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Abstract— In this paper, we propose the introduction of space diversity
techniques to the code acquisition of a direct-sequence spread-spectrum
signal. In this scheme, both a transmitter and a receiver have multiple
antennas and the signats corresponding to all the combinations of the
transmitterh%eeiver antennas are combined at the acquisition circuit of
the receiver. The performance is evaluated for indoor packet radio corn.
munication systems from the viewpoints of average time for acquisition,
probahitity of success of acquisition, and necessary preamble length. As
the result, we show great performance improvements by the proposed
scheme under slow and flat Rayleigh fading environment.

L INTRODUCTION

For indoor wireless communication systems, direct-
sequence spread-spectrum (DSLSS) is widely used for its ad-
vantageous features such as anti-interference and anti-artificial
noise capabilities together with the low impact (interference)
to other systems. In indoor environment, the radio waves

reflected by walls and furniture in a room are relatively strong
and they may cause multi-path fading, which is one of the most
important factors of performance degradation. Since the delay

spread of indoor environment is often very small, the fading
tend to be flat which may cause the drop of total received
power. Furthermore, the fading speed is often very slow, so
the error correcting codes based on time diversity does not
improve the performance.

Under this flat and slow fading environment, the space di-
versity technique is known to be effective[3], and considerable
number of studies have been performed. However, most of
them only aim to improve BER provided that the synchro-
nization of PN sequence has been already established. In
indoor systems where the fading environment is severe, how-
ever, it may be difficult to achieve the synchronization of PN
sequence itself. Although this difficulty, the space diversity
techniques have not been considered well for the acquisition
of PN sequence of a spread spectrum signal.

Recently, there appeax the proposals of the employment of

space diversity technique for the acquisition of a DS/SS signal
[5][7], however, they use only the receive antenna diversity,
and do not use the transmit antenna diversity which uses
multiple antennas at a transmitter[6].

In this paper, we introduce the transmit antenna diversity

to the code acquisition of a DS/SS signal in addition to the

receive antenna diversity.
dio communication system,

We assume a indoor packet ra-
and the performance is evaluated

from the viewpoints of average time of acquisition, probability
of success or failure of acquisition, anld necessary preamble
length. As the results, we show great performance improve-
ment by the proposed scheme under slow and flat Rayleigh
fading environment.

II. SYSTEMMODEL

The transmitter and the receiver proposed in this paper are
shown in Figs. 1 and 2. The transmitter and the receiver
have M and K antennas, respectively. It is assumed that
each transmitter antenna is spatially separated from others by
several wavelengths of the carrier, and this assumption is also
applied to the receiver antennas. Under this assumption, the
statistics of the fading between each pair of transmitter and

receiver antennas can be considered to be independent,
At the m-th transmitter antenna, the time delay dm is

intentionally introduced before the transmission, In this paper,
we assume that dm /TC is an integer, 2rC < dm – dm -1, and
dM < Tb, where T, is a chip duration and ‘Tbis a bit duration.
The transmitted signal from the rn-th transmitter antenna is
given by

(1)

where S is the total transmit power, C(,) is the PN sequence,

and LOOis the angular carrier frequency. We assume that the
length of the PN sequence is L and Tb = LT., The transmit
power at each transmitter antenna is normalized by 1/A4 to
keep the total transmit power unity.

The received signal at the k-th receiver antenna is given by

r~(t) = ~ /~M-/3mkc(&dm–<TC) COS(L@-~mL.)+n(t),

772=1
(2)

where p~~ is fading attenuation between rn-th transmitter an-
tenna and k-th receiver antenna. The initial phase offsets of the

PN sequence and the carrier at the receiver are denoted as <T.
and 0~~, respectively. Additive white gaussian noise(AWGN)
is denoted as n(t), which has zero mean and one-sided spec-

tral density of No. Since the distances between each pair of
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antenna
intential delay

Fig. 1. Transmitter model

Fig. 2. Receiver model

transmitter antenna and receiver antenna are approximately the
same all over m and k, it can be assumed that all the signals

arrive at K receiver antennas simultaneously, in other words,
the difference of the arrival timings of the signals between
different receiver antennas are negligibly small. Hence, the
phase offset of PN code <is common for all over the M and K
antennas. Since the fading characteristics of different pairs of
transmitter and receiver antennas are assumed to be mutually
independent, for each m and k, ~~~ is an independently and
identically distributed (i.i.d.) Rayleigh random variable with

the probability density function (pdf)

P(A77k)= 2Pmk ew (–AL) ‘or @m~ 2. ‘~ (3)

where the mean square value of /3~~ is normalized to be unity.

III. AC@JISITIONCIRCUIT

The proposed acquisition circuit is shown in Fig.3, and the

IQ-MF in the figure is shown in Fig.4. Since we assume a
packet radio communication scheme, the acquisition process
is expected to be completed during the preamble of a packet

which has no data modulation.

A. Signals at each stage of Acquisition Circuit

In this section, we show the signal waveforms at each stage
of the acquisition circuit with the help of Fig.5, which shows

Fig. 3. Acquisition circuit
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Fig. 4. IQ-MF

the case that the number of transmitter antenna is two.
figure, influences of fading and noise are omitted.

=3
rr ct

In this

The output of the IQ-MF of the k-th receiver antenna, (a) of

Fig.3 and 5, is represented as

M

Rk(t) = (~ @&kA(t – dm - (Tc) COSdmk + nI(t))2

‘m=]

+(5 @P~~A(t - ck – ~~.)sind~k + nQ(~))2, (4)

‘m=l

where n~(t)and ~Q (t) is the noise components at I and
Q branches of IQ-MF respectively, and A(c) is the auto-

correlation function of PN sequence. For simplicity of analysis,
we approximate the auto-correlation function with a simple
triangle function which is represented as

/

LT.

A(r) = C(6)C(6 – T)d6
o

{

L(5!’C– ITl) ITI5 T.—.
0 TC < Irl,

(5)

where r is the phase offset of PN sequence. In this paper, we
use the term “sync-timing” of the signall from m-th transmitter
antenna to refer the timing that t = d,~ + <T.. The outtmts
corresponding to two different receiver antennas, Rk (t ) and
Rl(t), are shown in Fig.5(a). This figure assumes two trans-
mitter antennas sending an identical signal in different timings
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Fig. 5. Signal waveforms at each stage

: the peaks labeled @) and @ correspond to the sync-timings
of the signals from the first and second transmitter antenna,
respectively.

Next, we consider the summation of the IQ-MF’s outputs
all over the receiver antennas—(b) in the figures. Signal

waveform after the summation, Rx(t) = ~f= ~Rk (t), appears

as Fig.5(b).

Then, to compensate the delays introduced at transmitter

antennas, the delays dM – dm (m = 1,2, ~.. M) are introduced
at the receiver. The waveforms of the signals at the branches
in Fig.3(c), RX(t – (d~ – din)), are shown in Fig.5(c).

The summation of these signals (Fig.3(d)), R(t) =

>~xcl Rx(t - (diw - d~)), is then illustrated in Fig.5(d).
We may notice that there is a peak which includes all the peaks
of the signals from ill transmitter antennas. If the receiver
detect this peak properly, the receiver can acquire sync-timings
of all the signals from M transmitter antennas, in other words,
the receiver can despread all the signals. In this paper, we use
the term “full-peak’ to refer to this peak. In addition to this
peak, there exist several small peaks which include only one
peak of a signal from a transmitter antenna. If the receiver
t,akes one of these small peaks, the receiver can despread only
one signal from a transmitter antenna. In this paper, we use the
term “partial-peak” to refer to these small peaks.

Finally, the signal at (d) is sampled at every chips —
Fig.3(e). In this process, we assume that the chip synchroniza-
tion is perfect. The acquisition logic uses these samples to find
the timing of PN sequence, as is described in the followings.

B. Acquisition Process

The acquisition process in the acquisition logic of Fig.3 has

two modes, i.e., the search mode and the verification mode.
Acquisition is performed based on the following algorithm.

1) The search mode employs the parallel search strategy.
The L samples for LTC seconds are stored in a memory.

2) The largest one among the L samples is selected, and
this is considered, tentatively, to be full-peak, then the
acquisition system is turned to the verification mode to
test this hypothesis.

3) In the verification mode, the above hypothesis is exam-
ined in A-bit duration (ALTC second). If the sample is
verified to be of full-peak, acquisition is declared and re-
spreading is performed based on the timing of this sample,

otherwise, the system goes back to 1). In this paper,we
assume that the verification mode works ideally.

C. Probability density of the signals

In this subsection, we discuss the probability density function
(pdf) of the samples used in the acquisition logic.

The pdf of the IQ-MF output of each receiver antenna at the

sampling timings Rk (nTC ) is given by (6) and (7)[4], where
Hol (m) represents the case that the sampling timing corre-
sponds to the sync-timing of the signal from m-th transmitter
antenna, and Hm is the case that the sampling timing corre-
sponds to none of the sync-timings of every signals from M
transmitter antennas.

PRk(ZlHOI(m))= .fNc,, (z, CTn2,%~2,1) (6)

P&(%lHQo)= J-CJE,L%2,1), (7)

where

~ _ /3mk2L2Tc2S
C4mk —

z _ iVoLTC
crn ——

M 2’
(8)

In the above equations, fNC , (z,., ., n) and fcx, (z, ., n) are

the probability distribution function (pdf) of noncentral and
central chi-square distribution with 2n degrees of freedom
respectively, and they are expressed as [1].

ffvcx2(w2>s2,@ = * (~)%’exp(-~)

().1..1 K; (9)

fcx, (~, ~2, ~) =
(2u2)~~n - I)! ‘n-”’ ew (- )

x
g’ (lo)

where, Ia (x) is the ath-order modified Bessel function of the
first kind represented by the infinite series

(z/2)~+2~
(11)1.($) = 5 ~!r(a + k + 1)’

k=o

where 17(.) is the gamma function, defined as
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co

r(p)= tP-~e-tdf p>o

r(p)= (j– 1)! p:integer,p>O. (12)

Next, we consider the probability density function of the
signal at Fig.5(b). The signal is the sum of K i.i.d. chi-square
random variables, each with 2 degrees of freedom. Thus
the signal, Rs (nTc), follows chi-square distribution with 2K
degrees of freedom, given by

where

“m’=5‘mk2:Tc2s
k=l

K

(15)

k=l

Finally, let us consider the pdf of the samples used in the
acquisition logic, i.e. R(nl”c). The samples are classified
in the following three classes: the sample corresponding to
full-peak(H1 ), samples corresponding to partial peaks for the
m-th transmitter antenna(H2 (m)), and samples corresponding
to none of these peaks (Ho).Since the samples at Fig.5(e) is
the sum of M i.i.d. chi-square random variables, each with
X degrees of freedom, the samples R(nTC) follow chi-square

distribution with 2LfK degrees of freedom as follows.

PR(x IHI) = fNCx2(Z, 0~2, “2, ~K) (16)

PR(zlHz(rn)) = .fjvcX, (x, am’, am2, MK) (17)

PR(z IHo) = fcx2(z,CTn2,~~), (18)

where

“2=F5‘mk2:Tc2’
m=l k=l

M

= x “m*
m=]

(19)

IV. PERFORMANCEANALYSIS

A.. Measures of Performance

In this paper, we evaluate the performance of the proposed
scheme by the following three measures.

1) Mean Acquisition Time
Mean acquisition time has been most widely used for the
measure of performance of the acquisition scheme. This
is the expectation of the time needed to acquire the timing
of PN sequence. To find this value, we assume that the
preamble length is infinite.

2) Miss-Acquisition Probability: p~,..q

In packet radio communications, the acquisition must be
completed within a preamble of a. packet, or the packet
would be lost. Thus the probability that the acquisition
circuit cannot acquire the timing of PN sequence within a
certain time period is calculated. For this calculation, we
assume that the preamble length is NLTC.

3) Required Preamble Length: N,~gr
From the viewpoint of the efficiency of the channel ca-
pacity, the preamble length should be as short as possible.

Thus, we employ the preamble length required for the
acquisition circuit to acquire the timing of PN sequence
with the probability more than P..q as another perfor-
mance measure.

B. Mean Acquisition Time

In this subsection, we derive the mean acquisition time

of the proposed scheme in a similar way to [4]. The state
transition diagram is shown in Fig.6. The state “S” represents
the condition that the acquisition circuit has been detecting the

timing corresponding to full-peak, and the state “Acq”, which
is the sole absorbing state, represents the condition that the
acquisition is completed. In this figure, G1 (z) denotes the
generating function of the correct decision through the search
mode and the verification mode, and G2 (z) denotes that the
candidate of the search mode is rejected in the verification
mode. G1 (z) and G’(z) is given by

Gl(z) = ~Dz(A+l)~~c (20)

G2(z)= (1– PD)z(A+-lJLTC, (21)

where ~D denotes the probability that the selected sample in
the search mode corresponds to the full-peak.

Using G1 (z) and G’(z), the generating function of the
acquisition time is obtained as

G(z) = Cl(z)+ G2(Z)GL(Z) + G’*2(z)G1(z) + ~~.

_ Gl(z)

1 – G2(.z)
(22)

We can see that the acquisition probability G( 1) = 1 when the
length of the preamble is infinite. The acquisition time is a

G1(z)

T
s —IEil

GZ(Z)

Fig. 6. Transition state diagram
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random variable due to noise, and the average of this is given
IYy

T ~lnG(z)l,cl,
“’q = d.z

(23)

where z means ensemble average over the noise. With (20)-

(2!2), (23) becomes

(24)

Since, PD is the function of the fading coefficient ~~~, so
(;!4) can be expressed as

7W311)B12!’””lPMK)=
(1+ A)LTc

P~(/311, /3]2, . ..? MK)”)”
(25)

In this paper, we assume that ,&k keeps a constant value
over the acquisition process, and for each m and k, @~~ is
independently and identically distributed. Thus, the mean
acquisition time is expressed as

where E[z] denotes the average over the attenuation due to

fading.

From (26), the remained problem to find the mean acquisition
time is the derivation of the function PD(~11, ~lz, . . . . OMK ).

I)M=l
When the number of transmitter antenna is one, it is not

necessary to introduce the delays to distinguish transmitter

antennas, and thus R(t) = ~~=o & (t ). In this case, the
samples can be classified only into two classes. The first one is
with the sync-timing of the signals, and the second is involving

none of the peaks.
The detection probability in the search mode

pD(Pll, /312j “ “ “ , ~MK) is the probability that the largest sam-
ple is corresponding to the peak. Since all L samples are
independent when M = 1, using (16) and (18), we can express
the detection probability as

J
‘D(~ll, h27””” ,hK) = m fiVCx,(Y,~n2,a2,1f)

o

[1
?+

) r ‘y”’27)jcx,(x, an2,K dx
o

2)M>2
When multiple transmitter antennas are in use, the L samples

are not independent each other. This is because the sum of
IQ.MF Outputs, Rx (nl”C), at each sampling timings affects

ill samples, i.e. at t = nTC – (dM – all), nTC – (dM –

d’J, ..., nTC – (dM – dM).
Thus, the detection probability PD (011,612, c.0,~MK )

can not be expressed easily with (16)-(18), not like with
,kf = 1. In this paper, we derive the detection probability

b(Pll,912, . . ~, ,6A4K) by simulation and we use monte-carlo

integration in (26).

C. Miss-Acquisition Probability and Required Preamble
Length

The miss-acquisition probability is represented as

. . rm.A4 k.K 1

Pm., =jq’ p, g P(q

When M = 1, we derive the detection probability

PD(PII, @12, ~” ~, @A4K) using (27).
When M >2, detection probability F)D(1%1,812, .”~, ~MK )

can not be derived easily. Thus, in this paper, we derive the
detection probability PD(/?11, /?12,..., ~.WK ) by simulation
and we use monte-carlo integration in (:28).

We derive the required preamble length N,eg by increasing
N until (1 – p~a.g) > p~,~ is fulfilled.

V. NUMERICALEXAMPLES

We calculate the mean acquisition time, miss-acquisition
probability, and required preamble length of the proposed
scheme under the following conditions.

* The length of PN sequence: L = 63.
● Time required in the verification mode : ALTC = 4LTC.

In the following discussions, the bit energy Eb is defined as
STb, and noise power is normalized to be 2u~, = 1.

The mean acquisition time of the proposed scheme is shown
in Fig.7, From this figure, it can be seen that the receive
antenna diversity offers a substantial performance improve-
ment. Figure.7 also shows that the transmit antenna diversity
improves the performance when the number of the receiver
antenna is one and Eb /N. is larger than about 3dB. This is the
result of the tradeoff between the prevention of the drop of the

total received power by antenna diversity and the noncoherent
combining loss due to the dispersion of the transmitted power.
When Eb /N. is larger than about 3dB, the former factor influ-
ences larger, though the latter dominates if Eb/Nii is smaller.
If the receiver uses plural antennas, however, the transmit
antenna diversity less improves the performance even when
Eb/No is large. The reason of this is that when the receive
antenna diversity is in use, we can mitigate fading to some
extent even when M = 1, and performance improvement by
transmit antenna diversity does not influences much.

Next, we show the miss-acquisition probability of the pro-
posed scheme in Fig.8. We assume that the length of the

preamble is 40bits. This figure shows again that the receive
antenna diversity improves the performance substantially. Not
as in Fig.7, however, the transmit antenna diversity improves
the performance in large ~b /No, even when the number of
the receiver antenna is more than one. This fact implies that
the transmit antenna diversity mitigates the effect of fading
especially when the received power drops largely and the
acquisition circuit tends to fail the synchronization of PN se-
quence. This situation dominates miss-acquisition probability,
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and thus the performance improvement is considerably large,
while the average at time is less improved.

In Fig.9, the required preamble length of the proposed
scheme is showed. We assume that the required acquisition
probability p.cy is 99.97.. In this figure, it can be found again
thlat the receive antenna diversity improves the performance.
The interesting result from this figure is that the transmit
antenna diversity improves the performance in almost all
ll~/No, and that the improvement itself is remarkably large,
especially when the number of the transmitter antenna increases

from one to two. The reason of this performance improvement
is the same as for Fig.8, i.e. transmit antenna diversity improves
performance of acquisition especially when the fading is deep,
which dominates the required preamble length.

VI. CONCLUSION

In this paper, we considered the introduction of space di-
versity techniques for the acquisition of PN sequence of a
direct-sequence spread-spectrum signal and proposed a new
acquisition scheme with the transmit and the receive antenna

diversity.
From the numerical examples, we have shown that the

receive antenna diversity is very effective in acquisition of
PN sequence of a DS/SS signal in flat and slow Rayleigh
fading channels. Though the transmit antenna diversity is not
as effective as the receive antenna diversity in the sense of
the mean acquisition time, it achieves substantial performance
improvements in the sense of miss-acquisition probability and
required preamble length, which are important performance

measures of packet radio communication systems.
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