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The Performance Enhancement of Multibeam
Adaptive Base-Station Antennas for Cellular
Land Mobile Radio Systems

SIMON C. SWALES, MARK A. BEACH, DAVID J. EDWARDS, AND
JOSEPH P. McGEEHAN, MEMBER, IEEE

Abstract—The problem of meeting the proliferating demands for mo-
bile telephony within the confi ts of the limited radio spectrum
allocated to these services is addressed. A muitiple beam adaptive base-
station antenna is proposed as a major system component in an attempt
to solve this problem. This novel approach is demonstrated here by em-
ploying an antenna array capable of resolving the angular distribution
of the mobile users as seen at the base-station site, and then using this
information to direct beams toward either lone mobiles, or groupings
of mobiles, for both transmit and receive modes of operation. The en-
ergy associated with each mobile is thus confined within the addressed
volume, greatly reducing the amount of co-channel interference experi-
enced from and by neighboring co-channel cells. In order to ascertain
the benefits of such an antenna, a theoretical approach is adopted which
models the conventional and proposed antenna systems in a typical mo-
bile radio environment. For a given performance criterion, this indicates
that a significant increase in the spectral efficiency, or capacity, of the
network is obtainable with the proposed adaptive base-station antenna.

1. INTRODUCTION

HE FREQUENCY SPECTRUM is, and always will be,

a finite and scarce resource, thus there is a fundamental
limit on the number of radio channels that can be made avail-
able to mobile telephony. Hence, it is essential that cellular
land mobile radio (LMR) networks utilize the radio spectrum
allocated to this facility efficiently, so that a service can be
offered to as large a subscriber community as possible. In-
deed, a major consideration of the second generation cellu-
lar discussions in both the US and Europe has focused on
this point. However, present and proposed future generation
cellular communication networks which employ either omni-
directional, or broad sector-beam, base-station antennas, will
be beset with the problem of severe spectral congestion as the
subscriber community continues to expand.

A measure often used to assess the efficiency of spectrum
utilization is the number of voice channels per megahertz of
available bandwidth per square kilometer [1]. This defines the
amount of traffic that can be carried and is directly related to
the ultimate capacity of the network. Hence, as traffic de-
mands increase, the spectral efficiency of the network must
also increase if the quality and availability of service is not
to be degraded. At present this is overcome in areas with a
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high traffic density by employing a technique known as cel/
splitting. However, the continuing growth in traffic demands
has meant that cell sizes have had to be reduced to a prac-
tical minimum in many city centers in order to maintain the
quality of service. As well as increasing the infrastructure
costs, the number of subscribers able to access these systems
simultaneously is still well below the long-term service fore-
casts due to the reduced trunking efficiency of the network.
This places great emphasis on maximizing the spectral ef-
ficiency, or ultimate capacity, of future generation systems,
and thereby fulfilling the earlier promises of performance.
There have already been significant developments in terms of
spectral efficient modulation schemes, e.g., the proposed US
narrow-band digital linear system [2], [3] and the second gen-
eration Pan-European cellular network [4]. Also, in the area
of antenna technology, the use of fixed coverage directional
antennas has been considered [5]. In particular, the use of
fixed phased array antennas, with carefully controlled ampli-
tude tapers and sidelobe levels for the enhanced UK TACS
network (ETACS) [6], are currently under evaluation. How-
ever, the application of adaptive antenna arrays in civil land
mobile radio systems has hitherto received little attention, in
spite of the significant advances made in this field for both
military and satellite communications.

In this paper a multiple beam adaptive base-station antenna
is proposed to complement other solutions, such as spectrum
efficient modulation, currently being developed to meet the
proliferating demands for enhanced capacity in cellular net-
works. The feasibility of such a scheme is demonstrated, and
a comparison made with existing conventional antennas in a
realistic mobile radio environment. Geometrical and statisti-
cal propagation models are used and a unique insight is given
into the benefits of utilizing adaptive base-station antennas in
a cellular radio system. Finally, the concept of such a scheme
is discussed and the integration of adaptive antenna array tech-
nology into a mobile communications environment considered.

II. ADAPTIVE ANTENNA ARRAYS

An adaptive antenna array may be defined as one that modi-
fies its radiation pattern, frequency response, or other param-
eters, by means of internal feedback control while the antenna
system is operating. The basic operation is usually described
in terms of a receiving system steering a nu//, that is, a re-
duction in sensitivity in a certain angular position, toward a
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source of interference. The first practical implementation of
electronically steering a null in the direction of an unwanted
signal, a jammer, was the Howells-Applebaum sidelobe can-
celler for radar. This work started in the late 1950’s, and
a fully developed system for suppressing five jammers was
reported in open literature in 1976 by Applebaum [7]. At
about the same time Widrow [8] independently developed an
approach for controlling an adaptive array using a recursive
least squares minimization technique, now known as the LMS
algorithm. Following the pioneering work of Howells, Apple-
baum, and Widrow, there has been a considerable amount of
research activity in the field of adaptive antenna arrays, par-
ticularly for reducing the jamming vulnerability of military
communication systems. However, to date, there has been lit-
tle attention to the application of such techniques in the area
of civil land mobile radio.

Adaptive antenna arrays cannot simply be integrated into
any arbitrary communication system, since a control process
has to be implemented which exploits some property of either
the wanted, or interfering, signals. In general, adaptive anten-
nas adjust their directional beam patterns so as to maximize
the signal-to-noise ratio at the output of the receiver. Applica-
tions have included the development of receiving systems for
acquiring desired signals in the presence of strong jamming,
a technique known as power inversion [9]. Systems have also
been developed for the reception of frequency hopping signals
[10], [11], TDMA satellite channels [12] and spread spectrum
signals [13]. Of particular interest for cellular schemes is the
development of adaptive antenna arrays and signal processing
techniques for the reception of multiple wanted signals [14].

A. Fundamentals of Operation

The adaptive array consists of a number of antenna ele-
ments, not necessarily identical, coupled together via some
form of amplitude control and phase shifting network to form
a single output. The amplitude and phase control can be re-
garded as a set of complex weights, as illustrated in Fig. 1. If
the effects of receiver noise and mutual coupling are ignored,
the operation of an N element uniformly spaced linear array
can be explained as follows. Consider a wavefront generated
by a narrow-band source of wavelength X arriving at an N el-
ement array from a direction 8, off the array boresight. Now
taking the first element in the array as the phase reference and
letting d equal the array spacing, the relative phase shift of
the received signal at the nth element can be expressed as

2xd(n — 1)
A
Assuming constant envelope modulation of the source at 6y,

the signal at the output of each of the antenna elements can
be expressed as

\I]nk = sin ok. (1)

X (1) = @/l ) )

and the total array output in direction 6 as

N
V() =) " wyel et (3)

n=1

57

- (t) rooomm R
Far Field 1,7

Sig:iurce i " ',%
TR

0, Amplitude &
Phase Weights

Array
Output

v, (1)

40

W
Antenna Array

L=

Adaptive Control
Processor

Fig. 1. An adaptive antenna array.

where w,, represents the value of the complex weight applied
to the output of the nth element. Thus by suitable choice of
weights, the array will accept a wanted signal from direction
#, and steer nulls toward interference sources located at 6y,
for k # 1. Likewise, the weighting network can be optimized
to steer beams (a radiation pattern maxima of finite width) in
a specific direction, or directions. It can be shown [15] that
an N element array has N — 1 degrees of freedom giving up to
N —1 independent pattern nulls. If the weights are controlled
by a feedback loop which is designed to maximize the signal-
to-noise ratio at the array output, the system can be regarded
as an adaptive spatial filter.

The antenna elements can be arranged in various geome-
tries, with uniform line, circular and planar arrays being very
common. The circular array geometry is of particular interest
here since beams can be steered through 360°, thus giving
complete coverage from a central base-station. The elements
are typically sited A\/2 apart, where A is the wavelength of the
received signal. Spacing of greater than A/2 improves the spa-
tial resolution of the array, however, the formation of grating
lobes (secondary maxima) can also result. These are generally
regarded as undesirable.

B. Adaptive Antenna Arrays for Cellular Base-Stations

Multiple beam adaptive antenna arrays have been consid-
ered by Davies et al. [16] for enhancing the number of simul-
taneous users accessing future generation cellular networks. It
is suggested that each mobile is tracked in azimuth by a narrow
beam for both mobile-to-base and base-to-mobile transmis-
sions, as shown in Fig. 2. The directive nature of the beams
ensures that in a given system the mean interference power ex-
perienced by any one user, due to other active mobiles, would
be much less than that experienced using conventional wide
coverage base-station antennas. It has already been stressed
that high capacity cellular networks are designed to be inter-
ference limited, so the adaptive antenna would considerably
increase the potential user capacity.

This increase in system capacity of the new base-station an-
tenna architecture was evaluated [17] by considering the spatial
filtering properties of an antenna array. The results show that
this type of base-station antenna could increase the spectral
efficiency of the network by a factor of 30 or more. These re-
sults were obtained for a hypothetical fast frequency hopping
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Fig. 2. Tracking of mobiles with multiple beams.

code division multiple access cellular network [18], assuming
uniform user distribution and complete frequency reuse for
the omnidirectional antenna case, i.e., adjacent cells are co-
channel cells. Complete frequency reuse is then assumed for
each of the beams formed by the adaptive array, i.e., adjacent
beams are co-channel beams. Further, it was shown that a
similar enhancement of efficiency can be obtained for either
an idealized multibeam antenna, or a realizable 128 element
circular array [19].

It was recognized in the analysis, but not fully assessed, that
this approach would greatly increase the level of co-channel
interference. It was, therefore, suggested that this problem
could be overcome using dynamic channel allocation to elim-
inate the so called common zones. This again introduces ad-
ditional hand-offs, reducing the trunking efficiency and avail-
able capacity of the network, as the mobile circumnavigates
the cell.

The only study previous to the work discussed above con-
sidering the use of an adaptive antenna array in land mobile
radio was by Marcus and Das [20] in 1983. The analysis as-
sumed that the base-station, or repeater, sites could be placed
closer together if an antenna array formed 20 dB nulls to-
ward co-channel sites. This effectively reduces the amount of
co-channel interference at the output of the base-station as ex-
plained in Section II. It was suggested that in this system the
beam steering information could be derived from the squelch
tone injection which is presently used in the US FM land mo-
bile radio.

In contrast with the null steering technique considered by
Marcus and Das, here the ability of the adaptive array to steer
radiation pattern maxima toward the mobiles is considered.
In the limit it can be envisaged that individual beams will be
formed towards each mobile as illustrated in Fig. 2. It has al-
ready been mentioned that adaptive antenna technology cannot
be simply integrated into an arbitrary communication system,
and at present no one particular modulation scheme, or ac-
cess technique, has been selected for the third generation of

cellular systems. However, some well-established trends are
becoming apparent in the quest toward higher spectrally effi-
cient modulation schemes [1] for the systems of the year 2000
and beyond. It is thus vital during the initial stages of research
to develop antenna architectures which are, in essence, mod-
ulation scheme independent, so that a figure of merit can be
obtained for the multibeam base-station antenna.

III. RepucTioN OF Co-CHANNEL INTERFERENCE USING ADAPTIVE
ANTENNAS

In this paper the integration of an idealized adaptive array
into an existing cellular network is considered. In order to
ascertain the benefits of this class of antenna system compared
with that of conventional omnidirectional base-station antenna
systems, the following network topology has been assumed.

1) A cellular network consisting of hexagonal cells, with
channel reuse every C cells (C is the cluster size).

2) The base-station transmitters are centrally located within
each hexagonal cell.

3) There is a uniform distribution of users per cell.

4) There is a blocking probability of B in all cells.

5) The omnidirectional base-station antenna has an ideal
beam pattern, giving a uniform circular coverage.

6) The adaptive base-station antenna can generate any num-
ber, m, of ideal beams, with a beamwidth of 2x/m, and a
gain equal to the omni-antenna.

7) Each adaptive beam will only carry the channels that are
assigned to the mobiles within its coverage area.

8) Any motile (or group of mobiles) can be tracked by the
adaptive base-station antenna.

9) The necessary base-station hardware is available to en-
able beamforming and tracking.

10) The same modulation scheme can be used with each
antenna system.

The blocking probability of B in assumption 4) is the frac-
tion of attempted calls that cannot be allocated a channel. If
there are “‘a” Erlangs of traffic intensity offered, the actual
traffic carried is equal to a(1 — B) Erlangs. The Erlang is
a measure of traffic intensity, and measures the quantity of
traffic on a channel or group of channels per unit time. This
gives an outgoing channel usage efficiency (or loading fac-
tor) [21] of

n=a(l —B)/N 4)

where N is the total number of channels allocated per cell.

Assumptions 6), 7), and 8) imply the deployment of a some-
what hypothetical adaptive antenna system. This approach can
be justified since a uniform user population has been assumed
for both categories of antenna system. It is recognized that the
dynamic, nonuniform, user distribution will have a significant
effect on the results presented here. This will be considered
in a subsequent more rigorous study. Also, in the analysis
which follows only the base-to-mobile link has been studied,
however, it can be shown that the analysis is also valid for the
mobile-to-base link.

Two different categories of co-channel interference models
are used as the basis for the study presented here. The first
is the geometrical model adopted by Lee [5], followed by a
more rigorous statistical analysis [21]-[23].
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Fig. 3. Two co-channel cells.

IV. GEOMETRICAL PROPAGATION MODEL

This approach considers the relative geometry of the trans-
mitter and receiver locations, and takes into account the prop-
agation path loss associated with the mobile radio channel.

A. One Co-Channel Cell

Consider one co-channel cell which forms part of a cellular
network as shown in Fig. 3. By definition both the cells have
the same channel allocation, and a reuse distance of D sep-
arating the base-station transmitters. The co-channel reuse
ratio is defined as

Q =D/R. (%)

This ratio has also been termed the co-channel interference
reduction factor [5] since the larger it is (i.e., the further
apart the cells) the less the co-channel interference for a given
modulation scheme. The level of acceptable co-channel inter-
ference governs the value of this parameter and the overall
spectral efficiency of the network.

The area mean signal level experienced at the mobile is as-
sumed to be inversely proportional to the distance from the
base-station raised to a power y. With the advent of smaller
cells, the propagation path loss is close to the free-space value
[24], however, it is envisaged that the proposed base-station
will initially operate in larger cells. Therefore, as a starting
point for the comparison to follow, the commonly used ap-
proximation that the received signal power is inversely propor-
tional to the fourth power of range will be used [25]. Hence,
the area mean signal level (in volts) received from the wanted
base-station at a mobile a distance d,, from the transmitter is

mw:k/dgx' (6)

Similarly, the area mean signal level from the interfering base-
station transmitter at a distance d; is

m; =k /d} @)

assuming in each case identical radiated transmitter powers
and signal propagation constants, as denoted by the constant
k.

Co-channel interference will occur when the ratio of the
received wanted signal envelope, sy, to the interfering signal
envelope, s;, is less than some protection ratio, p,, i.e.:

Sw < DrSi.

(8
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Fig. 4. Contour defining interference regions.

The protection ratio is defined by the modulation scheme em-
ployed [1]. Considering only the propagation path loss, the
received signal envelopes are equal to the area mean signal
levels, hence:

2
Sy My d;

— = = — <p,. 9
S,’ m,’ d%/ _pr ( )

So, for a given protection ratio, a locus given by
di/dy = \/P; (10)

can be drawn. This defines a region where no interference
will occur, and where it will always occur, as illustrated in
Fig. 4. For the worst-case position, which is in a direct line
between the transmitters as shown, the co-channel reuse ratio
is

Q =D/R =1+d;/dy =1+ /p;. (11

For a given protection ratio and modulation scheme, this de-
fines the minimum spacing between co-channel cells in order
to avoid interference, and the maximum spectral efficiency
obtainable.

In this discussion it is assumed that the same modulation
scheme is employed for both antenna systems under evalua-
tion. This implies that the protection ratio and reuse distances
are identical in both cases. Therefore, there would appear
to be no apparent benefit from employing adaptive antenna
technology at the base-station site. However, the occurrence
of co-channel interference is a statistical phenomena. Hence,
when comparing omni- and adaptive antennas, it is necessary
to introduce the concept of the probability of co-channel in-
terference occurring, i.e., P(s,, < p,s;). This is often called
the outage probability, which is the probability of failing to
obtain satisfactory reception at the mobile in the presence of
interference.

If the cells are considered to be identical, i.e., have equal
blocking probabilities, then on average, there will be Ny ac-
tive channels in each cell (5 is as defined in (4)). So, in the
case of the omnidirectional antenna, given that the wanted mo-
bile is already allocated a channel, the probability of that chan-
nel being active in an interfering cell is the required outage
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Fig. 5. Outage as a function of the number of beams.

probability. Hence, when the wanted mobile is in the region
of co-channel interference the outage probability is given by

number of active channels ~ Nn
total number of channels = N

P(sy < prsi) =

(12)

Now consider the case of the adaptive antenna as previously
described, with m beams per base-station providing coverage
of the whole cell, and with Ny /m channels per beam, given a
uniform distribution of users. The same regions of co-channel
interference can be defined, however, when the wanted mobile
is within the region where co-channel interference may occur,
the outage probability is reduced. The wanted mobile is always
covered by at least one beam from the co-channel cell, hence,
the outage probability is equal to the probability that one of
the channels in the aligned beam is the corresponding active
co-channel! and is given by

number channels per beam

P < prsi) =
(Sw < prsi) total number of channels
_ Ny/m 9
=N (13)

where the omnicase is given by m = 1. These results are pre-
sented graphically in Fig. 5, and show the strong influence of
the number of beams, m, on the outage probability. The influ-
ence of the loading factor, 7, is as expected, i.e., the less the
loading, the fewer the number of active channels, and hence, a
reduced chance of co-channel interference. This assumes that
there are still m beams formed even though there are only

! The **active co-channel” is the channel that has also been allocated to the
wanted mobile.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 39, NO. 1, FEBRUARY 1990

k
L~

Wanted cell

Fig. 6. Hexagonal cellular layout showing tiers of interferers.
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a(1l — B) active channels (or users). This is only really valid
if a(1 — B) > m and that the users are uniformly distributed
within the cell. If this were not the case, and the number of
beams formed was less than m, the outage probability would
be reduced even further since the wanted mobile will not be
covered by a co-channel beam all the time. This situation will
not be pursued further since this analysis can be regarded as
worst-case situation.

B. Six Co-Channel Cells

The previous approach can now be simply extended to as-
sess the effect of six co-channel interferers, i.e., the first tier
of co-channel cells in a conventional cellular scheme as shown
in Fig. 6. It is considered that further tiers of interferers will
not significantly affect the results except when reuse distances
become small. Equation (9) can now be rewritten for this more
realistic representation of the cellular network

Sw my

d—2

. w
>
i=1

where the total mean signal level from the interfering cells,
my, is the sum of the mean level from each active cell. Thus
in a fully loaded system, the number of active users is six
(i.e., n = 6). If all the d; are assumed to be equal and the
wanted mobile is at the edge of a cell boundary, as for the
case described in Lee [5], then the co-channel reuse factor
can be expressed as

< pr (14)

Sr my

Q =16(sy /sD]'/". (15)

Subjective tests showed that over a mobile radio channel
Sw/s;r > 18 dB (i.e., pg = 18 dB) gave good speech trans-
mission for a 25-kHz FM channel operation. A value of Q can
now be calculated to define the minimum cluster size, C. Us-
ing simple geometry it would be possible to evaluate the actual
Sw/s1 in the worst-case locations. From this, a contour may
be drawn defining regions with and without interference. For
both classes of antenna systems the outage probability is still
zero within the contour (i.e., when s,, /s; > p,), but outside,
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in the region of interference:

6
P(sy < prsp) = (l> (16)

m
where s; is the total co-channel interference and the omnicase
is given by m = 1. Since it is assumed that all m beams per
cell are formed, there are six beams aligned onto the wanted
mobile at any time. The outage probability within the region
of interference is then found by considering the probability
that the active co-channel is in each of these beams.

C. Analysis of Results

The use of adaptive multiple beam-forming base-stations
would, based upon the analysis presented so far, appear to
give an improvement in performance with regard to the re-
duction of the probability of co-channel interference. The im-
provement depends on the degree of adaptivity used, i.e., the
number of ideal beams formed. However, the above approach
is over simplistic and gives a rather optimistic view of the sit-
uation. Firstly, the beams are assumed to be ideal, giving an
equal gain over the whole beamwidth. In practice this would
not be the case. Also, a hypothetical situation could be en-
visaged where, if m is large enough to satisfy a given outage
criterion,? it would appear that the ultimate reuse distance
(D/R = 2) is possible for any modulation scheme. Hence,
adjacent cells are co-channel cells, the radius of which is de-
cided by the required coverage area of the base-station site. In
spite of this though, the analysis has been useful in introduc-
ing some of the important factors that affect the performance
of a mobile radio network which exploits frequency reuse as
a means of increasing spectral efficiency.

V. STATISTICAL PROPAGATION MODEL

In the previous analysis only the path loss associated with
the mobile radio environment was considered when calculat-
ing the level of co-channel interference. This was useful in
demonstrating the principle benefits to be offered by adap-
tive antennas, although it is an over simplified approach and
totally unrealistic of many land mobile radio environments.
It was shown that a single contour defining regions of opera-
tion where co-channel interference would occur can be drawn,
however, it is known that the signal levels fluctuate rapidly
generating small isolated pockets of interference in an opera-
tional system. In some adverse environments these areas may
be quite close to the base-station antenna.

There is seldom a line of sight path between the base-station
and the mobile, and hence, radio communication is obtained
by means of diffraction and reflection of the transmitted en-
ergy. This produces a complicated signal pattern causing the
field strength to vary greatly throughout the cell, and the re-
ceived signal at the moving mobile to fluctuate very rapidly.
This is generally attributed to the superposition of two differ-
ent classifications of signal fading phenomenon: fast fading
(or just fading) due to the multipath nature of the received
signal, and slow fading (shadowing), the slower variations of

2 If there are ten beams (m = 10) a 10% outage criterion could be satisfied
in a fully loaded system (13).
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the received signal due to variations in the local terrain. In
areas experiencing this type of signal variation, the area mean
signal level is essentially constant. In order to model these
propagation cffects, the are included in a statistical fashion,
the fading and shadowing described above being represented
by Rayleigh and log-normal type distributions, respectively.

A. One Co-Channel Cell

Various studies [26]-[28] have been undertaken to analyze
co-channel interference originating from a single co-channel
interfering cell in an attempt to characterize the mobile radio
environment. In particular the rigorous analysis presented by
French [22] has been adopted here. The fast fading is the rapid
fluctuation of the signal level s about the local mean § (§ =
{s)), and is usually described by a Rayleigh type probability
density function (pdf), i.e.:

257 45? an

Shadowing of the radio signal due to the terrain, i.e., by
buildings and hills, causes the local mean level § to fluctu-
ate about the area mean. It has been generally accepted that
this variation is /og-normally distributed about the area mean
mg, where my = (§4), the mean of § in decibels. (Note, a
subscript “d”’ indicates that a signal is in decibels.) The area
mean level is approximately proportional to the inverse of the
distance from the base-station raised to the power vy, as de-
scribed in Section IV-A. Hence, the log-normal shadowing
pdf is given by

2
P(s/3) = 7r—Sexp {—E] .

P(5y) =

< 2
—(§q —myg) } - (18)

1
NP [ 207
The standard deviation, o, describes the degree of shadow-
ing. This parameter typically varies from 6 to 12 dB in urban
areas, the larger value being associated with very built up
inner city areas.

The combined pdf can now be expressed as

P(s) =/ P(s/5) - P(54)d5g. 19
By substituting § = 10°%/2 (from 54 = 20 log,, §) into (17),
the combined pdf becomes

2

P(s) = \/7r/802/ 1051/,20 exp [ s }

4 x 10%/%0

— (54 — mq)’
207
1) Outage Probability With Fading and Shadowing: The
outage probability with fading and shadowing is derived in
French [22] and the resulting integral is

- exp { ] dsy. (20)

1 [ exp(—u?)
P(sy <p,si) = ﬁ /AOC Wdu (21)

where, zg = mgy — Mg — pr, 0 = 0y, = 0, and u is an
internal variable.
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In many situations it is possible to greatly reduce the fading,
e.g., antenna diversity at the mobile, and a similar result to
that above can be derived [22] for shadowing only. Note that
the result in (21) is for the case of the omnidirectional base-
station antenna.

2) Outage Probability with an Adaptive Antenna: The
outage probability for an adaptive antenna can be simply ex-
pressed as

P(sy < p,si, m) = P(s, < p,s;)

probability of an active co-channel
in the aligned beam

= P(sw < prSi) <1> (22)
m

i.e., the probability that the ratio of the wanted signal to the
interfering signal is less than some protection ratio (21) and
the probability that the aligned beam actually contains the ac-
tive channel (13). Again, the outage probability is reduced
by a factor m. This is illustrated graphically in Fig. 7. The
loading factor is fixed at 70% (n = 0.7) and the fading and
shadowing case is considered for ¢ = 6 dB. This represents a
typical urban environment. These results have been obtained
by solving (21) and (22) numerically with m =1, 2, 4, 8,
16, and 32. Note that m = 1 gives the omnicase.

The outage probability varies as expected with z; and, for
the omnicase is consistent with French. Note, however, that
for a given z, the outage is reduced by a factor of m when
an adaptive antenna is considered.

3) Calculation of the Reuse Distance: When the fading
and shadowing characteristics of the mobile radio channel are
considered, it can be shown that no definite boundary ex-
ists between regions of interference, and regions of no inter-
ference. Co-channel interference can even occur close to the
wanted transmitter if, for example, the wanted signals fades
and the interfering signal peaks as illustrated in Fig. 8. Now,
since co-channel interference is a statistical phenomena, it can
be described by contours of outage probability. Using the def-
inition for z4 and (9) yields

;i" = /zp; = V10w w0/, (23)
w
So for a given z4, protection ratio pg, and outage probability,
contours can be drawn as shown in Fig. 9. If an adaptive
antenna is used, the value of each contour is reduced by a
factor of m, hence, for a given outage criterion, the service
area is increased.

This can be represented graphically by substituting (23) into
(11) and expressing the co-channel reuse ratio as

Q = 1 4+ 10Ga+pr)(20,

From this formula the outage probability against the reuse
ratio for a given protection ratio can be obtained in a manner
similar to that of French.

4) Calculation of the Cluster Size: In a cellular network
with a hexagonal layout, the cluster size is related to the reuse

(24)
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Fig. 7. Outage probability for one co-channel cell.
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Fig. 8. Contour defining regions of interference. (a) With no shadowing or

fading. (b) With shadowing and fading.

distance by

C =Q%/3. (25)

Note that only certain values of C are possible in a hexagonal
cellular network [25], i.e., C=(3,4,7,9, 12, 13, 16, 19,
21,--+). Using (24) this can be expressed as

C =1/3[1 + V10 p0)/2072,

Again the outage probability can now be evaluated for various
cluster sizes for a given protection ratio.

(26)
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5) Calculation of Spectral Efficiency: To gain a more
meaningful interpretation when comparing different system
architectures in a cellular network, the spectral efficiencies
[1] of the various schemes are usually considered. This gives
an unbiased measure of spectrum utilization, and is usually
expressed as the number of channels/MHz of bandwidth/km?,
ie.,

B,/B. 1
B/(CA) B.CA

efficiency, E = 27)

where
B, total available bandwidth,
B, channel spacing in megahertz,
C  number of cells per cluster,
A cell area (km?).

To enable a simple comparison to be made between omni-
and adaptive antenna systems, it is necessary to assume that
an identical modulation scheme will be employed in both
cases. Thus E o 1/C, and the relative spectral efficiency
can be expressed as

Eadapl _ Comni

= . 28
E omni Cadapt ( )

Equation (22) was solved numerically and then the clus-
ter size C, given by (26), was calculated for a fading and
shadowing (6 dB variation) environment with a loading fac-
tor of 0.7. An outage criterion of 1% is used and, although
this value is quite low, it serves to give some idea of the
advantages that can be obtained by using this new class
of base-station antenna. Two values of protection ratio, 8
and 20 dB, are considered in order to cover a variety of
modulation schemes [1]. Then, using (28), the relationship
between the relative spectral efficiencies was calculated for
m=1,2,4, 8, 16, and 32, and is shown in Fig. 11.

B. Six Co-Channel Cells

In order to present a more realistic comparison between
omnidirectional and adaptive base-station antennas, it is nec-
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essary to consider interference originating from multiple co-
channel cells. Several different studies [21], [29]-[31] have
pursued this goal, but of particular interest is the work by
Muammar and Gupta [23]. This has been adopted here since
the analysis follows directly from the previous discussion.
However, a few alterations have been necessary in order that
a more meaningful comparison could be presented.

Fig. 6 shows the cellular layout of a mobile radio network
for an arbitrary cell cluster size of C. It is recognized that
there are many tiers of co-channel interferers present, but
only the first, i.e., cells at a distance D from the wanted
base-station, it considered here. This assumption was shown
to be valid in similar studies [29], [31]. The wanted mobile in
the central cell receives a signal envelope s,, from the wanted
base-station. It also receives unwanted signals from the co-
channel cells s;, { = 1,2,---,n, where n is the number of
active interfering co-channel cells (the maximum number be-
ing six in this case). The total co-channel interference is thus

given by
n
S = ZS,‘.
i=1

When the wanted signal does not exceed this value by the pro-
tection ratio, co-channel interference will occur. In order to
calculate the total probability of co-channel interference (or
simply the outage probability), it is necessary to consider the
probability of there being co-channel interference and # inter-
fering co-channel cells. Using conditional probability theory
this can be expressed as

(29)

P((co-channel interference) N (n active co-channels))

= P(sy < prsi/n) -P(n). (30)

P(n) is the PDF of n and P(s,, < p,s;/n) is the conditional
outage probability (the probability of co-channel interference
given that there are » active interfering cells). Hence, the total
outage probability is given by

P(sy <prsp) =Y P(sw <prsi/m)-P(n)  (3D)

since all possible values of 7 must be taken into account. Here
only the first tier is considered, so the maximum number for
n is six.

The pdf of the signal envelope s is as given by (20) and
from here the conditional probability of co-channel interfer-
ence for multiple interferers, when considering both fading
and shadowing, can be derived. This result is simply quoted
here without proof as details [23] can be found elsewhere.

1 o
P(sy Sprsl/n)zf/ ax

27 J_
o
|

[1—ex GL)} ex (_M) du
P\ Tak2(x, 0 P 2
where

20 log,y K(X, u) = 24 + C - In(4/wn?)

1
+0X —onyU — i (GJZVX — a,zw) (32)
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and where 63y and 03 are defined by Muammar and Gupta
[23]. The variable z is as defined previously, and u and X are
internal variables. This integral can be solved using various
numerical techniques and the results are presented later.

1) PDF of n, P(n): P(n) is the probability that the number
of active interfering co-channel cells is # and so if the channels
are assumed independent and identically distributed, this has
the form of a binomial pdf:

6
P(n) = ( )p”(l - p)¥" (33)

n
where p is the probability of finding ore interfering co-
channel active. Using the loading factor 7, as defined before,
the probability p that a single co-channel cell has an active
co-channel, given that the wanted mobile has been assigned
that channel already, is

__ number of active channels  a(1 - B)
~ ‘total number of channels N

(34)

The origination probability [21], or the probability that »
co-channel interfering cells are using the same channel as the
wanted mobile, can then be expressed as

6
P(n) = ( ) 7" (1 —n)°". (35)

n

Hence, giving the total outage probability as

6
) n"(1 —m® .

n

P(sw <prs)) =Y P(sw <prsi/n)- (

(36)

This can now be calculated for a given outgoing channel
usage efficiency over the range of z;. Alternatively, as be-
fore, the outage probability can be considered against the co-
channel reuse ratio Q, or the cluster size C.

2) Integration of Adaptive Antennas: With an omnidi-
rectional antenna the probability of an active interfering co-
channel cell was given by 7, the outgoing channel usage effi-
ciency or cell loading factor. Since it is assumed that at any
one time all m beams per cell are formed, there will always
be six beams aligned onto the wanted mobile. Hence, for the
adaptive antenna:

probability that the interfering co-channel is in the
beam pointing at the wanted mobile

number of active channels in beam

total number of channels

:a(l—B)/m 7

N = 37
Hence, the origination probability is given by
6 n 6—n
P(n) = ( ) (l) (1 - 1) . (38)
n m m

Outage Probability

Z, (B)
Fig. 10. Outage probability with six co-channel cells.

The overall outage probability can now be expressed as

P(sy <prsi,m) =Y P(sw < ppsr/n)
n

IRIONGCH.

where the omnidirectional case is given for m = 1.

As before, when only one co-channel cell was considered,
a comparison can now be made between the two base-station
technologies. Fig. 10 shows the variation of the total outage
probability against z4. The case with both fading and shad-
owing is considered here, hence, the results are obtained by
numerically solving (32) and applying (39) form =1,2,4, 8,
16, and 32. From (26) and (28) the cluster size and the relative
spectral efficiency can now be calculated for a given outage
criterion (1%}, and is shown in Fig. 11. An outgoing channel
usage efficiency of 0.7 and a log-normal shadowing standard
deviation of 6 dB has been assumed. Protection ratios of 8
and 20 dB have also been considered.

3) Analysis of Results: It can be seen from Fig. 11 that
for a given outage criterion and modulation scheme, the intro-
duction of an adaptive array capable of forming eight tracking
beams, into an existing network, would produce at least a
threefold increase in efficiency. This can be equated to be
three times the number of channels per megahertz per square
kilometer, or simply as three times as many users in each cell.
This result has been obtained by considering the co-channel
interference originating from single and multiple co-channel
cells. The propagation model employed here considers both
the fading and shadowing characteristics of the mobile chan-
nel.

Although the application of power control of the individ-
ual tracking beams has not been considered to date, this may

(39)
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prove to be essential for future generation networks. It has
been shown [21], [30] that base-station power control can sub-
stantially reduce co-channel interference for omnidirectional
antenna systems. It can thus be envisaged that power con-
trol of the multiple beam adaptive base-station antenna would
greatly reduce energy “‘overspill”” into neighboring cells. The
combination of the two adaptive techniques will be considered
in a later study.

V1. THE “SMART”’ BASE-STATION ANTENNA

Adaptive antennas operate by exploiting some property of
the signal environment present at the array aperture [7], [8],
and it is due to this ability that they are often aptly referred
to as “‘smart’’ arrays [32]. In the previous theoretical analysis
it was assumed that the base-station antenna could track any
mobile, or group of mobiles, within its coverage area. There-
fore, on reception, the array must be capable of resolving the
angular distribution of the users as they appear at the base-
station site. Armed with this knowledge, the base-station is
then in a position to form an optimal set of beams, confining
the energy directed at a given mobile within a finite volume.
This concept can be further illustrated by considering the se-
quence of events illustrated in Fig. 12. The scenario depicted
is realistic of many operational systems where there are lone
mobiles, or groups of mobiles, dispersed throughout the cell.
Using the spatial distribution of the users acquired by the ar-
ray on reception, the antenna system can dynamically assign
single narrow beams to illuminate the lone mobiles, and broad
beams to the numerous groupings along major highways. It
can be seen that by constraining the energy transmitted to-
ward the mobiles, there are directions in which little or no
signal is radiated. It is this phenomenon which gives rise to
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the reduction in the probability of co-channel interference oc-
curring in neighboring cells, and thereby increasing the spec-
tral efficiency (or capacity) of the network as illustrated in the
previous section.

The realization of such an adaptive base-station antenna re-
quires an architecture capable of locating and tracking the
mobiles, and a beam-forming network thus capable of produc-
ing the appropriate multiple independent beams. The former
requirement can be broadly classified as that of a direction
finding, or a spatial estimation problem. These two tasks are
illustrated in Fig. 13 as a source estimation or direction find-
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ing (DF) processor and a beamformer. In recent publications
{331, [34] this concept was further extended to consider the
implementation of such a base-station antenna. Also the re-
sults from some initial computer simulations were presented
and these demonstrated the ability of the antenna array to re-
solve multiple mobile users in the signal fading conditions
typical of the LMR scenario. Many of the popular superreso-
lution DF algorithms used in radar were evaluated, and some
beam-forming techniques which could generate the optimal
beam set using the knowledge of the mobile distribution were
discussed. Finally, a proposal was put forward for a fully
adaptive base-station antenna test rig to demonstrate the prin-
ciples of operation and show how such an antenna could be
incorporated into the existing cellular network. The results of
this work will form the basis for a future paper.

Intelligent antenna systems have also been considered for
numerous other applications. Sandler and Kokar [35] have de-
scribed the use of an adaptive antenna in conjunction with
an artificial intelligence system as an antijamming antenna for
radar. Here the antenna has a wealth of stored data which
is used to “‘teach’ the system about the various scenarios it
will encounter. In this way it can adapt readily to every new
situation as it is presented and ‘‘learn” from its mistakes. It
is intended to exploit the synergy that exists between this ap-
plication and that of the proposed cellular mobile radio base-
station. Initially, the knowledge of the mobile locations within
each cell could be utilized to provide an elegant hand-off mech-
anism as the mobiles cross cell boundaries. Also, combined
with a knowledge of the local terrain and shadowing char-
acteristics, it should be possible to extend this technique and
provide a cellular network with dynamic cell boundaries. This
would thus allow the optimal usage of the available system ca-

pacity.

VII. DiscussioN

The full potential of adaptive antenna technology in the
future generation of ubiquitous portable communication net-
works is yet to be realized. The goal is to be able to provide
universal pocket sized communications by the year 2000. This
implies that the system must make very efficient use of the ra-
dio spectrum if it is to be made available to a large consumer
base; thus making the portable equipment relatively cheap.
Also, it is highly desirable that the portable communicator
has a long duty cycle between battery recharging implying
power efficient modulation. The role of adaptive antennas has
already been discussed in terms of the former requirement,
however, it must be emphasized that spectrum efficient mod-
ulation is still a vital parameter in the design of these systems.
The potential enhancement of power efficiency obtainable us-
ing spatial filtering has not been fully assessed to date, and the
merits of this technique in a rural service area are of particular
interest.

The study presented here has demonstrated the feasibility of
an adaptive base-station antenna for cellular communications
networks. A comparison made between the conventional and
proposed schemes has shown that a marked improvement in
spectral efficiency and capacity can be obtained, e.g., an ide-
alized eight beam antenna could provide a threefold increase

in spectral efficiency. In addition to the other advantages that
can be gained, as outlined in the previous section, the infras-
tructure costs incurred by this base-station antenna must also
be considered. The majority of these costs are associated with
the acquisition of the base-station site, construction of various
buildings and antenna masts. When compared with existing
schemes, such as cell splitting, the overall cost is less, since
fewer base-station sites are required for an equivalent user ca-
pacity. Also, unlike the techniques of cell splitting and cell
sectorization, the multiple beam adaptive array would not im-
pair the trunking efficiency of the network.
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