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An Initial Code Acquisition Scheme for Indoor Packet
DS/SS Systems with Macro /Micro Antenna Diversity
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SUMMARY In this paper, we study macro/micro diver-
sity techniques for code acquisition of a direct-sequence spread-
spectrum signal in an indoor packet communication system. In
the system discussed, the base station has several radio ports
each with a cluster of antennas, and the terminal also has mul-
tiple antennas. The performance in the uplink of this system is
analyzed under Lognormal shadowing and flat Rayleigh fading.
The numerical results show great performance improvements by
proposed diversity techniques. In addition, it is clarified that
the mean acquisition time, which is often used as the measure
of performance, is not suitable for packet radio systems as it
underestimates the necessary preamble length for initial code ac-
quisition.

key words: spread spectrum, code acquisition, indoor packet
radio, spatial diversity, fading and shadowing

1. Introduction

Not only for outdoor mobile systems, wireless com-
munications are advantageous also for indoor systems.
Wireless local area network (Wireless-LAN) is an ex-
ample of indoor radio systems. The substitution of
short cables between devices of a personal computer
and consumer electronics devices is recently attracting
attention. Another interesting application of wireless
data communication systems is in factory production
lines, where remote-controlling machines in motion is
becoming more and more important.

For these indoor wireless communication systems,
especially, the case of remote controlling in factories,
and the case of Wireless-LAN, direct sequence spread
spectrum (DS/SS) system using packet transmission is
one of the prevailing schemes, for its robustness against
man-made noise and interference from other systems.

The delay spread of indoor multi-path environment
is usually very small (of the order of 25-50ns) [1]-[3];
therefore, the incoming paths of the signals transmit-
ted are hard to be resolved. In this situation, the signal
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may encounter flat fading, which causes the drop of the
almost all received power. Furthermore, the speed of
indoor fading is usually slow, and thus degradation of
the received power continues for a long period. In ad-
dition to the fading, if furniture or factory machines
interrupt the paths between the transmitter and the
receiver, the signal may encounter strong attenuation
called shadowing. These slow flat fading and shadow-
ing phenomena are known to be the major factors re-
sponsible for performance degradation of indoor radio
systems [4], [5].

In fading and shadowing environments, the initial
code acquisition of a DS/SS signal is difficult to achieve.
Especially in packet DS/SS systems, the failure to es-
tablish the initial code acquisition during the preamble
of a packet often dominates overall performance. Thus
the improvement of code acquisition performance of in-
door DS/SS packet systems may represent an impor-
tant technical challenge.

As an effective countermeasure against fading and
shadowing, the introduction of space diversity tech-
niques is a good candidate. These techniques can be
categorized into two groups: micro diversity and macro
diversity. The micro diversity is based on the indepen-
dence of fading at different antennas, while the macro
diversity is used to mitigate the effect of shadowing us-
ing several radio-ports with large separations [6].

In our former studies [7]-[10], we introduced a mi-
cro diversity technique to the initial code acquisition;
while many studies on diversity techniques have dis-
cussed only the improvement of error performance. In
[7], we proposed the introduction of the micro diver-
sity at the receiver, and in [8]-[10], we also discussed
micro diversity for the transmitting end, where several
antennas at a transmitter are used to obtain different
paths in addition to the antenna diversity for recep-
tion. In this paper, following these results, we infro-
duce macro diversity at the receiver of a base station
of indoor wireless communication systems, and confirm
the performance improvement in the initial code ac-
quisition of a DS/SS signal under both shadowing and
fading.

2. System Model

Figure 1 illustrates the system model of the indoor wire-
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less packet communication system discussed in this pa-
per. We consider the uplink; i.e., from a terminal to
a base station. The terminal has M antennas and the
base station has J macro diversity branches each with a
cluster of K antennas. These M antennas are spaced by
several wavelengths of the carrier, and so are K anten-
nas in a cluster. The channel between a pair of trans-
mitting and receiving antennas is modeled by Rayleigh
fading whose average power is fluctuated by Lognor-
mal shadowing. When the antenna separation is more
than several wavelengths of the carrier, correlations of
fading at each antenna is negligibly small (2], [11], thus
We assume that each path between transmitting and
receiving antennas is influenced by statistically inde-
pendent fading. We also assume that all the receiving
antennas in the same cluster suffer from the same level
of shadowing and that the distance between each clus-
ter is large enough to make the statistic of shadowing
of different branches independent.

The transmitter proposed in this paper is shown
in Fig. 2. At the transmitter, incoming data stream is
divided into blocks to form packets. And each packet
Is transmitted from a set of M different antennas si-
multaneously. In order to distinguish these signals, dif-
ferent transmitting antennas use different PN codes.
As shown in Fig. 2, each packet has preamble prior to
data sequence and initial code acquisition is performed
Within the preamble, which has no data modulation.
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Within the preamble, PN code of length L chips is re-
peated N times.

The transmitted signal from the m-th transmitting
antenna during the preamble is given by

8m(t) = \/25/Mcp,(t) coswot, (1)

where S is the total transmitting power, ¢, (-) is the PN
code assigned for the m-th transmitting antenna, and
wp is the angular carrier frequency. The power at each
transmitting antenna is normalized by 1/M to keep the
total power the same.

For the reception of this uplink signal, the receiver
at the base station has structure as shown in Fig. 3.
The received signal (during preamble) at the k-th re-
ceiving antenna in the j-th macro diversity branch of
the receiver is given by ‘

M
k() = D V25/MBmjicm(t — (v +&;)T.)

me==]

- co8(wot — Omjk) + njk(t), (2)

where B i, is the channel factor including shadowing
loss and fading attenuation between the m-th transmit-
ting antenna and the k-th antenna of the j-th macro di-
versity branch. The initial phase offset of the PN codes
at the j-th branch is (v; +¢;)T.; where T}, is a chip du-
ration, v; is a integer in the range of 0 < v; < L, and
€j is a constant of 0 < &; < 1. The initial phase of the
received carrier of the m-th transmit antenna received
at the k-th antenna of the j-th branch is expressed as
Ojmi. Additive white Gaussian noise (AWGN) at the
k-th antenna of the j-th branch is nji(t), which has
zero mean and one-sided spectral density of Nj.

Since the separations between M transmitting an-
tennas, and also between K receiving antennas in a
cluster, are several wavelengths of the carrier, the differ-
ences of delay offset of each path are much smaller than
a chip duration. (For example, if chip rate is 10 MHz,
the distance that radio wave of 2.4 GHz travels within
a chip duration is 30m, while the wavelength of the
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carrier is only 0.125m.) Thus, all the signals from M
transmitting antennas can be assumed to arrive simul-
taneously at K receiving antennas of a macro diver-
sity branch. On the contrary, the delay times between
the transmitter and different radio-ports may not be
the same, especially in big factories. Hence, in this
manuscript, the phase offset of PN code is assumed to
be common for all m and k but different for j, and
expressed as (vj + £5)Te.

Since the fading characteristics of different paths
between transmitting and receiving antennas are mod-
eled to be mutually independent, the chanmel fac-
tor Bmjx is independently and identically distributed
(ii.d.) Rayleigh random variable with the probability
density function (p.d.f.),

2z —z?
Pg(z|Z;) = — exp <———-> z>0
=7 Z;

for all m, 7, k, 3)
where Z; = Y M_ Y8 B2,/ MK. The value Z; fluc-
tuates due to shadowing, and it is assumed to have i.i.d.
Lognormal distribution given by

glzios)

0, (4)

where Z; is the ensemble average of Z; over shadow-
ing statistics which include propagation loss due to dis-
tance between the transmitter and each cluster at the
receiver. The notation g(z; o) represents the p.d.f. of
Gaussian distributed random variables with zero mean
and the variance o2. In this paper, we assume that
average propagation loss Z is the same for all j: it
means that the transmitter is placed at the center of
the clusters. Since the fading speed is often very slow
in indoor environment, the attenuation by fading and
shadowing is assumed to be constant during the code
acquisition procedure.

Pz, (z) = Z;10

L. LPE | MFa | P

V2 cos wet
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Fig.5

3. Acquisition Circuit
3.1 Decision Variables for Code Acquisition

As described in Sect. 2, the delay offset of each path of
the same macro-diversity branch is assumed to be the
same. Therefore, the signals in each macro diversity
branch can be combined to find the code timing. On the
contrary, the difference of the delay offsets for different
macro-diversity branches may not be small compared
to the chip duration. Therefore, the estimation of rela-
tive delay of each branch is necessary for the combining
macro-diversity. But this requirement contradicts the
fact that code timing is not known at the code acqui-
sition phase. For this reason, we use selective macro-
diversity.

The proposed acquisition circuit is shown in Fig.4,
and the IQ-MF in this figure is shown in Fig.5. In
Fig. 5, MF,, is the filter matched to the m-th PN code:

In the acquisition circuit (Fig.4), the output of
each antenna is fed to a bank of IQ-matched filters cor-
responding to M PN codes used at the transmitter-
The output of the m-th IQ-MF for the k-th antenna in
the j-th macro diversity branch ((a) of Fig. 4) is repr¢
sented as

R (t)
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— (, /STM Bt (t — (v + £5)T2) 08 By,
-+ n{njk(t)) ? -+ (\/ S/]Vfﬂmjk./\m(t — (I/j -+ Ej)Tc)

2
T ()

where nfnj «(t) and nf,zlj x(t) are the inphase and quadra-
ture noise components at the m-th IQ-MF for the k-th
antenna in the j-th macro diversity branch, and A, ()
is the auto-correlation function of m-th PN code. Note
that the system considered is not CDMA, and every
user may share the same PN code set. (Colliding pack-
ets of different users are lost.) In addition, signals from
M different antennas of a user are transmitted syn-
chronously. Therefore, it is not difficult to find a set
of PN codes having good auto-correlation and cross-
correlation properties. Thus we assume that the auto-
correlation function is a simple triangle given by

LT,
Am(7) = | em(Oem(8 —7)dé
LT, — |7 7| < T,
- { 0( i ’?Z“c!<['r| for all m, (6)

and that the cross correlation between the different PN
codes of the same user is approximated to be zero.
The output of each IQ-MF at the same timing is
summed up to yield the branch output,
K M
Ri(t) =" Rumju(t) (7

k=1ms=1

at (b) of Fig.4. These signals are then sampled and
fed to the code acquisition logic ((c) of Fig.4). For
simplicity, we assume that the samples are taken at the
center of each chip. Thus the /-th sample of the j-th
branch becomes R;[¢] = R((v; + £5)Te).

3.2 Acquisition Process

The code acquisition for the j-th branch can be inter-
Dreted as the procedure to find £ which satisfies “¢ = vj,
(mod L).” In this paper, this timing is named “sync-
timing.” The algorithm of code acquisition, which also
finds the best branch, consists of search and verification
modes as follows.

1) The search mode employs the parallel search strat-
egy. The samples of J branches for LT, seconds,
thus JL samples in total, are stored in a memory.

2) The largest one among the JL samples is selected
and tentatively considered to be corresponding fo
the sync-timing of its branch, then the acquisition
System is turned to the verification mode to test
this hypothesis.

3) In the verification mode, the above hypothesis is
examined with the received signals at the branch

-
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for A-bit duration (ALT, second). If the sample
is verified to be of the sync-timing, the branch
is selected and used for demodulation using the
code timing, otherwise the system goes back to the
search mode, 1). In this paper, we assume that the
verification mode is ideal [12], [13].

As the result of the above procedure, the acquisition
circuit selects one of J branches to be used for data de-
modulation and provides the code timing of the branch.

3.3 Probability Distribution of the Samples

The performance of code acquisition depends on the
statistical behavior of each samples, R;[f]. Thus we
derive its p.d.f. in this section.

Let IQ-MF output at the sampling timings be ex-
pressed as Rpjk[f] = Rpyjk((€ + €;)T;), then its p.d.f.
is given by [14],

P'(z|m, j, k, £)
{chxz(a:,aﬁ,afnjk,l) if{=v; (mod L),

[ Cx? (z,0 nz, 1) otherwise
(8)
where
272 2
LT, NoLT,
afnjk = é.%_c_g’ Un2 — _02—. (g)

The functions fycy2(z,-,-,n) and feye (z, -, n) repre-
sent noncentral and central chi-square distribution with
2n degrees of freedom, and are expressed as follows [15].

1 sz
2 .2
fNC'x"’(maa- » S an): (:9—2')

202
()R o
foxe (z, o2, n)
1 -1 T
= mm” exp (_P) . (11)

In the above equations, I,_1(z) is the (n — 1)th-order
modified Bessel function of the first kind.

From (7), R;[] is the sum of MK i.i.d. chi-square
random variables of 2 degrees of freedom, i.e. Rk [4).
Thus the p.d.f. of the sample R;[¢] can be expressed by
chi-square distribution with 2M K degrees of freedom
as follows.

Pr(zl5,¢)
{ fnoye (2,042,062, MK) if £=v; (mod L)

foxz (z, 002, MK) otherwise
(12)

where
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M X Bnill?T2S o L2T2S
a?::;; d i = JMC , (13)
and
M K
=Y Bk (14)
m=1 k=1

Since each Bk is ii.d. Rayleigh distributed random
variable with average Z;, the value a; becomes central
chi-square random variable with 2M K degrees of free-
dom, and its p.d.f. conditioned on Z; is represented
as

Po(12;) = foxz (2, Z;/2, MK). (15)

4. Performance Analysis
4.1 Measures of Performance

In this paper, we evaluate the performance of the pro-
posed system by the following three measures.

1) Mean Acquisition Time
Mean acquisition time has been most widely used
as the measure of performance of acquisition
schemes. This is the expectation of the time
needed to acquire the timing of PN code when the
preamble length is enough large.

2) Misacquisition Probability: Pmacq
In packet radio communications, the acquisition
must be completed within a preamble of a packet,
otherwise the packet will be lost. Thus, as a per-
formance measure, we use the misacquisition prob-
ability of the occurrence of the event that the ac-
quisition circuit cannot acquire the timing of PN
code within a given preamble length, NLT.

3) Regquired Preamble Length: Nreq
After the establishment of the code acquisition,
(residual) preamble does mnot contribute to the
communication. Thus, from the viewpoint of the
efficient use of communication channel, the pream-
ble length should be as short as possible, while
it has to be long enough to maintain good ac-
quisition performance. For this reason, we em-
ploy another performance measure, the preamble
length required to guaranteed the establishment of
code acquisition with the misacquisition probabil-
ity lower than a given threshold value “Pracqg <
9.7,

4.2 Mean Acquisition Time

In this subsection, we derive the mean acquisitidn time
of the proposed system in a similar way as [14]. The
state transition diagram of code acquisition process is

OS]

Giz(2)
Fig.6 Transition state diagram.

shown in Fig.6. The state “S” represents the condi-
tion that the acquisition circuit is searching/verifying
the samples R[] to find the sync-timing, and the state
“Acq”, which is the sole absorbing state, represents the
condition that the acquisition is completed. In this fig-
ure, G1(z) denotes the generating function of the cor-
rect decision through the search mode and the verifica-
tion mode, and Ga(z) denotes the generating function
of the event that the candidate of the search mode is
rejected in the verification mode. They are given by

Gi1(2) = PpzA+DET: (16)
Ga(z) = (1 — Pp)zA+DITe (17)

where Pp is the detection probability which denotes
the probability of the event that the selected sample in
the search mode corresponds to a correct sync-timing
of its macro diversity branch. '

Using these functions, the generating function of
the acquisition is obtained as

G(z) = G1(z) + G2(2)G1(2) + Go?(2)G1(z) + -+~
G1(2)
= et 18
1-—- Gz (z) ( )
The acquisition time T,¢q is a random variable due to
noise, and its ensemble average over the noise is given
by

d
Tacq = ‘C‘l; In G(Z)IZ=1, (19)

and with (16)-(18),

1+ A
T.acq = “?;‘LTQ (20)

1) J=1
When the base station has only one branch, the detec-
tion probability Pp in (20) is represented as follows.
(Since Pp is conditioned by a1, let us express it as

Pp(aa). )
Po(as) = [ " PaylL,e = )

: [/Oy Pr(z|1, £ éul)dm} T

2 PT2S

= /(; fNCx"’(yyo'n ’ M 1]V[K)
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y L-1
. [ foxe(z, 0,2, MK)dm} dy.(21)
0

With this probability, the mean acquisition time is rep-
resented as

® (1+A)LT,
= ) [ e
Pa(al|Z1)Pz(Z1)dC¥1dZ1,(22)

where E[z] denotes the average over the attenuation
due to fading and shadowing.

2)J>2
When the macro diversity is in use, the detection prob-
ability Pp of (20) is represented as

PD(a17 )aJ) ZP al) ,CYJ), (23)
=1
where Pj(ai,..., aJ).is the probability of event that the

sample corresponding to sync-timing at the j-th macro
diversity branch is larger than other JL — 1 samples.
This event can be expressed as

J L
(A A Bl < Bl

=1 £=1

£ty

A [/J\ Ri[v;] < R; [Vj]], (24)

i=1
istj

and the probability of the occurrence of this event is
represented as

Pi(ay,...,ay)

) /°° =) [/ y PR(Q’HJ?w)dm} o

[ Pg(z|i, £ = z/l)dac:l dy
1.-.1

a; L2T2S
= /0‘ fNCX2 (Z/, Un27 —_JWE_

Y
. [ foxe(z,00%, MK )dz

, MK)
:I J(L-1)

2 ai LZTES

[ o o022, SEEE h)as] ay

” (25)

NOte that every P; and thus Pp are conditioned by

(011, S ar). Then, the mean acquisition time can be
denoted as

A+A)LT,
/ /PD(a1, ’aJ)HP(aﬂZ)

PZ (Z )da1

acq

dC\{Jle dZ_]. (26)
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4.3 Misacquisition Probability and Required Pream-
ble Length

The misacquisition probability Procq is derived as

Pmacq

= /~--/(1-PD(041,‘..,a‘;))'ﬂ}%K

J
11 Paley23) Pz, (0)day ---
J=1

doydZy ---dZy.

(27)

The required preamble length N,.., is obtained by in-
creasing N until “Ppacq < © is fulfilled.

5. Numerical Examples

In this section, numerical examples derived under the
following conditions are shown.

o Length of PN code: L = 63.

e Time required in the verification mode: ALT, =
AIT,.

e Standard deviation of shadowing attenuation in
dB: o, = 8. [5]

The average chip energy E. is defined as the mean
value of the received power at all the macro diversity
branches within one chip duration, and the value is
E. = E[ST.Z;] = ST.Z;.

The mean acquisition time of the proposed system
is shown in Fig.7. The misacquisition probability of
the proposed system for 40 bits preamble is shown in
Fig. 8, and the required preamble length of the proposed
system for the required acquisition probability 1 —© of
99.9% is shown in Fig. 9.
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Fig.7 Mean acquisition time.
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From these figures, it can be seen that both macro
and micro diversity schemes at the receiving end offer
substantial performance improvement.

On the contrary, the transmit antenna (micro) di-
versity improves the performance slightly only under
large E./No in the absence of macro and micro diver-
sity at the receiver. This is the result of the trade-
off between the diversity gain for Rayleigh fading and
the noncoherent combining loss due to the dispersion
of the transmitted power. When the receive antenna
diversity is in use or when E./Np is small, the combin-
ing loss dominates the performance. Moreover, if the
cross-correlation property between the codes of differ-
ent transmitting antennas is not perfect, the transmit
antenna (micro) diversity faces additional performance
degradation, i.e., interference between the signals of dif-
ferent transmit antennas. Considering these facts, we

can conclude that the transmit diversity at the terminal
is not effective countermeasure to improve code acqui-
sition performance.

Comparing both receive antenna diversity schemes,
we find that the macro diversity surpasses micro di-
versity in diversity gain. This is because both fading
and shadowing components at the antennas of differ-
ent macro diversity branches are independent, while all
antennas of the same branch suffer from the same shad-
owing attenuation. Note that the combination of the
two receive antenna diversity schemes improves perfor-
mance, unlike the combination of transmit and receive
antenna diversity. Thus, if the number of receiver an-
tenna is given, macro diversity can be the solution. And
if it is difficult to arrange a large number of macro di-
versity branches, the combination of macro and micro
receive antenna diversity is the alternative.

In this manuscript, three different performance
measures are employed. Among them, the mean ac-
quisition time of Fig. 7 is the most popular for the eval-
uation of code acquisition performance. However, in
packet radio systems, shorter mean acquisition time
does not always results in better performance, since
the requirement is to establish code acquisition during
the provided fix preamble length. For this reason, the
misacquisition probability shown in Fig.8 is the more
suitable measure of performance, once system parame-
ters are given. On the other hand, if we need to design
the system parameters such as the structure of a packet,
the required preamble length is a useful measure. It is
interesting that the required preamble length shown in
Fig.9 is much larger than the mean acquisition time,
Fig. 7 because of a long tail in the p.d.f. of Typeq. This
fact suggests that the mean acquisition time may un-
derestimate the preamble length necessary to establish
the code acquisition.

6. Conclusion

In this paper, we have introduced macro antenna di-
versity for the base station receiver of an indoor DS/ S8
packet system together with micro transmit and re-
ceive antenna diversity. From numerical examples, we
have shown that the both receive antenna diversity
techniques achieve large performance improvements o
code acquisition under slow/flat Rayleigh fading and
Lognormal shadowing, while transmit micro diversity
is not effective. In addition, it is shown that the re-
quired preamble length for initial code acquisition is
much longer than the mean acquisition time, which is
often used as the measure of code acquisition perfor-
mance of DS/SS communication systems.
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