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Abstract

A novel rapid acquisition algorithm, called Sequential Block Search, is proposed for impulse
radio systems, which can reduce the mean acquisition time considerably. The algorithm is com-
pared to the conventional serial search algorithm and output statistics for both algorithms are
derived for a binary phase-shift keyed random time hopping impulse radio system. The mean
acquisition time formulas are obtained using the signal flow graph approach. The simulations
indicate the superiority of the rapid acquisition algorithm over the serial search technique with a
modest increase in the complexity.
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Abstract— A novel rapid acquisition algorithm, called Sequen- correlation outputs within a certain block in time. This output
tial Block Search is proposed for impulse radio systems, which from the block is then used as a criterion to decide if the block
can reduce the mean acquisition time considerably. The algorithm contains the signal or not. Whenever the block output exceeds

is compared to the conventional serial search algorithm and ified threshold v th fi | ial h
output statistics for both algorithms are derived for a binary a specie reshold, we apply the conventional serial searc

phase-shift keyed random time hopping impulse radio system. a@lgorithm within this subregion corresponding to the block.
The mean acquisition time formulas are obtained using the signal  The remainder of the paper is organized as follows. Section

flow graph approach. The simulations indicate the superiority of || defines the signal structure used during the acquisition
the rapid acquisition algorithm over the serial search technique

with a modest increase in the complexity. process. SBS algorithm is explained in Section Ill. Then,
' statistics of correlation outputs are derived in Section IV, which
|. INTRODUCTION is followed by acquisition time analysis and simulation results

. . L . ... _In Section V. Finally, some concluding remarks are made in
In impulse radio communication systems, the acquisition %’ection VI

an incoming signal is critical in de-modulation of the signal
which often takes the form of PPM (pulse position modulation)
or BPSK (binary phase shift keying). Because of the high Il. SIGNAL MODEL
resolution in time required to locate narrow pulses employed
in ultra-wideband (UWB) systems, a considerable number ofConsider a binary phase-shift keyed random time hopping
possible pulse positions must be searched in order to acquingulse radio (TH-IR) system where the transmitted signal
the received signal. Therefore, a rapid acquisition algorithmfiom user k£ in an N,-user setting is represented by the
very important in UWB communications. following model [3]:

The role of an acquisition technique is essentially to deter- oo
mine the relative delay of the received signal with respect to s (t) = Y dj bf, y jwin(t — §Ty — fT.), (1)
a template signal in the receiver. The conventional technique j=—o0
to achieve this is what is known as the serial search algorithjjqre we, is the transmitted unit-energy pulséy

) ) ¢ ! i > is the
[1], in which the received signal is correlated with the templatgverage pulse repetition timey, is the number of pulses

signal and the correlation output is compared to a threShoF@presenting one information symbol ab@/N € {+1,-1}

If the output is lower than the threshold, the template signal iLS the information symbol transmitted by user In order to

shifted by an amount comparable to pulse interval and is QYiow the channel to be exploited by many users and avoid

related with the received signal. This procedure continues url’,tﬁtastrophic collisions, a pseudo-random sequéd;:]a where

an output exceeds the threshold. This serial search algorltrcugn6 {0,1,...,N. — 1}, is assigned to each user. This sequence

may take a long time, thus, some quick algorithm is called f%j called time hopping sequence and provides an additional

We propose a rapid gcquisition algorithm, calleequential time shift ofcﬁTc seconds to thgth pulse of thekth user where
Block Search(SBS), which can considerably reduce the meap s the chip interval and is chosen to satidfy < T;/N. in

acquisition time, while maintaining the receiver complexi%rder to prevent the pulses from overlapping

comparable to the ser_lal sc_aarch aIgonthm . In this paper, we consider coded IR systems wh@vrs are
Thg SBS algonthm f|rst ams to.determme a§ubreg|on_ Wh%ﬁﬁary random variables, independent fgrk) # (4,1), taking
the signal delay is likely to exist. Then, this subregion 'Bach of the values 1 with probability1/2 [3]. This system can

examined in a finer detail to find the exact position of thge regarded as a random Direct Sequence CDMA (RCDMA)

signal. In order_ to perform the f'TSt step qmckl_y, We.deﬂne.ﬁ){stem withl’y = T, and N representing the processing gain.
new template signal. The correlation of the received signal wi . &
Define a sequencgs?} as follows

this template signal effectively adds a number of serial search

k : . _ K
1This research is supported in part by the National Science Foundation sk = dU/NcJ’ J—Nyli/Ne] = CLi/Ne) )
under grant CCR-99-79361, and in part by the New Jersey Center for Wireless J 0, otherwise
Telecommunications.
2Also with the Department of Electroscience, Lund University. Then, assuming’y /T, = N, without loss of generality, (1)
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can be expressed as where K is the number of cells in the block amd = KB

0o is assumed withB being the total number of blocks in the
sk (t) = Z 5§ blfj/(Nch)j Wi (t — 5T0), (3) uncertainty regiqn. For simplicityl. is taken as the minimum
=00 ‘ resolvable path interval.

which indicates that IR systems can be regarded as RCDMAThe output of the correlation between the received signal

. . . and the template signal in (6) is used as a quick test to check
systems with generalized spread_mg_sequen{:%@,_ [31 if. the whole block consisting of< cells contains the signal
Assume that no data modulation is done during the acqui- . . . .
. . 1 3 : cell or not, while the correlation output of the received signal
sition stage, that ishy. = 1 Vj°. In this case, the ! : . : .
. : L3/ (NyNe)] and the first template in (5) is used in the detailed search of a
received signal over a flat fading charthean be expressed aSy|ock.
Ny 00 Let 7 denote the index of the block that is currently being
r(t) =Y Y stw(t—jT.— ) +oun(t), (4) searched, with = 1 initially. Then, the SBS algorithm can be
k=1j=—o00 described as follows: »
where 7, is the TOA of userk (7, = IT., with [ being an 1) Check theith block usings,, (t — (i —1)KT).
integer, is assumed for simplicity)y,.. is the received UwB  2) If the output of theith block is not higher than the
pulse andn(t) is white Gaussian noise with unit spectrafhréshold,z, then go to step 6.

density. 3) If the output of theith block is higher thanr,, then
search the block in more detatil3 i.e. cell-by-cell serial search
[1l. SEQUENTIAL BLOCK SEARCH ALGORITHM with thresholdr, and templates;, (t).

4) If no signal cell is found in the block, go to step 6.

First, consider the conventional serial search algorithm. In5) If the signal cell is found in the block, DONE.
this scheme, the received signal is correlated with a templates) Seti = (i mod B) + 1 and go to step 1.
signal and the output is compared to a threshold. If the outputSome implicit steps in the algorithm are worth considering.
is lower than the threshold, the template signal is shifted by oi¢hen a false alarm (FA) occurs in the serial search part, the
bin, which corresponds to the resolvable path interval and thearch resumes with the next cell aft@rtime units, which
correlation with the received signal is obtained again. By this the penalty time in terms of frame time. So in step 5, “the
way, the search continues until an output exceeds the threshslgnal cell is found” means that a correlation output exceeds

Each different search location is called a “cell”. If the outputhe threshold without a false alarm. Similarly, in step 4, “no
of the correlation comes from a case where signal path and gignal cell is found” implies that no correlation output exceeds
template signal are aligned, it is called a signal cell outpuhe threshold without a false alarm.
Otherwise, it is called a non-signal cell output. The number of
cells in the uncertainty region is taken to be One of these
cells is the signal cell while the others are non-signal cells.
false alarm occurs when a non-signal cell output exceeds
threshold. In this case, timg elapses until the search recoverg\. Serial Search Outputs
again. This time is the called penalty time for a false alarm. |, this case, the received signal is correlated with shifted

For the signal model in (3), the template signal for th@ersions of the template signal (5).
serial search can be expressed as follows, assuming no data

IV. STATISTICS OF THEDECISION VARIABLES

In this section, the statistics of the decision variables will
derived for long correlation intervals.

modulation for the purposes of acquisition: Y = /r(t)sﬁg)l (t—A;)dt, (7
(+ 1)1\70_1
s(© () = ! mz Ly (t — nT0) (5) fori = 1,..,N, whereA; = (i — 1)T. is the delay of the
m nS nere o template signal for théth cell. The outputy; can be expressed

) i _ as the sum of three termg, = z; + a; + n;, where
wherem; is the number of pulses, over which the correlation

is taken. x; : Signal part/Self interference

For the SBS algorithm, there are two different template a; : Multiple access interference (MAI)
signals. The first one is similar to the one used in the serial
search while the second one is used for searching a block of
cells quickly. This latter template signal for the signal moddlhe output noise can be shown to be distributed as
described in (3) can be expressed as follows: N(0,my02). The first termz; can be expressed as follows
depending on the signal/non-signal cell situation:

1 ) 1) Signal Cell Case:ln this case, the template signal (5)
‘9’(72)2 (t) = Z Z snWra(t —nTe —ile),  (6) and the received signal are aligned. Therefore, the correlation
=0 =il overm; pulses gives the following signal part

n; : Output noise.
K—1(j+m2)N.—1

Swithout loss of generalit)b’f]./NfN | =1Yj,k can be assumed for our m1Ne

purposes. r, = Z S? =mai, 8
4The results for frequency selective channels can be found in [2]. j=1
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sinces; is non-zero £1) only once inN. consecutive cells. for [ =1,,,.m; can be expressed as
Note thatl, is the index of the signal cell. )
{’yi/ZNC ==l

12
1—~;/N2 z=0 (12)

2) Non-Signal Cell CaseAgain consider a correlation over _
. . . Py (2)

my pulses. In this case, the received signal and the template

signal in (5) are misaligned by one or more cells. Then, the

self interference part of the output of the correlation can l¥e

expressed as 0

From (12), it is seen that{&;;} = 0 and Vax;; } = ~; /N2
rli= 1,...,m1.
Although the stationary sequende;; };" is not indepen-

(j+m1)No—1 - dent, it is a 1-dependent random sequénead hence a
T = Z /siwm(t—nTc—Ai) Z st Wy (t—mTe—7 )dtP-Mixing random sequence satisfying the conditions in [4].
n=jNe m=—oo Therefore, central limit theorem (CLT) can be applied and for
. (9)  sufficiently largem; the probability distribution ofz; can be
fori=1,..0-1,l+1.,N. approximately expressed a§(0, m02) where
Note that since the outer summation is owerN, terms,s’ -
will be non-zero 1) justm; times. So (9) can be considered 2 2
: : = E{a? 2y E{ziaziian} 13
as the sum ofn; separate correlations, each of which denotes 7 {oi} + Z; {zazioe) (13)
the output due to one pulse of the template signal. If we denote = . .
each of these terms by a random variabjefor [ =1, ..., m;, It is easy to show that the cross-correlation term is zero.
the self interference part of the Output can be expressed asTherEfOI’e, the fOIlOWing asymptotic distribution is obtained:
Ty = Z Tils (10)
=1 When~; > N., we can follow similar approaches and show
that
where
ZT; NN(O, ’fTLl/NC) Yi Z NC. (15)
- /d}+l,1w,«z(t—nT6—Ai) Z 51 wra (t — mTo —71)dt. For the MAI term,. we can similarlly show that for Iarge
it correlation intervals, it can be approximated by the following

(11) Gaussian random variable:
Now the aim is to find the probability distribution af; for

eachl. To this end, assume that the amount of misalignment ai ~ N(0, (Ny = 1)m1/Ne). (16)
between the received signal and the template signal is g@npgiock Search Outputs

integer multiple of7,. for all non-signal cell situations, that _ ) _ _ ) )
is, 71 — A; is an integer multiple off,.. Let~; = |7 — Ay| /T In this case, the received signal is correlated with shifted

be the integer representing the misalignment between the defgsions of the template signal (6). The block containing the
of the ith template signal and the received signal in terms §tgnal cell is called the signal block Whl!e the blocks consisting
T, which can also be interpreted as the distance between @l non-signal cells are called non-signal blocks.

ith non-signal cell and the signal cell. The correlation output can be expressed as
Note that since each;; is the output of the correlation ) /
between one pulse in the template signal and the received Yi = /r(t)st(t—Ai)dt, 17)

signal, it is obvious that;,, ..., z;,,,, are identically distributed. ) ,

First, consider the case wherg < N,, that is, the fori=1,...Bwith A; = (i —1)KT, andN = KB.
misalighment between the received and the template signalé\gain the output can be expressed as a sum of three terms,
is less thanV, 7. seconds. In this case;; is non-zero only ¥i = z;+a;+n;, wherez; is the signal part or self interference
when thelth pulse of the template signal overlaps with any dErm, a; is MAI term andn; is the output noise. Note that
the received signal pulses. Sinee < N., two pulses can 7 ~ N(0,moKo7). Also by similar CLT argumentsy; ~
overlap only if they are in frames which are next to eacly (0, (Nu — 1)m2K/Ne).
other. Therefore, for théth pulse of the template signal to Forz;, we have the following results:
overlap with a pulse of the received signal, the pulse shouldl) Non-Signal Block Casetn this case, all of the< cells
be in one of they; positions close to the next frame and thén the block are non-signal cells. The following lemma states
next pulse in that frame should be in the position, to whictinat under some situations, the probability density function of
this Ith pulse is shifted. The probability that these two eventbe self interference terms of the non-signal block output can
occur simultaneously isy;/NZ2. Therefore, with probability be approximated by a Gaussian density function.
~i/N2, the output is non-zero. This non-zero output is the Lemma 4.1: Assuming that each of th& cells in the

inlicati ; ; 1 block is away from the signal cell by more thav. cells,
multiplication of two consecutive coding Valua%“*l and the probability distribution of the self interference term of the

dj, or d}+z—1. andd;,,_,, whered} is as in (1) and related pon-signal block output can be approximated by the following
to the spreading sequence as shown in (2). They take val@sussian distribution for large values of correlation interval
+1 with equal probability and are independent of each other

by definition. Therefore, the probability mass function fgr 4(X1,..., X;) and (X4, ...) are independent whenevgr> 1.
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e Serial Search
mQ - SBS Algorithm

miNN(O, mzK/Nc)7 (18)
fori=1,....1, — 1,1, + 1, ..., B, wherel, is the index of the
signal block.

Proof See [2]

2) Signal Block Case:ln this case, the signal cell is in
the block and the remainingf — 1 cells are non-signal cells.
For correlation overmns pulses, the distribution of the signal
part of the signal block output can again be approximated by

a Gaussian distribution under some conditions. We state the I B T
result for the simple case whe?e< K < N, (see [2] for the
general expression). Fig. 1. Mean acquisition times for different algorithms.

Lemma 4.2: For 2 < K < N,, the probability distribution
of the signal part of the signal block output can be approxi- .
mated by the following Gaussian distribution for large values
of the correlation intervabns

K?—1 nn+1)3K —4n —2)
Ty NN(’"Z’ mz[ avz T 3K NZ :
19
wheren = |[£-1]. Or, in a more reduced formg;, ~

N(mg, ma(5K? —¢)/(12N?2)) wherec = 5 if K is odd and
c = 8 for evenk.
Proof See [2]

10 -8 -6 -4 -2 ) 2 4 6 8 10

V. ACQUISITION TIME ANALYSIS sinee)

Using the approximate probability distributions derived in Fig. 2. Gain for different SIR values.
the previous section, the probabilities of false alarms and miss
detections in different scenarios can be expressed using Q-

functions. Then, the aim becomes the derivation of the meﬁ‘Pother words, in the ideal conditions, the gain increases as

acgu_lzltlsti]r:)tlrgn(MlAT)tr]f;)trmurI]Zi. the sianal cell location .Sthe number of cells in the uncertainty region increases.
! wn in [1] w 9 10N 1S Eor realistic situations, we perform some simulation experi-

uniformly distributed through the uncertainty region, the MA1;n nts to compare the algorithms. Figure 1 compares the MATSs

for the .serial search in a flat fading channel can be eXpres%?%serial search and SBS algorithms for different SiRlues
approximately as when the number of cells in the uncertainty regidhn, is 360,

E{Toort} ~ N(2— Pp)(1+CPpa/mq) m (20) chip intervalT, is 0.25ns, false alarm penalty i$00 unit time
serialf ™ 2Pp S and there ard0 users in the system. Here, we can see that
for large N' values, whereN is the number of cells in the SBS algorithm has lower mean acquisition times and the gain

uncertainty region,Pp, is the probability of detection of the incréases as SIR increases as shown in Figure 2.
signal path andPr4 is the probability of false alarm. The VI. CONCLUSION
correlation over one frame is taken to be one unit time. When

a false alarm occurg)’ penalty time units elapse before the In this baper, a rapid acquisition technique has been pro-
search continues with the next cell posed and its performance has been evaluated. It comparison

Using the signal flow graph approach in [1], we can Shoto conventional serial search technique shows the efficiency of

e algorithm.
that for large number of block#3, the MAT for the SBS 9
algorithm can be expressed as REFERENCES
[m2 + KPn(m1 + CPpa)](2 — PsPp)B [1] A. Polydoros and C. L. Weber, “A unified approach to serial search
E{TSBS} ~ 2P P ) spread-spectrum code acquistion-Part |I: General ThetiEE Trans.
S4D 1) Comm, vol. COM-32, pp. 542-549, May 1984.

. . . [2] S. Gezici, E. Fishler, H. Kobayashi, H. V. Poor, and A. F. Molisch,
where Py is the probability that a non-signal block output ~ “Rapid Acquisition for Impulse Radio’in preparation
exceeds the threshold ar@y is the probability that a signal [3] E. Fishler and Hb X Poonl“?ln the éradfeoff betwe%n two types of
processing galn,’ll th Annual Allerton Conference on Communication,
block 'output excegds the threshold'. _ Control, and Computing, 2002
Define asymptotic gain as the ratio of the serial search MATs] p. Bilingsly, “Probability and Measuré John Wiley & Sons, New York,

to the SBS MAT under the limiting conditions? — 0 and 2nd edition, 1986.
N, — oo. It can be shown [2] that
G = 10log N/2 =101log @ (22) SFor unit pulse energy, SIR —101log(o2 + (N, —1)/N.) is used as the
(B/2+ K/2)|g_g—yn 2 definition of the SIR.
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