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The Range Increase of Adaptive Versus Phased
Arrays in Mobile Radio Systems
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Abstract—In this paper, we compare the increase in range with
multiple-antenna base stations using adaptive array combining
to that of phased array combining. With adaptive arrays, the
received signals at the antennas are combined to maximize signal-
to-interference-plus-noise ratio (SINR) rather than only form a
directed beam. Although more complex to implement, adaptive
arrays have the advantage of higher diversity gain and antenna
gain that is not limited by the scattering angle of the multipath at
the mobile. Here, we use computer simulation to illustrate these
advantages for range increase in both narrow-band and spread-
spectrum mobile radio systems. For example, our results show
that for a 3� scattering angle (typical in urban areas), a 100-
element array base station can increase the range 2.8 and 5.5-fold
with a phased array and an adaptive array, respectively. Also, for
this scattering angle, the range increase of a phased array with
100 elements can be achieved by an adaptive array with only ten
elements.

Index Terms—Adaptive arrays, mobile communications, mul-
tipath channels, phased arrays.

I. INTRODUCTION

M ULTIPLE antennas at the base station can provide in-
creased received signal gain and, thus, range in mobile

radio systems. Two approaches for combining the received
signals are the phased array, which creates an antenna beam
directed at the mobile, and the adaptive array, which maxi-
mizes signal-to-interference-plus-noise ratio (SINR). Here, we
compare the range increase of phased arrays to that of the
more complex adaptive array technique for both narrow-band
and spread-spectrum systems.

Previous papers have studied the increase in gain with
phased arrays [1]–[6]. With phased arrays, the signals received
by each antenna are weighted and combined to create a
beam in the direction of the mobile. The same performance
can also be achieved by sectorized antennas, whereby a
different antenna is used to form each beam. As the number of
antennas increases, the received signal gain (range) increases
proportionally to the number of antennas, but only until the
beamwidth of the array is equal to that of the angle of
multipath scattering around the mobile. Beyond that point,
the increased gain of more antennas is reduced by the loss
of power from scatterers outside the beamwidth. The range
can even be reduced with narrower beamwidths because the
resulting reduction in delay spread can cause a loss of diversity
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gain in systems using equalization, e.g., in spread-spectrum
systems using a RAKE receiver.

This limitation in range increase can be overcome by the use
of adaptive arrays [5]–[9]. With adaptive arrays, the signals
received by each antenna are weighted and combined to
maximize the output SINR. Although the most widely stud-
ied advantage of adaptive arrays is interference suppression
[7]–[10], maximizing SINR also forms an antenna pattern
matched to the wavefront (which is not a plane wave for
nonzero scattering angle) and therefore provides a range
increase that is not limited by the scattering angle. In addition,
adaptive arrays can provide higher diversity gain than phased
arrays, since all the receive antennas can be used for diversity
combining. Thus, for a given number of antennas, adaptive
arrays can provide greater range, or require fewer antennas to
achieve a given range.

In this paper, we describe the limitations of phased arrays
for range increase and describe how these limitations can be
overcome using adaptive arrays.1 We use computer simulation
to illustrate our results for the range increase in both narrow-
band and spread-spectrum mobile radio systems. For example,
our results show that for a 3scattering angle, a 100-element
array base station can increase the range 2.8 and 5.5-fold with
a phased array and an adaptive array, respectively. Also, for
this scattering angle, the range increase of a phased array with
100 elements can be achieved by an adaptive array with only
ten elements.

In Section II, we discuss the theoretical performance of
phased and adaptive arrays. We present a mobile radio system
model and illustrate the performance results by computer
simulation in Section III.

II. DESCRIPTION OFPHASED AND ADAPTIVE ARRAYS

A. Phased Array

Fig. 1 shows a block diagram of a phased array with
omnidirectional elements linearly spaced at , where is
the signal wavelength. The signals received by the antennas
are weighted and combined to form a beam at angle, i.e., the
signal at the th antenna is phase shifted by

For the mobile radio base station, the antenna beam should
be narrow in elevation and the antenna characteristics should
be independent of azimuth. A narrow elevation angle can be

1Note that we consider range increase as a convenient way to express
the effect of gain increase, and it also corresponds to a decrease in required
number of base stations to cover a given area.
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Fig. 1. Linear phased array with omnidirectional elements linearly spaced
at �=2:

(a)

(b)

Fig. 2. (a) Array with linear elements on four panels in a square and (b)
with elements on a cylinder.

created by using a vertical array of antenna elements for each
horizontal element. The azimuth dependence can be reduced
by placing the linear elements on four panels in a square,
as shown in Fig. 2(a) [11]. However, a cylindrical array, as
shown in Fig. 2(b), is usually used to create azimuth indepen-
dence. Each antenna element is typically spaced at, since
smaller spacing reduces gain by creating a wider beamwidth
with increased mutual coupling, while wider spacing can also
reduce gain by decreasing the beamwidth and creating grating
lobes, i.e., gain in directions other than the desired angle-of-
arrival. The effect of antenna spacing on mutual coupling is
studied in Appendix A.

To create a beam in a given direction, the signals from
the antenna elements are cophased, based on a plane wave
arrival. Since to reduce mutual coupling between elements,
each element should have higher gain in the direction pointing
away from the center of the cylinder (see Appendix A), the

signals should also be weighted by the voltage gain in the
given direction to maximize signal-to-noise ratio (SNR) in the
array output. These weighted signals are summed to generate
the array output, with the output SNR for a beam with direction

given by

(1)

where is the complex received signal voltage at antenna
, is the expected (based on antenna location) antenna

voltage gain and phase (relative to the other antennas) for a
signal arriving from angle , and the superscript denotes
complex conjugate.

The weights can be implemented at radio frequency (RF)
by different cable lengths for the fixed phase offsets and
fixed attenuators for the amplitude weighting. The weighted
signals for each beam are then combined, with a separate
combiner and signal for each beam. For each mobile radio
user, the receiver then selects the beam output with the largest
power to use for signal demodulation. However, this technique
can require a large amount of hardware, including amplifiers,
with large , but the complexity can be reduced somewhat
by combining only a portion of the antenna outputs—the
signals from the antennas with the largest gain in a given
direction—for each beam. Alternatively, the signal from each
antenna can be brought to baseband and analog–digital (A/D)
converted, with the combining done in software. Although this
method is similar to adaptive array processing, with the phased
array the combining software needs to determine only one
parameter, the angle-of-arrival (which changes slowly with
time), for each mobile radio user.

The same performance as the phased array can be achieved
by using sectorized antennas, i.e., separate antennas for each
beam, as is currently done at many mobile radio base stations.
However, to create uniform coverage using sectorized antennas
or phased arrays with predetermined (fixed) beams, overlap-
ping beams should be used. (This is also useful for obtaining
diversity—see below.) This doubles the number of antennas
(with sectorized antennas) or the combining hardware (with
phased arrays with fixed beams) without increasing the gain.

Arrays increase the range by providing additional received
signal gain due to two factors—antenna gain and diversity
gain. With an -element phased array and a point source, the
antenna gain is , neglecting mutual coupling (see Appendix
A). The range increase is the gain raised to the inverse of the
propagation loss exponent, typically a fourth power loss.
Thus, with a point source, the range increase due to the antenna
gain of an -element array is

However, signal scattering around the mobile means that
the signal received at the base station cannot always be
considered as coming from a point source. As shown in Fig. 3,
with scattering the signal arrives from a range of angles,
called the scattering angle. Typically, the mobile signal is
scattered mainly by objects within 1000 ft of the mobile,
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Fig. 3. Mobile radio environment with scattering around the mobile, where
all signals from a mobile arrive within a scattering angle�:

but this distance can vary widely, e.g., with reflections off
mountains [12]. Furthermore, this scattering angle increases
with decreasing base-station height. Measured results for rural
areas with 130-ft antenna heights show scattering angles of
only a few tenths of a degree, while suburban and urban areas
have much larger scattering angles [13]. Measured results in
urban areas of Tokyo, Japan, for ranges up to 7 km [14], show
a 3 scattering angle at a 50-m antenna height, increasing to
360 at a 1-m height (as on the mobile). In addition, digital
mobile radio systems in North America (IS-136) and Europe
(GSM) are designed to handle delay spreads up to 41 and 16

s, respectively, which, with an 8-mi cell radius, correspond
to scattering angles of 52and 21 , respectively. Also, these
scattering angles are for 900-MHz mobile radio systems, while
at 2 GHz the range is reduced by about 50% (from the Hata
model [15], for an antenna height of 50 m at the base station
and 1 m at the mobile, medium–small city, and 8-mi cell
radius), corresponding to a two-fold scattering angle increase.
We expect that microcells will have even larger scattering
angles because of the lower antenna height. Here, we do not
consider what the likely distribution of scattering angles will
be for any given system, but show results obtained for a wide
range of scattering angles.

Since receive signal power is lost when the beamwidth,
which is approximately 360 (for a cylindrical array), is
less than the scattering angle, the signal gain will be less than

in the phased array with large enough For example,
for a uniform distribution of power within a scattering angle
of degrees, the maximum signal gain is given by an array
with elements. Additional elements increase the
antenna gain, but the power lost outside the beam reduces the
signal gain by the same amount (under the uniform power
distribution assumption). Thus, with phased arrays the signal
gain, and the corresponding range increase, is limited.

The other factor for receive signal gain is the diversity
gain. Multipath fading results in a higher average output SNR
required to achieve a given average receiver performance (e.g.,

Fig. 4. Cylindrical array using of angle diversity.

BER in digital systems) than without fading. The fading in the
output signal can be reduced by using multiple receive anten-
nas and combining the received signals. We define diversity
gain as the improvement in link margin beyond the factor of

for array gain. For example, for a 10 BER averaged
over Rayleigh fading with coherent detection of PSK, a 9.5-
dB higher average output SNR is required than without fading.
Two antennas provide up to a 5.4-dB diversity gain, while 3, 4,
and 6 antennas provide up to 6.8, 7.6, and 8.3 dB, respectively,
with maximal ratio combining. Thus, six antennas can provide
within 1.2 dB of the maximum diversity gain (i.e., the 9.5-dB
gain achieved when the fading is eliminated). However, to
achieve the full diversity gain, the fading at the antennas must
be nearly independent. This requires that the spacing between
antennas is at least the distance such that the beamwidth of
an antenna with this aperture is approximately the scattering
angle. For example, a spacing of– is used for the typical
scattering angle of a few degrees [12], [14], [16].

For a cylindrical phased array, such an antenna spacing
between elements is impractical and would create numerous
grating lobes without providing the antenna gain commensu-
rate with the diameter of the array (or providing diversity gain).
However, when the beamwidth of the array is comparable
to the scattering angle (i.e., the total array aperture size
corresponds to a beamwidth given by the scattering angle),
different beams can cover part of the same scattering angle
and thereby angle diversity can be used [4], [13], as shown in
Fig. 4. For the square array, another set of flat arrays could
be spaced – apart on each side to provide diversity,
as shown in Fig. 5. Note that this is not practical with
cylindrical arrays, as the arrays would partially block each
other. Similarly, to provide diversity with sectorized antennas,
a separate set of antennas can be spaced– apart (as is
used today) with overlapping sectors to provide more uniform
coverage over all azimuth angles. In all cases, though, diversity
gain requires additional hardware. To minimize the added
cost, usually only dual diversity with selection combining is
considered. Note that for the example case of a 10BER,
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Fig. 5. Square array using space diversity.

selection diversity with two antennas provides only about 3.9
dB of the maximum-possible 9.5-dB diversity gain (which
is also 1.5 dB less than maximal ratio combining with two
antennas).

Frequency-selective fading due to delay spread can also
be used to provide diversity by using equalization [9] in
narrow-band systems, or a RAKE receiver in spread-spectrum
systems [17]. In this case, the diversity gain of additional
antennas is reduced. For example, a three-finger RAKE is used
in the IS-95 CDMA system (three fingers on the downlink,
but four fingers on the uplink). With received signal energy
uniformly distributed over three code symbol periods (2.4

s), maximal ratio combining of the three fingers provides
three-fold diversity, or a 6.8-dB diversity gain at a 10
BER, and dual antenna diversity provides up to 1.5 dB (the
overall combining is equivalent to six-branch maximal ratio
combining) of the remaining 2.7-dB maximum diversity gain.
Note, however, that, compared to a narrow-band receiver, one
finger of this CDMA receiver is 4.8 dB lower in signal power,
i.e., the RAKE receiver does not give any increase in average
SNR (antenna gain). Finally, note that beamwidths smaller
than the scattering angle can reduce the delay spread, and
therefore the diversity gain, in systems with phased arrays.

B. Adaptive Array

With an adaptive array, the received signals are combined
to maximize the output SINR. Thus, the array can null
interference in narrow-band systems2 (as discussed below),
but here we consider only the increase in range due to higher
antenna gain. Without interference, the output SNR of an

2For spread-spectrum systems, nulling of all strong interferers is generally
not possible since the number of interferers is typically much greater than the
number of antennas.

-element adaptive array is given by

(2)

Although (2) is simpler than the SNR equation for the phased
array (1), the adaptive array is more complex to implement
because the weights are not fixed, but depend on the received
signals. Thus, variable gains and phase shifters are needed for
each signal on every antenna. These can be implemented in
hardware at RF or IF, or in software at baseband. For the
software implementation, the signals from each antenna can
also be digitized using block processing.

Another complication is the need to acquire and track
the weights. As compared to the phased array where the
beam or the weights only need to track the angle of the
mobile, the adaptive array weights must track the rapid fading
of the signal. Algorithms to generate the weights include
the constant modulus algorithm (CMA) [18], least-mean-
squared (LMS) algorithm [19], and the direct matrix inversion
(DMI) algorithm [19]. It should be noted, though, that when
interference is not a concern, i.e., when range increase is the
issue as in this paper, simpler techniques may be possible for
determining the weights.

With the adaptive array, though, the array pattern is matched
to the multipath wavefront. That is, there is no antenna gain
limitation due to multipath scattering angle, as with phased
arrays, and an -fold diversity gain can also be obtained.
Achieving this diversity gain requires adequate antenna spac-
ing however. With a base-station array oriented broadside to
a small angle, degrees, of scatterers around the mobile and
with power arriving uniformly at the base from within, the
magnitude of the correlation coefficient between two array
elements spaced wavelengths apart is approximately [see
also [14], which approximates the envelope correlation
by the square of the complex phasor correlation ]

(3)

Thus, an antenna spacing of is required for
independent fading at each antenna, but spacings of about
half of this still give low-enough fading correlation (0.7)
that nearly the full diversity gain can be achieved. However,
even with a spacing of , the required array
size can be too large. For example, a 3scattering angle
requires a 10-ft antenna spacing at 900 MHz, and, thus, in
particular, a 100-element cylindrical array would require a
330-ft diameter. However, since only a few-fold diversity is
needed to obtain most of the maximum diversity gain, an array
with a diameter of a few times the required antenna spacing
(20–30 ft in the above example) should obtain almost all the
maximum-possible diversity gain.

Finally, we note that, although not studied in this paper, the
adaptive array can also suppress interference. With the narrow
beams of large arrays, the number of interferers is greatly
reduced in both narrow-band and spread-spectrum systems.
Since an -element array can eliminate interferers with an

diversity gain, large arrays can eliminate any significant
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interference with little loss of diversity or antenna gain. Thus,
these arrays can not only greatly increase the range when
there is little interference, but they can also be used for future
expansion by permitting the capacity to be greatly increased
without increasing the number of base stations.

III. RESULTS

A. Model

To verify and illustrate the above conclusions, we used
Monte Carlo simulation with the following model (see Fig. 3).
We considered transmission from a mobile to a base station.
The multipath model consisted of 20 scatterers uniformly
distributed in a circular area of radiusaround the mobile.
These scatterers had equal transmitted power, with a fourth law
power loss from each scatterer to the base station. The phase
of each multipath reflection at each antenna was determined
from the path length. Received power variation due to shadow
fading was not considered. The base-station array was a
cylindrical array of equally spaced cardioid antennas [20],
with each antenna pointing out from the center of the array,
and one element at 0The mobile was at 90 Note that for

, the mobile at 90 results in equal gain from the
two antennas, while with a mobile at 0only one antenna
has nonzero gain. Thus, for , the results depend
strongly on the angle of the mobile (i.e., dual diversity at
90 versus no diversity at 0). However, for , the
effect of angle is negligible, and therefore this angle was fixed
at 90 We considered spacings between elements of or
greater, and therefore neglected the effect of mutual coupling
(see Appendix A).

With the phased array, the weights were set to generate a
beam that was pointed directly at the mobile. From (A-8) and
(A-10), these weights are given by

(4)

and the SNR is then given by (1). With the adaptive array,
the weights are and the SNR is given
by (2). We consider coherent detection of phase-shift-keyed
(PSK) signals, for which the BER is given by

BER (5)

We used Monte Carlo simulation to determine the BER
averaged over 10 000 cases. Note that the BER depends on
the ratio of transmit power to receive noise power. This ratio
was adjusted to obtain a 10 average BER for the baseline
case of an omnidirectional transmit antenna with the mobile
at a given range and scattering radius. With this ratio and
the scattering angle fixed, we generated results for the-
element phased and adaptive arrays, increasing the range until
the BER exceeded 10, thus giving the range increase. All
the following results for range increase and diversity gain are
referenced to 10 average BER.

Note that the increase in range is not strongly dependent on
the modulation and detection technique considered, but will
vary significantly with the power loss exponent and the BER.
Specifically, the range increase will be greater than we show

in the next section if the power loss exponent is less than four
or the required BER is less than 10

We considered both the low data rate case (no delay spread)
and the delay spread case. For the delay spread case, the signal
delay for each scattered signal depends on the distance from
the mobile to the scatterer plus the distance from the scatterer
to each base-station antenna.

For the spread-spectrum system with delay spread, we
studied the use of a three-finger RAKE receiver for both the
phased and adaptive arrays. To simulate the RAKE receiver,
the computer program first convolved the delayed impulse of
each scatterer with the spread-spectrum correlation function
given by

for

elsewhere
(6)

where is the time delay corresponding to the distance from
the center of the base station to the mobile. The responses
from the 20 scatterers were then summed to obtain the signal
at each antenna. These signals were weighted and combined
by the phased array weights or the adaptive array weights

Note that the adaptive array weights
vary as a function of delay. We then determined the three
largest peaks in the output response that were separated by
integer multiples of the code rate and combined these three
signals to maximize the output SNR. That is, these three
peaks were cophased and weighted by their signal amplitudes
before combining. For the phased array, we considered three
different models. In the first model, we considered a single
beam pointed at the mobile, i.e., the phased array weights
as given in (4). Thus, our model corresponds to phased array
combining with a RAKE receiver after the combiner, followed
by maximal ratio combining of the RAKE output. To model the
IS-95 CDMA system with a phased array, we also considered
a RAKE receiver on each antenna, followed by phased array
combining of the RAKE outputs, with the beam direction
optimized for each delay [rather than set to 90as in (4)].
Thus, a separate beam was formed for each of the RAKE
fingers. Finally, we modified the second model to consider the
beam direction optimized over different, equally spaced
angles, which models sectorized antennas. For the adaptive
array, our model corresponds to a RAKE receiver on each
antenna branch, with adaptive array combining of the antenna
signals followed by adaptive array combining of the three
highest output peaks, with the receiver timing optimized to
maximize the output SNR.

For the no delay spread case, in our simulations we used a
40 000-ft range as the baseline case, with the scattering radius
given by the required scattering angle. However, our results
can be generalized to any range, as they depend only on the
scattering angle and not the absolute values of the range and
scattering radius. Therefore, in the next section, we present
our results only in terms of the normalized range. Similarly,
although we generated results for a one foot wavelength, our
results can be generalized to any wavelength. Therefore, our
results on antenna spacings are only in terms ofAlso, for
the delay spread case, our simulations used a 1.25-Mbps data
rate (as in the IS-95 CDMA system). The scattering radius was
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set to 1200 ft (which is typical in mobile radio in suburban and
urban areas) which results in a delay spread of three symbols.
This radius was chosen because, as shown in the next section,
this is the minimum delay spread for which the maximum
diversity gain is achieved with the three-finger RAKE receiver.
Thus, the scattering radius was chosen to maximize the RAKE
diversity gain as well as the effect of a narrow beamwidth on
the performance. Again, our results do not depend on the abso-
lute values of the range and scattering radius and are therefore
presented in terms of normalized range and scattering angle.

Finally, note that by keeping the scattering radius constant
as we increase the range (which would be typical in mobile
radio), the scattering angle decreases. For example, a 10
scattering angle with the baseline case is only about 3with
a three-fold range increase. With fixed scattering radius, the
predicted range increase discussed in the previous section must
therefore be modified. It was noted before that, for a given
scattering angle , the maximum gain is , and therefore
the maximum range , normalized to the omnidirectional-
antenna range , is given by

(7)

But since the scattering radius is kept constant, the scattering
angle at range is less than the baseline scattering angle
at , specifically

(8)

Therefore, from (7) and (8), the maximum range increase is
given by

(9)

[with the corresponding ]. This increase is
greater than the maximum range increase of for
the fixed scattering angle case, e.g., the range increase is 4.9
for versus 3.3 for

B. Results for Range Increase

Fig. 6 shows the normalized maximum range versus the
number of antenna elements for phased and adaptive arrays
with antenna spacing, neglecting the delay spread. Re-
sults are shown for different fixed scattering radii, with the
scattering angle for the baseline case of one antenna element
given. We also show the theoretical range due to the antenna
gain without diversity, and due to antenna gain and

-fold diversity. Also, the predicted maximum range with
phased arrays is shown.

With the phased array, the range is shown to be limited to
the predicted range limitation. However, the range improve-
ment is degraded due to the scattering angle forless than
the theoretical value corresponding to the range limitation,
and it requires many times more antennas to actually reach
this limitation. For example, with a 20scattering angle, the
predicted range limitation is 2.6, corresponding to 46 antennas,
but with 46 antennas the range is only 2.3. Note that at a range

Fig. 6. Normalized maximum range versus the number of antenna elements
for phased and adaptive arrays with�=2 antenna spacing, neglecting the delay
spread.

of 2.6, the scattering angle is reduced to about 8for the 20
baseline curve.

For the adaptive array, the range exceeds the no-diversity
theoretical range for all scattering angles, due to antenna
diversity. The diversity gain increases with the scattering angle
and , as expected. However, the diversity gain does not
increase for scattering angles greater than about 20Thus,
because the adaptive array has greater range with increased
scattering angle, the difference between the adaptive and
phased array increases dramatically with scattering angle.

Next consider the effect of antenna spacing. With the phased
array, our results show that the range does not increase with
wider spacing, and, in fact, the range decreases if the spacing is
wide enough. With the adaptive array, the range increases with
antenna spacing, up to that corresponding to the maximum
diversity gain. Fig. 7 shows the increase in range with spacing
for and and baseline scattering angles of 3,
10 , and 20 Theoretical results for the range with maximum
diversity gain are also shown. With baseline scattering angles
of 10 or more, the maximum range can be achieved with a
spacing of about 10. Note that a baseline scattering angle of
10 corresponds to scattering angles of 6.2, 3.4 , and 1.8 at
the maximum range with and respectively.

Consider the extreme example of a very large array. For a
baseline scattering angle of 3, with 100 elements a spacing of

achieves a 5.15-range increase versus the maximum 5.46,
even though the scattering angle at this range is only 0.58(the
array diameter would be 350 ft at 900 MHz and 160 ft at 2
GHz). Thus, with large arrays the antenna spacing can be much
less than that required with two antennas to achieve nearly the
full diversity gain. As a further example, a 100-element array
increases the range about 2.8 times with a phased array and a
scattering angle at the maximum range of 3(about an 8.4
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Fig. 7. Increase in range of adaptive arrays with antenna spacing forM = 2;
10; and100 and baseline scattering angles of 3�, 10�, and 20�, neglecting
the delay spread.

Fig. 8. Diversity gain versus the maximum delay spread for a three-finger
RAKE with a single antenna at the base station.

baseline scattering angle) versus 5.5 times for an adaptive array
with antenna spacing. Also, for this scattering angle, the
range increase of a phased array with 100 elements can be
achieved by an adaptive array with only ten elements.

For the delay spread case with the RAKE receiver, let us
first consider the effect of the scattering radius on the diversity
gain of the RAKE receiver. Fig. 8 shows the diversity gain
versus the maximum delay spread for a three-finger RAKE
with a single antenna at the base station. For our model,
the maximum delay spread is given by twice the scattering

Fig. 9. Normalized maximum range versus the number of antenna elements
for phased and adaptive arrays with�=2 antenna spacing and a three-finger
RAKE receiver.

radius in symbol periods. That is, the minimum delay is given
by the delay from the mobile to the base station, while the
maximum delay is given by a scatterer at the far edge of the
scattering radius along the line between the mobile to the base
station. The maximum delay is therefore the propagation time
corresponding to twice the scattering radius.

The diversity gain is seen in Fig. 8 to be within 0.1 dB
of the maximum possible diversity gain (three-fold diversity)
for scattering radii corresponding to delay spreads of three
symbols or greater. Therefore, in our simulations, we set
the scattering radius to three symbols. Note that with our
model, the maximum delay spread does not decrease with the
beamwidth of the array because the maximum delay variation
is along the line between the mobile and the base station.

Fig. 9 shows the normalized maximum range versus the
number of antenna elements for phased (with the IS-95 CDMA
system model) and adaptive arrays with antenna spacing
and a three-finger RAKE receiver. As in Fig. 6, results are
shown for different fixed scattering radii, with the scattering
angle for the baseline case of one antenna element given. How-
ever, in Fig. 9 the baseline case includes a three-finger RAKE
with its 6.8-dB diversity gain. Thus, the actual range in the
baseline case is 1.48 times greater than in Fig. 6.
We also show the theoretical range increase due to antenna
gain and due to antenna gain and -fold diversity
(versus three-fold diversity due to the RAKE receiver).

With the phased array and a single beam pointed at the
mobile, the range limitation is similar to that of the narrow-
band system (Fig. 6). However, with a separate beam for
each RAKE finger, Fig. 9 shows that the range limitation
is negligible for scattering angles less than 20, but there is



360 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 2, MARCH 1999

degradation in the range increase for scattering angles of 45
and 60 with more than about 40 antennas. This degradation is
somewhat larger when fixed sectorized antennas, rather than
continuously adjustable phased array antennas, are used, as
Fig. 9 shows for the case of a 60scattering angle.

With the adaptive array, the range exceeds the theoretical
range due to antenna gain and three-fold diversity, showing
the additional diversity gain. Thus, there is a significant
improvement with adaptive arrays for large scattering angles
and large Furthermore, in all cases the diversity gain of
adaptive arrays increases with larger spacing, as shown in
Fig. 9 for spacing with scattering angles of 3to 0

IV. CONCLUSIONS

In this paper, we have compared the increase in range with
multiple-antenna base stations using adaptive array combining
to that of phased array combining. Our computer simulation
considered a multipath model with a uniform distribution
of scatterers within a given radius around the mobile, and
determined the increase in range with arrays for 10average
BER with coherent detection of PSK. From our results we
make the following conclusions.

• Phased arrays were shown to have a range increase
limitation given by the scattering angle. For scattering
angles of a few tenths of a degree (typical in rural areas),
this limitation is significant only for arrays with more than
100 elements, while with larger scattering angles (typical
in suburban and urban areas), the range increase limitation
can occur with far fewer elements.

• For spread-spectrum systems, using a RAKE receiver
with phased arrays, the maximum range increase degra-
dation was much less than that of narrow-band systems.

• In both narrow-band and spread-spectrum systems,
adaptive arrays had no range limitation and could achieve
diversity gain with antenna spacing with sufficiently
many elements. Almost full diversity gain could be
achieved with large arrays with antenna spacings of only
a few wavelengths for scattering angles as low as 1

APPENDIX A

A. Effect of Antenna Spacing on Mutual Coupling

With an -element array, the maximum gain is without
mutual coupling. Because of mutual coupling, however, this
gain will vary with antenna spacing. Specifically, this gain is
given by the directivity, i.e., the ratio of the peak to average
gain for a signal arriving with a flat wavefront [20]

(A-1)

where is the voltage gain at elevation angleand
azimuth angle

For the base-station antennas, we will assume that the vari-
ation in gain with elevation angle is independent of azimuth,

i.e.,

(A-2)

where and are the variation in gain with elevation
angle and azimuth angle, respectively. Thus, from (A-1) and
(A-2), the directivity is given by

(A-3)

where and are the peak-gain elevation and azimuth
angles, respectively. If we consider the typical base-station
antenna with a very narrow elevation beamwidth, then the
directivity can be expressed as

(A-4)

where is the gain due to the elevation beamwidth. Since we
are interested in the effect of mutual coupling on the horizontal
antenna spacing, we will set for simplicity.

Now, the voltage gain for a signal arriving at angleonto an
-element array (using maximal ratio combining to maximize

gain) is given by

(A-5)

where is the complex signal gain (with phase relative
to the other antennas) at theth antenna element. We have
assumed that the elevation beamwidth is very narrow, so that
waves arriving at angles far enough from the equator to affect
the relative phase between elements have negligible effect in
the directivity calculation. Thus, the directivity is given by

(A-6)

First consider a linear array of omnidirectional elements
with narrow elevation beamwidth, as with a vertical colinear
array of dipoles (VCAD). In this case, the complex element
responses are given by

for (A-7)

where is the element spacing andis the angle relative to
broadside.

Fig. 10 shows the directivity versus antenna spacing for an
-element array with the desired angle of arrival at broadside,

There are large fluctuations in directivity with
antenna spacing (particularly at spacings which correspond to
the onset of new grating lobes), showing substantial mutual
coupling, with a spacing of having about half the gain in
decibels of a spacing of

For a cylindrical array of equally spaced VCAD’s with
radius and element 1 at 0, the complex receive signal
response at theth element for a signal arriving at angle
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Fig. 10. Directivity versus antenna spacing for anM -element linear array
with �max = 0

�:

Fig. 11. Directivity versus antenna spacing for anM -element cylindrical
array with dipole elements and�max = 90

�:

is given by

for

(A-8)

The spacing between adjacent elements is given by

(A-9)

Fig. 11 shows the directivity versus antenna spacing for an
-element array with Note that for spacings

Fig. 12. Cylindrical array using cardioid-pattern antennas, with each element
pointed away from the center of the array.

Fig. 13. Directivity versus antenna spacing for anM -element cylindrical
array with cardioid elements and�max = 90

�:

greater than , the gain variation with spacing is large for
small , but is less than 2 dB for Thus, with the
cylindrical array, the mutual coupling becomes much less than
that of the linear array as increases. This can be considered
to be a result of adjacent elements being similar to endfire
or broadside arrays, depending on their location around the
circumference. Since grating lobes arise at different spacings
for endfire than for broadside arrays, the mutual coupling
fluctuations are somewhat reduced.

To decrease the mutual coupling for small , consider
the use of cardioid pattern antennas (with narrow elevation
beamwidth), rather than VCAD’s, with each element pointed
away from the center of the array (see Fig. 12). With the
cardioid antenna, the voltage gain for theth element at angle

is given by [20]

for (A10)

Fig. 13 shows the directivity versus antenna spacing for an
-element array with cardioid elements and

Note that for spacing greater than , the gain variation with
spacing is greatly reduced with small Our results show
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that the directivity variation is approximately the same for
other values of as well. Thus, with the cylindrical array
of cardioid elements, the mutual coupling generates a gain
variation of less than 2 dB for spacings greater than for
all values of We will therefore ignore the mutual coupling
in our simulations and assume a gain of
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