subgroup that contains at least one
Hihypothesis. However, the H, subgroup is that which contains
no H, hypothesis.

Considering the deployment scenario of abundant multipath
components over the small coverage of the piconet in a DS-UWB
system, there is a much larger number of H, hypotheses compared
with the conventional CDMA system. In addition, the multipath
components are scattered over most of the uncertainty region
under UWB channel environments; therefore, it is not practical to
set the large subgroup size to contain all H; hypotheses in one or
two subgroups as in the conventional CDMA system of [9]. In this
paper, we assume n number of H; subgroups thatsContain
hypotheses. The value of n depends on thedmumber of A
hypotheses and the subgroup size M. We alsoassume that the i-th
H subgroup will contain /; number of#f; hypotheses.

2. Detection, Miss, and‘False®Alarm Probabilities in
Search and Verification Moedes

In this section, using (1) to (5), we derive the detection,
miss, and false alarm probabilities in both search and
verification modes.

The detection probability Pjﬁ , in search mode for the j-th
H hypothesis in the i-th H, subgfoup is defined in this paper as
the probability that the correlation value at the j-th H,
hypothesis is larger than the values at the other (M-1)
hypotheses in the subgroup and the detection threshold 6, of the
search mode. We represent P;w as

P =[ : £, H,, )[ jof S Ho)dx}mf
1

I=I; 1 +1
1#j

[1201#,)ay Jan. ©

i=12,m, j=1_ +1,-1,.
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The detection probability Pa;'v in search mode for the i-th
H, subgroup is then given as

1; )
P = ZPL;M , i=1,2,-,n. %)
J=li+1

The miss probability 7, in search mode for the i-th A,
subgroup is defined as the probability that all the correlation
values in the i-th H subgroup are less than 6.

P, = H LJ: Sy, A o

i=1,2,,n

The false alarm probability P; in search mode for the i-th
H, subgroup is given by
P)i = 1_Pdi -P

mg 2

i=1,2,,n. ©)

The false alarm probability “Pp  in search mode for the Hy
subgroup is the prebability that the correlation values at H,
hypothesis exceed thefdetection threshold 6;. It is given as

Py =sz,,(77|Ho)d77}M. (10)

Inverification mode, each hypothesis is tested independently
without the concept of the subgroup. Hence, the detection
probability P, of the verification mode is the probability that
the correlation value at the H, hypothesis exceeds the detection
threshold 6,. It is represented as

P = fHpdn, =120 (1)
The miss in verification mode means that a correlation value
at the H; hypothesis is less than the detection threshold 6,. The

miss probability P, can be written as

o, .
P, = jo G )d,,  i=121. (12)

The false alarm probability P, in verification mode means
the probability that the correlation values at H, hypothesis
exceed the detection threshold 6,.

P, :fon(ano)dn. (13)

3. Analytical Mean Acquisition Time

The hybrid acquisition system described above can be
represented as the state diagram shown in Fig. 2. In this figure,
Hy(z) denotes the state transfer function from the H, subgroup
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Fig. 2. State transfer diagram for hybrid scheme.
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Fig. 3. Simplified state transfer diagram.

to the next subgroup, D is the number of hypotheses assigned
to a correlator, G is the ratio of the dwell time in verification
mode to the dwell time in search mode, and P is the penalty
time when a false alarm occurs.

Figure 3 is the simplified state transfer diagram of Fig. 2. In
Fig. 3, H,(z) represents the state transfer function that starts
at the i-th H; subgroup and successfully ends at the acquisition
state. The miss-state transfer function is denoted by H}, (z) ,
which proceeds from the i-th H; subgroup to the next subgroup.
As shown in both Figs. 2 and 3, the system searches the
subgroups in a clockwise direction. Referring to Figs. 2 and 3,
we can obtain the state transfer function and finally derive the
mean acquisition time (MAT) in theory.

Referring to Fig. 2, we have
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1; )
Hp(z)= X P P, =12,

(14)
J=lig+1
I;
i _pi _D i D+G
H, (2)=P, z"+ / [z?‘w P, 2
J=lia+
+P/iﬁy P/_"ZDJrGJrP_i_P/i_v (I—P/-" )ZD+G, (15)

Hy(2)= (1= P, )2" + P P, 27 + P, (1= P, )z .(16)

In Fig. 3, the transfer function from an initial H, subgroup
which is i branches counter-clockwise away from the first H,
subgroup S; to the acquisition (ACQ) state is given by

(H,(2))' Hp(2)

1= (Hy () T i, (2)

J=1

T(z)= a7

The transfer function that starts at the i-th A, subgroup S is
represented by

H)(2)
1= (H, ) T HLE)

NGNS (18)

From (17) and (18), since all subgroups are equally likely to be
a priori, the resultant transfer function averaged over all O
starting subgroups is represented by

O-n n
U= é{ZTi(zHZTk (z)}

| Ho@I=(H, (@) ")IH , ()+1-H, (Z)]i H}(2)

k=1

O H ) [ (o)
. (19)
Thus, the mean acquisition time is given by
BT )=S0 7,
- U(z)% Uz -z, (20)

=U(2)[4(2) - B(2) - C(2)]

z=1" T.v >
where 7, is the dwell time in search mode. The functions of 4(z),

B(z), and C(z) are given in (21)~(23), where the prime sign (")
denotes the derivative on z.
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A(Z) = W, (21)
where
NUM, = H}(z) H} ()1~ (H,(2)°™)]
+H,y(2)H}) (2)[1-(Hy(2)° )]
+(n=Q)Hy(2)°" Hy(2)H) (2)
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(Q-m)(H,(2)° " Hy ()] | Hi (2)
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1= (H ()" T Hi (@)
RN EHD | UHC) o)

k#j
+ J

1= (Hy ()2 [ [ ], (2)

J=1

II1. Validation of Initial Acquisition Perférmance

In this section, we validate thé pesformance of initial
acquisition via detection, missyffalse alarmfprobabilities, and
mean acquisition time based onfthe,acquisition sequence in a
DS-UWB system.

The parameters in the simulation are set as follows:

« Coverage of the piconet: 10 meters

« Fixed thresholds in search and verification modes
- Threshold in search mode: 0.15
- Threshold in verification mode: 0.20

« Acquisition sequence: nominal preamble structure defined

in [5]

o Chip rate of PAC: 1.365 GHz

« Penalty time: 10° chip periods

« UWB channel model 1 with 100 channel realizations. Here,
the number of multipath components is adapted to NPy

8.

In Fig. 4, we present the probabilities of detection, miss, and
false alarm for different cases of hypothesis number. According
to the coverage of the piconet, we find that there are a total of
91 hypotheses with one-chip step size for search, that is, 182
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Fig. 4. Detection, miss, and false alarm probabilities. 1-chip step
size for 91 and 121 hypotheses. 1/2-chip step size for 182
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Fig. 5. Mean acquisition time under UWB channel model 1.

hypotheses with half-chip step size. Furthermore, for cases in
which the receiver is located at the boundary of the piconet, it is
considered that some H, hypotheses might be out of the
uncertainty region according to the multipath profile. Hence,
we extend the uncertainty region up to 121 hypotheses so as to
contain all existing H hypotheses. From Fig. 4, after extension
of the uncertainty region, we observe better detection and miss
probabilities, while the false alarm probability is nearly the
same. Comparing the cases of one-chip and half-chip search
step size, we find that the probabilities of detection and miss
with half-chip step size are much better. However, the false
alarm probability with half-chip step size is worse for low
Ey/Ns.

In Fig. 5, we show the performance of mean acquisition
time for different cases of search step size, number of
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Fig. 6. Mean acquisition time with different number of subgroups
under channel model 1.
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Fig. 7. MAT with the different dwell time in search and verification
modes with -8 dB E}/N, under channel model 1.

correlators, and uncertainty region. We see that the mean
acquisition time is relative to the number of hypotheses. The
larger the number of hypotheses, the longer the mean
acquisition time. Mean acquisition time becomes longer
when the uncertainty region is extended. Smaller step size
and a decreased number of correlators also increase the mean
acquisition time.

Figure 6 shows the MAT performance of the DS-UWB
system when the hypotheses are divided into different numbers
of subgroups. From the simulation results, we find that the
MAT performance is similar when the hypotheses are divided
into 2 or 3 subgroups. The optimum MAT performance is
obtained when there are 2 or 3 subgroups depending on E,/N,
that is, one subgroup will cover an interval of 45 or 30 chips,
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respectively.

We assess the MAT performance by varying the dwell time
for search and verification modes. From Fig. 7, we see that the
minimum MAT is obtained when we use 2 symbols for search
mode and 512 symbols for verification mode, that is, the whole
length of the acquisition sequence.

IV. Conclusions

In this paper, we analyzed the detection, miss, and false
alarm probabilities of the DS-UWB system in search and
verification modes, as well as the mean acquisition time under
the specific UWB channel model. We then validated the
performance of initial acquisition in the DS-UWB system
through simulations. An increase in the number of H,;
hypotheses will increase the detection probability and reduce
the miss probability in both modes. On the other hand, an
increase in the number of H, hypotheses will increase the false
alarm probability. Althoughfextension of the uncertainty region
yielded better dete€tion hand | miss probabilities, this
improvement did noetsfesultin"an improvement in the mean
acquisitiongfime due tosthe increased number of hypotheses.
Hengcegextension of the uncertainty region so as to contain all
the /), hypotheses is not recommended. Based on the above
comparison for MAT performance, we propose a subgroup
sizeyof 30 or 45 chips depending on E,/N, and a dwell time of 2
and 512 symbols for search and verification modes,
respectively.
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