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Abstract

This paper introduces an architecture and gives prelimi-
nary analysis of an indoor wireless CDMA communication
system using a distributed antenna. The architecture is suit-
able to an indoor environment affected by a large degree of
shadowing. In such an environment if the data rate is not
excessively high then due to the relatively small excess de-
lays the channel exhibits relatively flat fading. The CDMA
antenna concept is a means to artificially increase the ex-
cess delay so as to create frequency selective fading over
the bandwidth of the transmitted signal, hence a means to
achieve frequency diversity. This frequency diversity is ef-
fectively achieved through the use of a Rake receiver. The
architecture is applicable in scenarios where a leaky-feeder
cable has traditionally been employed.

1 Introduction

Radio communications within indoor environments such
as in offices, hospitals, factories, convention centers, and
malls, is currently an area of great interest [1, 2, 3, 4]. The
use of radio for providing communication services in these
environments has the advantage of allowing easy setup and
easy reconfiguration and movement of terminals.

Future indoor radio communications systems are likely to
suffer from increasing spectrum congestion. A pico cellular
structure is the typical approach to achieve a high spectral
efficiency in such systems [5, 6]. Reducing the cell size and
tailoring its shape according to demand enables the efficient
use of the available spectrum. However, it may be the case
that even with a pico cellular structure, the cell size and
environment may be such that there is a significant degree
of multi-path fading (with large coherence bandwidth), and
a significant part of the desired coverage area that the signal
does not reach with sufficient power. An extreme case where
it is difficult to attain the desired coverage region (or cell
size) with one antenna is that of communication in mines
and tunnels.

The effect of multi-path fading can be mitigated by using
adaptive equalization, or any of a number of diversity tech-
niques such as frequency and antenna diversity. However,
the effectiveness of adaptive equalizers depends on the delay
spread of the channel, or coherence bandwidth, in relation
to the bandwidth of the transmitted signal {7, 8]. Frequency
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diversity or antenna diversity (with closely spaced antennas)
will not necessarily provide the desired coverage at a suffi-
ciently low transmitter power. Shadowing effects can be
averted only by antenna diversity with a large separation
between antennas, referred to as macro diversity [9].

An efficient way to solve the flat fading problem with in-
door radio and to facilitate the extension of signal coverage
over cells with arbitrary size and shape, is to use a dis-
tributed antenna system where a set of simple antennas are
fed by a common signal [4, 10, 11]. In such an architecture
there is no need for signal specific processing at the an-
tennas, except for possibly amplifiers and down—converters.
Other complex signal processing operations, like modulation
or filtering, take place at a central processor. Therefore, in-
expensive coverage of arbitrary areas is possible by these
simple antennas.

A unique capability of direct sequence spread spectrum is
the exploitation of multipath propagation to provide path
diversity [12, 13] through the use of a Rake receiver [14].
Also, the use of spread spectrum allows for the entire ra-
dio spectrum to be used in each radio cell, and results in
a higher capacity for cellular systems [10] as compared to
systems utilizing narrow band transmission schemes. The
use of direct sequence spread spectrum along with a Rake
receiver and a distributed antenna structure will solve the
problems with flat fading and shadow fading that are en-
countered in indoor radio channels and at the same time
facilitate coverage of arbitrarily shaped cells. In this paper
we investigate such an architecture.

2 Distributed Antenna Structure

The channel is represented by multiple paths or rays. We
consider a simplified environment where the antennas are
positioned such that a specular path is available between a
user and a nearby antenna, even if line of sight does not ex-
ist. We assume that the power of the rays coming from other
paths is small compared to the power in the specular path
and that one ray is dominant most of the time. Even if there
are multiple components in the received signal, we assume
that the delay spread is generally much smaller than the
chip duration because of the small distances in the indoor
environment. Hence, different paths will not resolve and
flat fading will be observed which makes the use of path di-
versity impossible. This model is realistic for environments
where closely spaced antennas span the enclosed areas.

Since there may not be enough paths coming from a par-
ticular nearby antenna to make use of path diversity, we
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artificially introduce multi-path by using multiple antennas
with delays inserted in the antenna feeds. The complex,
low-pass impulse response of the overall channel becomes

r(t) = Zn:az P 6(t —t)) (1)
=1

where o; is the attenuation factor, 3; is the baseband phase
and ¢; is the propagation delay for the I*® path and, n is the
number of antennas from which the user is receiving signals.
The number of antennas is the order of the diversity.

In order for the Rake receiver to distinguish between the
signals coming from different antennas, the delay between
these signals should be at least a chip time [13], i.e.,

i, j<n;i#j (2)

where 7 is the chip time. To make sure that this condition
is satisfied, some delay elements are inserted into the ca-
ble, between successive antennas. This diversity scheme is
a hybrid of macro and path diversities.

In many cases, the necessary delay will be provided nat-
urally by the distribution cable and no additional delay ele-
ments will be necessary. When additional delay is necessary,
delay elements can be employed. In the Figures we assume
that there is no delay in the cable, i.e., the propagation time
in the cable is zero and we explicitly show such delays by
the insertion of a delay element.

2.1 Chip Level Synchronization

In cellular networks, chip synchronization in different
users’ signals is possible in the forward link. Hence, in-
terference from other users can be suppressed by using or-
thogonal codes. In the reverse link, on the other hand, chip
synchronization is generally not achievable since there is no
coordination between users, therefore performance is poorer
compared to the forward link. For this reason, in the fol-
lowing analysis, we consider the reverse link. One way of
overcoming the degradation in the performance of the re-
verse link is to employ a higher order of diversity compared
to the forward link. This is not very difficult to realize since
the issue of complexity is less crucial for the central proces-
sor than for the mobile terminals.
2.2 Delay Arrangement

Since the delay elements inserted between the antennas
enable the receiver to resolve the different paths, each of
the m antennas that radiate the signal should have different
relative delays in the feeder cables. This is the key issue in
the design of the layout for distributed antenna structure. In
all cases the minimum value of the required delay is inserted.

The higher the order of diversity, the better will be the
performance. On the other hand, a higher order diversity
will result in a receiver with higher complexity. In the lim-
iting case, the user may receive from all of the antennas in
the enclosed area. In practice however, the signals coming
from far away antennas will be very weak. For simplicity, in
this paper we consider a system where two-branch diversity
is employed. The area wherein a user is expected to receive
signals from the two closest antennas is called a cell. Fig. 1
and Fig. 2 show some possible cell shapes.

In these figures the normalized relative delay for each an-
tenna is chosen in such a way as to ensure that the antennas
bounding a cell have different relative delays.
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Figure 1: Two-branch diversity, square cell.

From Fig. 1 and Fig. 2, we observe that the relative de-
lays in the structure increase unboundedly as we traverse
from the bottom left to the top right direction in the lay-
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Figure 2: Two-branch diversity, rhombic cell.

out. This may cause a lag time in the system. In order to
reduce this overall delay, a cluster structure may be used.
Such a cluster for the “square cell” case is shown in Fig.
3, where the relative delays increase in the same manner in
all directions the away from the center of the cluster. Since
the clusters have the same architecture, the maximum rel-
ative delay in any two clusters is approximately the same.
Consequently, the maximum delay is reduced.

According to the architecture, it may be necessary to in-
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Figure 3: Antenna cluster structure.

sert some delay elements in the branches of the main cables
which feed neighbouring clusters, as shown in Fig. 3. This
ensures that the delays of the antennas at the borders of the
neighboring clusters are different.

3 Receiver

We shall analyze the square cell structure shown in Fig.
1, for the general case of no power control. Our main goal
in employing a distributed antenna system is to cover large
areas in a simple and inexpensive way. Power control is
undesirable due to its complexity. Nevertheless we also give
SNR, expressions for the special case of power control.

We consider a multiple access system with direct sequence
binary phase shift keying modulation DS/BPSK. The signal
transmitted by the ¢! user in the mobile to base link is

:r(t) = —?di(t)c,;(t, Az') COS(UJct + 65) (3)

We assume that K users are transmitting and that the sig-

nals are being received via two antennas. The total received

signal is

K-1

Z A; di(t)ci (t, AZ) COS(wct + Gil)

=0

K—1

+ Y Bidi(t)ei(t — 7, A) coslwo(t — ) + Oiz] + nf4)
i=0

r(t) =

where A; and B; are the amplitudes of the signal from the
ith user received from the two antennas, ©;; and ©;5 are the
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corresponding carrier phase angles of the two carriers, d;(¢)
is the data signal, ¢;(¢,A;) is the spreading code, and A;
is the corresponding spreading code chip phase for the *%
user, and n(t) is the background noise process. The relative
delay for the two paths is assumed to be equal to one chip
time 7, although similar results would be obtained for larger
values. We assume long spreading codes and model them as
Bernoulli processes. The data symbol period is T' and the
processing gain is N = %

We assume that a two-branch Rake receiver is used. As-
suming that the data symbol is 1, the outputs of the two
correlators are

AT
Yy = ) + n1
BT
y2=—3~+n2 (5)

where n; and ngy are compound Gaussian random variables
[15]. The joint probability density of n; and n, depends
on the number of users and on the chip pulse shape. For
a small number of users these variables are Gaussian when
conditioned on the spreading code and carrier phases A;
and ©;1, and ©;5. Alternately, they are Gaussian with vari-
able variances. The variation of the variances depends on
the number of users and the chip pulse shape. The largest
variation occurs for a small number of users and rectangu-
lar chip pulse shape. For a moderate number of users the
dependence on these phases decreases and the probability
density is approximately Gaussian. For a rectangular chip
pulse shape the variances are

N7, Ne2RE o NoT
N7 N2 KD NoT
vy = —— AP+ (AZ+B)+——, (6
8 12 e 4
and the covariance is
N72
V19 = e AoBy. (7)

The covariance in the case of a filtered chip pulse (non-
rectangular) would be smaller. For a sinc chip pulse shape
the covariance equals zero.

We consider the following three combining methods:
Maximal ratio combining (MRC), equal gain combining
(EGC), and selection combining (SEC).

The output of the combiner is

s = (c181 + €282) + (c1n1 + cang) (8)
where s; = %71 and s; = %Z are the signal compo-

nents and n; and ng are the noise components at the
branches of the receiver respectively, and c; and co are
the combining coefficients. For different combining tech-
niques, the combining coefficients take the following values:
MRGC: ¢ = %’1-, ey = 22
EGC: e1=cp =1
SEC: c1=1,c3=0;0r¢; =0,c3=1
In each case the SNR is given as follows:

Va2

(c181 4 c259)° ‘
(C%’Ul + c1c9V19 + C%Uz)

SNR = (9
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We note that the above maximal ratio combining scheme
is not strictly optimum since the two branches are not un-
correlated. However the covariance as seen from (7) is small
and would be even smaller in the case of a filtered chip pulse.

4 SNR Performance

We observe that the SNR depends on the following vari-
ables: N, K, A;, and B;. We plot the SNR throughout a
cell for different values of the these variables and for various
combining methods so as to compare the different combin-
ing schemes and also to determine the effect of the above
variables in the SNR. throughout the cell.

Suppose that the i*P user’s signal is received by antennas
1 and 2, with power levels P;, and Ps,, respectively. From
(4)

Al 2
P, = & and Po = 25 (10

and in terms of distance, we may write

c c
P, = d_’f' and P, = d—k: (11)

where ¢ 1is a constant and k& is the distance power law
coefficient, and d;; and dy;, are the distances between
the i* user and antennas 1; and 2;, respectively. From
equations (10) and (11) we note that the SNR, depends on
the positions of all the users in the system. To determine
the performance of the system we may perform some kind
of averaging over the user positions. For simplification we
shall rather consider a particular case which is shown in Fig.
4. In this case
di, =di,=dy and doy, = dy, = da for
(12)
As a consequence of the above, we get
A;i=Ag=A and B;=By=B
(13)
The above corresponds to a system with power control.
Also, this particular case for the reverse link is in fact the
general case for the base-mobile link if the signals for differ-
ent users are not chip synchronized.

From the performance point of view, the above system
is equivalent to the one where all the users are located at a
single point. We shall study this special case and present the
corresponding SNR plots as a function of position. However,
these plots are also valid for the more general case described
by (12).

We suppose that antenna 1 is at the origin of the coor-
dinate system, and we show the position of the users by
(zo,y0) .- Hence, dy and d; become

_y0)2 ] 1/2

{
"7
(14)

where [ is the distance between antennas. From (10) —
(14), we get the ratio A/B as follows:

di = (a3+93)"?; —20)?

& = [(

{ {
(% — o)’ + (—\/5 ~10)° Jei4

23+ yh

A
3 = (15)
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Figure 4: Positions of the users.

Figare 5: SEC for k = 2, and N/K = 10.

The background noise is set in such a way that if there
were no multipath, i.e., if the received signal were coming
only from the closest antenna, then the SNR at a distance
of 1/2 would be 7 dB, for £ = 2. For the following plots we
assume a square cell with reception at two antennas located
at diagonally opposite corners of the cell.

SNR and (Processing Gain)/(Number of Users):
Fig. 5 shows three different surfaces for SEC with k = 2
and N/K = 10. For the upper surface N = 20 and K = 2,
for the middle one N = 50 and K = 5, and for the lower
surface N = 100 and K = 10. We may conclude from Fig. 5
that as long as the N/K ratio is kept constant, actual values
of N and K do not affect the shape of the SNR plots. This
is also the case for MRC and EGC.

SNR and the Distance Power Law Exponent (k):

In the indoor environments, k& may be expected to be
around 2. In mines or tunnels, however, it may be as low as
1, whereas in heavily cluttered areas it may be as high as 4.
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Figure 7: MRC, EGC, and SEC for k = 2, K = 10, and
N = 100.

Therefore, plots are given for k = 1, k = 2, and k = 4. Fig.
6 shows three different curves for EGC with N = 100 and
K = 10 but for different values of k. We observe that the
SNR is not too sensitive to the propagation exponent k.

SNR and Combining—Types:

Fig. 7 shows MRC, EGC and SEC together, for k£ = 2 and
K = 10. From this figure we observe that MRC outperforms
the others throughout the cell. Near the antennas, SEC
is similar to MRC, and both are better than EGC. In the
middle of the cell, on the other hand, EGC becomes similar
to MRC and SEC is relatively poor.

5 Summary

We have described a distributed antenna architecture for
indoor wireless communications. The antenna consists of
a set of trees of transmission lines with radiators inserted
at appropriate points. Delays are inserted into the trans-
mission lines so as to artificially increase the delay spread of
the indoor channel. This transmission scheme solves the flat
fading problem inherent in indoor radio channels even in the
case of spread spectrum transmission with a moderate pro-
cessing gain. It also offers an alternative to systems which
have traditionally employed leaky feeder radiators in envi-
ronments such as those encountered in tunnels and mines.

ICUPC 93

994

References
[1] D.D. Cox, “Universal portable radio communications,”
IEEE Trans. Vehicular Tech., Vol. VT-34, No. 3, pp.
117-121, August 1985.

[2] D.D. Cox, “Portable digital radio communications—an
approach to tetherless access,” IEEE Communications
Magazine, pp. 30-40, July 1989.

[3] A. A. M. Saleh and Reinaldo A. Valenzuela, “A statis-
tical model for indoor multipath propagation,” IEEE
JSAC, Vol. SAC-5, No. 2, pp. 128-137, February 1987.

A. A. M. Saleh, A. J. Rustako Jr. and R. S. Ro-
man, “Distributed antennas for indoor radio communi-
cations,” IEEE Trans. Communications, Vol. COM-35,
No. 12, pp. 1245-1251, December 1987.

D. Akerberg, “Properties of a TDMA pico cellular of-
fice communication system,” IEEE Globecom, 41.4.1-
41.4.7,1988.

[4]

[5]

[6] R. Steele, “The cellular environment of lightweight
handheld portables,” IEEE Communications Maga-

zine, pp. 20-29, July 1989.

[7] A. Salmasi and K. S. Gilhousen, “On the system de-
sign aspects of code division multiple access (CDMA)
applied to digital cellular and personal communications
networks,” IEEE Trans. Veh. Tech., pp. 57-62, 1991.

A. J. Motley and D. A. Palmer, “Reduced long-range
signal reception with leaky feeders,” FElectronics Lei-
ters, vol. 19, no. 18, pp. 714-715, September 1983.

T. A. Sexton and K. Pahlavan, “Delay densities and
adaptive equalization of indoor radio channels,” IEFE

MILCOM, 4.6.1-4.6.5, 1988.

J. H. Winters and Y. S. Yeh, “On the performance of
wideband digital radio transmission within buildings
using diversity,” IEEE GLOBECOM, 32.5.1-32.5.6,
1985.

R. C. Bernhardt, “RF performance of macroscopic di-
versity in universal digital portable radio communica-
tions: signal strength considerations,” IEEE GLOBE-
COM, 32.7.1-32.7.4, 1985.

R. L. Pickholtz, Donald L. Schilling and Lau-
rence B. Milstein, “Theory of spread-spectrum
communications—a tutorial,” IEEE Trans. Communi-
cation, Vol. COM-30, No. 5, pp. 855-883, May 1982.

G. L. Turin, “Introduction to spread-spectrum antimul-
tipath techniques and their application to urban digital
radio,” Proc. IEEE, Vol. 68, No. 3, pp- 328-353, March
1980.

[14] R. Price and P. E. Green, “A Communication technique
for multipath channels,” Proceedings of the IRE, pp.
555-570, March 1958.

E. S. Sousa, “Interference modeling in a direct—
sequence spread-spectrum packet radio network,”
IEEFE Trans. Communications, Vol. 38, No. 9, pp. 1475-
1482, Sep. 1990.

[15]

Conference



