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The Range Increase of Adaptive Versus Phased
Arrays in Mobile Radio Systems

Jack H. WintersFellow, IEEE, and Michael J. Gans

Abstract—in this paper, we compare the increase in range with gain in systems using equalization, e.g., in spread-spectrum
multiple-antenna base stations using adaptive array combining systems using a RAKE receiver.
to that of phased array combining. With adaptive arrays, the — “ypig |imijtation in range increase can be overcome by the use
received signals at the antennas are combined to maximize signal- f adanti 51-{9]. With adanti he si |
to-interference-plus-noise ratio (SINR) rather than only form a 0 a_aptlve arrays [5]-[9]. With a aF’“Ve arrays, the slgnas
directed beam. Although more complex to implement, adaptive received by each antenna are weighted and combined to
arrays have the advantage of higher diversity gain and antenna maximize the output SINR. Although the most widely stud-
gain that is not limited by the scattering angle of the multipath at  jed advantage of adaptive arrays is interference suppression
the mobile. Here, we use computer simulation to illustrate these [7]-[10], maximizing SINR also forms an antenna pattern

advantages for range increase in both narrow-band and spread- tched to th front (which i t | f
spectrum mobile radio systems. For example, our results show matched to the wavefront (which is not a plane wave for

that for a 3° scattering angle (typical in urban areas), a 100- Nonzero scattering angle) and therefore provides a range
element array base station can increase the range 2.8 and 5.5-foldincrease that is not limited by the scattering angle. In addition,
with a phased array and an adaptive array, respectively. Also, for adaptive arrays can provide higher diversity gain than phased
this scattering angle, the range increase of a phased array with 4.4vs since all the receive antennas can be used for diversity
100 elements can be achieved by an adaptive array with only ten L . .
elements. 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

I. INTRODUCTION overcome using adaptive array$ve use computer simulation

ULTIPLE antennas at the base station can provide ilp illustrate our results for the range increase in both narrow-
M creased received signal gain and, thus, range in mobignd and spread-spectrunl mobile _radio systems. For example,
radio systems. Two approaches for combining the receiv8H" results show that for a'3cattering angle, a 100-element.
signals are the phased array, which creates an antenna b84/@ Pase station can increase the range 2.8 and 5.5-fold with
directed at the mobile, and the adaptive array, which ma@-Phased array and an adaptive array, respectively. Also, for
mizes signal-to-interference-plus-noise ratio (SINR). Here, WaiS scattering angle, the range increase of a phased array with
compare the range increase of phased arrays to that of 109 elements can be achieved by an adaptive array with only

more complex adaptive array technique for both narrow-baffe! eléments. _ _
and spread-spectrum systems. In Section Il, we discuss the theoretical performance of

Previous papers have studied the increase in gain wihased and gdaptive arrays. We present a mobile radio system
phased arrays [1][6]. With phased arrays, the signals recei\,‘EHdel .and. |Ilustra}te the performance results by computer
by each antenna are weighted and combined to creaté@ulation in Section Iil.
beam in the direction of the mobile. The same performance
can also be achieved by sectorized antennas, whereby all. DESCRIPTION OFPHASED AND ADAPTIVE ARRAYS
different antenna is used to form each beam. As the number of
antennas increases, the received signal gain (range) incredseBhased Array

proportionally to the number of antennas, but only until the Fig. 1 shows a block diagram of a phased array with

beamwidth of the array is equal to that of the angle @mnidirectional elements linearly spaced)gt2, where X is

multipath scattering around the mobile. Beyond that poinhe signal wavelength. The signals received by the antennas

the increased gain of more antennas is reduced by the lggs weighted and combined to form a beam at ariglee., the

of power from scatterers outside the beamwidth. The rang@nal at theith antenna is phase shifted byi — 1) sin ¢, i =

can even be reduced with narrower beamwidths because Ibe. .M.

resulting reduction in delay spread can cause a loss of diversity=or 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

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

M 2

D srec - 51(9)

}4—7\./2*{ Z|Sz(¢)|2

2 3 M wheres..., is the complex received signal voltage at antenna
Fig. 1. Linear phased array with omnidirectional elements linearly spaced s;(¢) is the expected (based on antenna location) antenna
at A/2. voltage gain and phase (relative to the other antennas) for a
signal arriving from anglep, and the superscript denotes
e o o o 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
'y ° 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
e o o oo power to use for signal demodulation. However, this technique

] can require a large amount of hardware, including amplifiers,
with large M, but the complexity can be reduced somewhat
by combining only a portion of the antenna outputs—the
o o 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
¢ o time), for each mobile radio user.
i‘JQ’I The same performance as the phased array can be achieved
b) by using sectorized antennas, i.e., separate antennas for each
_ o _ beam, as is currently done at many mobile radio base stations.
\'::vli%H zél . ngagngrrgr{ ‘g"g;li“n”deg elements on four panels in a square and (p)o\vever, 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
created by using a vertical array of antenna elements for eafillersity—see below.) This doubles the number of antennas
horizontal element. The azimuth dependence can be reduggfih sectorized antennas) or the combining hardware (with
by placing the linear elements on four panels in a squagshased arrays with fixed beams) without increasing the gain.
as shown in Fig. 2(a) [11]. However, a cylindrical array, as Arrays increase the range by providing additional received
shown in Fig. 2(b), is usually used to create azimuth indepesignal gain due to two factors—antenna gain and diversity
dence. Each antenna element is typically spaced/atsince gain. With anM -element phased array and a point source, the
smaller spacing reduces gain by creating a wider beamwidthtenna gain idZ, neglecting mutual coupling (see Appendix
with increased mutual coupling, while wider spacing can al$w). The range increase is the gain raised to the inverse of the
reduce gain by decreasing the beamwidth and creating gratgrgpagation loss exponent, typically a fourth power loss.
lobes, i.e., gain in directions other than the desired angle-afhus, with a point source, the range increase due to the antenna
arrival. The effect of antenna spacing on mutual coupling igin of anAf-element array is\/*/.
studied in Appendix A. However, signal scattering around the mobile means that

To create a beam in a given direction, the signals frothe signal received at the base station cannot always be
the antenna elements are cophased, based on a plane wawsidered as coming from a point source. As shown in Fig. 3,
arrival. Since to reduce mutual coupling between elementgith scattering the signal arrives from a range of angles,
each element should have higher gain in the direction pointinglled the scattering angle. Typically, the mobile signal is
away from the center of the cylinder (see Appendix A), thecattered mainly by objects within 1000 ft of the mobile,

S/N($) = 1)
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Fig. 3. Mobile radio environment with scattering around the mobile, wheifeig. 4. Cylindrical array using of angle diversity.
all signals from a mobile arrive within a scattering angle

BER in digital systems) than without fading. The fading in the
but this distance can vary widely, e.g., with reflections offytput signal can be reduced by using multiple receive anten-
mountains [12]. Furthermore, this scattering angle increasgss and combining the received signals. We define diversity
with decreasing base-station height. Measured results for rigain as the improvement in link margin beyond the factor of
areas with 130-ft antenna heights show scattering angles jgf tor array gain. For example, for a I® BER averaged
only a few tenths of a degree, while suburban and urban aregg Rayleigh fading with coherent detection of PSK, a 9.5-
have much larger scattering angles [13]. Measured resultsdig higher average output SNR is required than without fading.
urban areas of Tokyo, Japan, for ranges up to 7 km [14], sha¥o antennas provide up to a 5.4-dB diversity gain, while 3, 4,
a 3 scattering angle at a 50-m antenna height, increasingdfd 6 antennas provide up to 6.8, 7.6, and 8.3 dB, respectively,
360° at a 1-m height (as on the mobile). In addition, digitalith maximal ratio combining. Thus, six antennas can provide
mobile radio systems in North America (1S-136) and Europgithin 1.2 dB of the maximum diversity gain (i.e., the 9.5-dB
(GSM) are designed to handle delay spreads up to 41 andgkfin achieved when the fading is eliminated). However, to
us, respectively, which, with an 8-mi cell radius, correspongchieve the full diversity gain, the fading at the antennas must
to scattering angles of 82and 2T, respectively. Also, these pe nearly independent. This requires that the spacing between
scattering angles are for 900-MHz mobile radio systems, whiggitennas is at least the distance such that the beamwidth of
at 2 GHz the range is reduced by about 50% (from the Haa antenna with this aperture is approximately the scattering
model [15], for an antenna height of 50 m at the base statigAgle. For example, a spacingkiF-20.\ is used for the typical
and 1 m at the mobile, medium-small city, and 8-mi celcattering angle of a few degrees [12], [14], [16].
radius), corresponding to a two-fold scattering angle increasefFor a cylindrical phased array, such an antenna spacing
We expect that microcells will have even larger scatteringetween elements is impractical and would create numerous
angles because of the lower antenna height. Here, we do ggiting lobes without providing the antenna gain commensu-
consider what the likely distribution of scattering angles willate with the diameter of the array (or providing diversity gain).
be for any given system, but show results obtained for a wiggwever, when the beamwidth of the array is comparable
range of scattering angles. to the scattering angle (i.e., the total array aperture size

Since receive signal power is lost when the beamwidtborresponds to a beamwidth given by the scattering angle),
which is approximately 36Q0A/ (for a cylindrical array), is different beams can cover part of the same scattering angle
less than the scattering angle, the signal gain will be less thamd thereby angle diversity can be used [4], [13], as shown in
M in the phased array with large enougli. For example, Fig. 4. For the square array, another set of flat arrays could
for a uniform distribution of power within a scattering anglde spacedl0-20) apart on each side to provide diversity,
of o degrees, the maximum signal gain is given by an arrag shown in Fig. 5. Note that this is not practical with
with M = 360/« elements. Additional elements increase theylindrical arrays, as the arrays would partially block each
antenna gain, but the power lost outside the beam reducesdtieer. Similarly, to provide diversity with sectorized antennas,
signal gain by the same amount (under the uniform powerseparate set of antennas can be spatef0) apart (as is
distribution assumption). Thus, with phased arrays the signaled today) with overlapping sectors to provide more uniform
gain, and the corresponding range increase, is limited. coverage over all azimuth angles. In all cases, though, diversity

The other factor for receive signal gain is the diversitgain requires additional hardware. To minimize the added
gain. Multipath fading results in a higher average output SNEvst, usually only dual diversity with selection combining is
required to achieve a given average receiver performance (ecgnsidered. Note that for the example case of a1BER,
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M-element adaptive array is given by

M
S/N = Z [$rec;
i=1

Although (2) is simpler than the SNR equation for the phased
array (1), the adaptive array is more complex to implement
e  because the weights are not fixed, but depend on the received
e 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
Fig. 5. Square array using space diversity. determining the weights.

With the adaptive array, though, the array pattern is matched

selection diversity with two antennas provides only about 3t9 the multipath wavefront. That is, there is no antenna gain
dB of the maximum-possible 9.5-dB diversity gain (whicimitation due to multipath scattering angle, as with phased
is also 1.5 dB less than maximal ratio combining with twérrays, and an/-fold diversity gain can also be obtained.
antennas). Achieving this diversity gain requires adequate antenna spac-

Frequency-selective fading due to delay spread can ai88 however. With a base-station array oriented broadside to
be used to provide diversity by using equalization [9] i@ small angleq degrees, of scatterers around the mobile and
narrow-band systems, or a RAKE receiver in spread-spectriyfih power arriving uniformly at the base from withim, the
systems [17]. In this case, the diversity gain of addition&nagnitude of the correlation coefficient between two array
antennas is reduced. For example, a three-finger RAKE is ugd@ments spaced wavelengths apart is approximately [see
in the 1S-95 CDMA system (three fingers on the downlink@lso [14], which approximates the envelope correlaiofr)
but four fingers on the uplink). With received signal energhy the square of the complex phasor correlajofx)|*]
uniformly distributed over three code symbol periods (2.4 !

. . - . ) sin(m*ax/180)

us), maximal ratio combining of the three fingers provides lp(2)| = ——5— o=
three-fold diversity, or a 6.8-dB diversity gain at a f0 (m2ax/180)

BER, and dual antenna diversity provides up to 1.5 dB (thehus, an antenna spacing @f60° /w«)(\/2) is required for
overall combining is equivalent to six-branch maximal ratihdependent fading at each antenna, but spacings of about
combining) of the remaining 2.7-dB maximum diversity gainhalf of this still give low-enough fading correlation<(.7)
Note, however, that, compared to a narrow-band receiver, ah@t nearly the full diversity gain can be achieved. However,
finger of this CDMA receiver is 4.8 dB lower in signal powereven with a spacing of360° /(7a))(\/4), the required array
i.e., the RAKE receiver does not give any increase in averagige can be too large. For example, & &cattering angle
SNR (antenna gain). Finally, note that beamwidths smallggquires a 10-ft antenna spacing at 900 MHz, and, thus, in
than the scattering angle can reduce the delay spread, gagticular, a 100-element cylindrical array would require a
therefore the diversity gain, in systems with phased arrays.330-ft diameter. However, since only a few-fold diversity is
needed to obtain most of the maximum diversity gain, an array
B. Adaptive Array with a diameter of a few times the required antenna spacing

With an adaptive array, the received signals are combinzP—30 ft in the above example) should obtain almost all the
to maximize the output SINR. Thus, the array can nuff@ximum-possible diversity gain.
interference in narrow-band systém@s discussed below), Finally, we note that, although not studied in this paper, the
but here we consider only the increase in range due to higiélaptive array can also suppress interference. With the narrow
antenna gain. Without interference, the output SNR of d¢ams of large arrays, the number of interferers is greatly
2 . . ) reduced in both narrow-band and spread-spectrum systems.
For spread-spectrum systems, nulling of all strong interferers is gener

y . . .
not possible since the number of interferers is typically much greater thanaéénce ar.]M'e.lemem array can ellmlnamf' 'nterferers W'th _a_'n
number of antennas. M — N diversity gain, large arrays can eliminate any significant

g (@)

(3)
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interference with little loss of diversity or antenna gain. Thusn the next section if the power loss exponent is less than four
these arrays can not only greatly increase the range whanthe required BER is less than 1

there is little interference, but they can also be used for futureWe considered both the low data rate case (no delay spread)
expansion by permitting the capacity to be greatly increasadd the delay spread case. For the delay spread case, the signal

without increasing the number of base stations. delay for each scattered signal depends on the distance from
the mobile to the scatterer plus the distance from the scatterer
ll. RESULTS to each base-station antenna.

A. Model For the spread-spectrum system with delay spread, we
. . ) studied the use of a three-finger RAKE receiver for both the

To verity af‘d |IIu_stratg the above_conclusmns, we useﬁLased and adaptive arrays. To simulate the RAKE receiver,
Monte Carlo simulation with the following model (see Fig. 3)y,, computer program first convolved the delayed impulse of

We considered transmission from a mobile to a base stati .y gcatterer with the spread-spectrum correlation function
The multipath model consisted of 20 scatterers umformgiven by

distributed in a circular area of radiusaround the mobile. Ity —t — 0.8]
These scatterers had equal transmitted power, with a fourth law =41~ Bd 22 for ftg — ) < 0.8 s ©6)
power loss from each scatterer to the base station. The phasé 7 0 elsewhere

of each multipath reflection at each antenna was determingflares, is the time delay corresponding to the distance from

from the path length. Received power variation due to shadqit center of the base station to the mobile. The responses
fading was not considered. The base-station array Wastgm the 20 scatterers were then summed to obtain the signal
cylindrical array ofM equally spaced cardioid antennas [20]y; each antenna. These signals were weighted and combined

with each antenna pointing ou'F from the center of the arayy the phased array weights or the adaptive array weights
and one element at’0The mobile was at 90 Note that for (st..i = 1,---,M). Note that the adaptive array weights

rec;?

M = 2, the mobile at 90 results in equal gain from the 4y a5 a function of delay. We then determined the three
two antennas, while with a mobile af’ @nly one antenna |rgest peaks in the output response that were separated by
has nonzero gain. Thus, fab/ = 2, the results depend jnteger multiples of the code rate and combined these three
strongly on the angle of the mobile (i.e., dual diversity afjgnals to maximize the output SNR. That is, these three
90” versus no diversity at9). However, forM > 4, the peaks were cophased and weighted by their signal amplitudes
effect of angle is negligible, and therefore this angle was fixggtore combining. For the phased array, we considered three
at 90'. We considered spacings between elements /& or gjtferent models. In the first model, we considered a single
greater, and therefore neglected the effect of mutual coupliggam pointed at the mobile, i.e., the phased array weights
(see Appendix A). _ as given in (4). Thus, our model corresponds to phased array
With the phased array, the weights were set to generat@ginbining with a RAKE receiver after the combiner, followed
beam that was pointed directly at the mobile. From (A-8) angl, maximal ratio combining of the RAKE output. To model the

(A-10), these weights are given by IS-95 CDMA system with a phased array, we also considered
s7(90°) = v/2 cos {I[Sm(%(i —1)/M) — 1]} a RAKE receiver on each antenna, followed by phased array
4 combining of the RAKE outputs, with the beam direction

- IR/ A) Sin@rG= /M), i=1,---,M (4) optimized for each delay [rather than set to° %5 in (4)].
and the SNR is then given by (1). With the adaptive arrajhus, a separate beam was formed for each of the RAKE
the weights ares’,. ,i = 1,---,M and the SNR is given fingers. Finally, we modified the second model to consider the
by (2). We consider coherent detection of phase-shift-keyB§am direction optimized oved/ different, equally spaced
(PSK) signals, for which the BER is given by angles, whichdmlodels secto(;ized antennas. For the adapti\r/]e
array, our model corresponds to a RAKE receiver on eac
BER= % erfe(v/5/N). (5) antenna branch, with adaptive array combining of the antenna

We used Monte Carlo simulation to determine the BERBignals followed by adaptive array combining of the three
averaged over 10000 cases. Note that the BER dependshigthest output peaks, with the receiver timing optimized to
the ratio of transmit power to receive noise power. This ratidaximize the output SNR.
was adjusted to obtain a 18 average BER for the baseline For the no delay spread case, in our simulations we used a
case of an omnidirectional transmit antenna with the mobi#® 000-ft range as the baseline case, with the scattering radius
at a given range and scattering radius. With this ratio amiven by the required scattering angle. However, our results
the scattering angle fixed, we generated results forihe can be generalized to any range, as they depend only on the
element phased and adaptive arrays, increasing the range watilttering angle and not the absolute values of the range and
the BER exceeded 18, thus giving the range increase. Allscattering radius. Therefore, in the next section, we present
the following results for range increase and diversity gain aceir results only in terms of the normalized range. Similarly,
referenced to 10* average BER. although we generated results for a one foot wavelength, our

Note that the increase in range is not strongly dependent@sults can be generalized to any wavelength. Therefore, our
the modulation and detection technique considered, but widsults on antenna spacings are only in terms.oflso, for
vary significantly with the power loss exponent and the BERhe delay spread case, our simulations used a 1.25-Mbps data
Specifically, the range increase will be greater than we shaate (as in the 1S-95 CDMA system). The scattering radius was
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set to 1200 ft (which is typical in mobile radio in suburban and 7 T T T T
urban areas) which results in a delay spread of three symbols. - - - Adaptive Array L |
This radius was chosen because, as shown in the next section, o Fhased Array o y Phased
this is the minimum delay spread for which the maximum 6 Y Diversity Y/ g;;e,sny ey
diversity gain is achieved with the three-finger RAKE receiver. /L 600 Range
Thus, the scattering radius was chosen to maximize the RAKE | ,f’:L =g, or
diversity gain as well as the effect of a narrow beamwidth on 5| /,f’/ / aofag;
the performance. Again, our results do not depend on the abso- g 2004/,7’/ /
lute values of the range and scattering radius and are therefore § | 453/4”/ !/ |
presented in terms of normalized range and scattering angle. § 4| //,”// -
Finally, note that by keeping the scattering radius constant g 1,"// '//
as we increase the range (which would be typical in mobile £ | L PN 100 —]
radio), the scattering angle decreases. For example,®a 10 sk ,/'/,/.,,.4-" ,
scattering angle with the baseline case is only abdutvigh /,”/;/.---""' 2 age—]
a three-fold range increase. With fixed scattering radius, the i /,:’/j/' @Rt i
predicted range increase discussed in the previous section must |- z";?-""" 450 —|
therefore be madified. It was noted before that, for a given ,/f/,"/ ------------------- e 80"
scattering angler, the maximum gain i860/«, and therefore i ij” """"""""""" s 6o |
the maximum rangeR, normalized to the omnidirectional- S MEET i L
antenna range?,, is given by 0 05 ! 1 2 25 8 ”
logyg (M)
ﬁ _ <@) H ©) Fig. 6. Normalized maximum range versus the number of antenna elements
Ry - a : for phased and adaptive arrays wkji2 antenna spacing, neglecting the delay

spread.
But since the scattering radius is kept constant, the scattering
angle at rangeR is less than the baseline scattering angle

at Ry, specifically of 2.6, the scattering angle is reduced to abdufd® the 20

baseline curve.
_ <&) For the adaptive array, the range exceeds the no-diversity
a=ao . (8) . .

R theoretical range for all scattering angles, due to antenna
Therefore, from (7) and (8), the maximum range increaseq-éversny‘ The diversity gain increases with the scaFtering angle
given by gnd M, as expecteq. However, the diversity gain does not

increase for scattering angles greater than abofit ZBus,
R 360\ /3 because the adaptive array has greater range with increased
R, = <_> ©) scattering angle, the difference between the adaptive and
phased array increases dramatically with scattering angle.
[with the corresponding = (360/ao)*/?]. This increase is  Next consider the effect of antenna spacing. With the phased
greater than the maximum range increasg38f0/«)'/* for  array, our results show that the range does not increase with
the fixed scattering angle case, e.g., the range increase is\§ider spacing, and, in fact, the range decreases if the spacing is

xXo

for ag = 3° versus 3.3 for = 3°. wide enough. With the adaptive array, the range increases with
antenna spacing, up to that corresponding to the maximum
B. Results for Range Increase diversity gain. Fig. 7 shows the increase in range with spacing

Fig. 6 shows the normalized maximum range versus tf@ M = 2, 10, and 100 and baseline scattering angles 6f 3
number of antenna elements for phased and adaptive arrd{s and 20. Theoretical results for the range with maximum
with \/2 antenna spacing, neglecting the delay spread. R#iversity gain are also shown. With baseline scattering angles
sults are shown for different fixed scattering radii, with thef 10° or more, the maximum range can be achieved with a
scattering angle for the baseline case of one antenna eleng#@cing of about 10 Note that a baseline scattering angle of
given. We also show the theoretical range due to the anterd§ corresponds to scattering angles o0f°6.2.4°, and 1.8 at
gain (M*/*) without diversity, and due to antenna gain anthe maximum range witd/ = 2, 10, and 100, respectively.
M-fold diversity. Also, the predicted maximum range with Consider the extreme example of a very large array. For a
phased arrays is shown. baseline scattering angle of,3vith 100 elements a spacing of

With the phased array, the range is shown to be limited i®X achieves a 5.15-range increase versus the maximum 5.46,
the predicted range limitation. However, the range improveven though the scattering angle at this range is only’qQthe
ment is degraded due to the scattering anglepMbless than array diameter would be 350 ft at 900 MHz and 160 ft at 2
the theoretical value corresponding to the range limitatio®Hz). Thus, with large arrays the antenna spacing can be much
and it requires many times more antennas to actually redels than that required with two antennas to achieve nearly the
this limitation. For example, with a 20scattering angle, the full diversity gain. As a further example, a 100-element array
predicted range limitation is 2.6, corresponding to 46 antennas;reases the range about 2.8 times with a phased array and a
but with 46 antennas the range is only 2.3. Note that at a rargmttering angle at the maximum range 6f(8bout an 8.4
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Fig. 9. Normalized maximum range versus the number of antenna elements
for phased and adaptive arrays witff2 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 wif2 antenna spacing
and a three-finger RAKE receiver. As in Fig. 6, results are

Fig. 8. Diversity gain versus the maximum delay spread for a three-fingghown for different fixed scattering radii, with the scattering
RAKE with a single antenna at the base station.

angle for the baseline case of one antenna element given. How-
ever, in Fig. 9 the baseline case includes a three-finger RAKE

baseline scattering angle) versus 5.5 times for an adaptive amath its 6.8-dB diversity gain. Thus, the actual range in the
with 10\ antenna spacing. Also, for this scattering angle, thEaseline case is 1.48= 105-5/40) times greater than in Fig. 6.
range increase of a phased array with 100 elements canVde also show the theoretical range increase due to antenna
achieved by an adaptive array with only ten elements.
For the delay spread case with the RAKE receiver, let @gersus three-fold diversity due to the RAKE receiver).

first consider the effect of the scattering radius on the diversityWith the phased array and a single beam pointed at the
gain of the RAKE receiver. Fig. 8 shows the diversity gaimobile, the range limitation is similar to that of the narrow-
versus the maximum delay spread for a three-finger RAKEaNd system (Fig. 6). However, with a separate beam for
with a single antenna at the base station. For our modegch RAKE finger, Fig. 9 shows that the range limitation
the maximum delay spread is given by twice the scattering negligible for scattering angles less tharf 2but there is

gain (M*/%) and due to antenna gain asd/-fold diversity
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degradation in the range increase for scattering anglesof 4%.,
and 60 with more than about 40 antennas. This degradation is

somewhat larger when fixed sectorized antennas, rather than E(0,¢) = E.(0)A(¢) (A-2)
continuously adjustable phased array antennas, are used, as
F|g 9 shows for the case of a c6@(:a’[tering ang|e_ WhereEe(Q) andA(¢) are the variation in gain with elevation

With the adaptive array, the range exceeds the theoretid@gle and azimuth angle, respectively. Thus, from (A-1) and
range due to antenna gain and three-fold diversity, showiffy2), the directivity is given by

the additional diversity gain. Thus, there is a significant B | Ee (6 mox) A Prnax) |2 A3
improvement with adaptive arrays for large scattering angles R 27 (A-3)
and largeM. Furthermore, in all cases the diversity gain of E/o sin 6| E.(0)| d9/0 |A(@)]* dep

adaptive arrays increases with larger spacing, as shown V\}Here B ANG e 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

Fig. 9 for 5\ spacing with scattering angles of & 0°.

V. CONCLUSIONS directivity can be expressed as
In this paper, we have compared the increase in range with D~ Gy | A(Pmax)|? (A-4)
multiple-antenna base stations using adaptive array combining o A2 d
to that of phased array combining. Our computer simulation 2 0 [A(P)|* dep

considered a multipath model with a uniform distributioynerec., is the gain due to the elevation beamwidth. Since we

of scatterers within a given radius around the mobile, ange interested in the effect of mutual coupling on the horizontal
determined the increase in range with arrays for“l@verage antenna spacing, we will séf.; = 1 for simplicity.

BER with coherent detection of PSK. From our results we Now, the voltage gain for a signal arriving at anglento an

make the following conclusions. M-element array (using maximal ratio combining to maximize
* Phased arrays were shown to have a range increggen) is given by
limitation given by the scattering angle. For scattering
angles of a few tenths of a degree (typical in rural areas), Ap) = Z 5:(P) 5T (Prmax
this limitation is significant only for arrays with more than F—

100 elements, while with larger scattering angles (typic@lhere si(¢) is the complex signal gain (with phase relative
in suburban and urban areas), the range increase limitatignthe other antennas) at thith antenna element. We have
can occur with far fewer elements. assumed that the elevation beamwidth is very narrow, so that
* For spread-spectrum systems, using a RAKE recei\ghyes arriving at angles far enough from the equator to affect
with phased arrays, the maximum range increase degfie relative phase between elements have negligible effect in

dation was much less than that of narrow-band systemge directivity calculation. Thus, the directivity is given by
¢ In both narrow-band and spread-spectrum systems,

(A-5)

M ‘

adaptive arrays had no range limitation and could achieve ﬁa 5 (Pumax|?
diversity gain withA/2 antenna spacing with sufficiently =
many elements. Almost full diversity gain could be D= or| M 3 - (A-6)
achieved with large arrays with antenna spacings of only 1 Z 5i(0)sT (Pumar)| dep
a few wavelengths for scattering angles as low as 1 2r Jo = !
First consider a linear array of omnidirectional elements
APPENDIX A with narrow elevation beamwidth, as with a vertical colinear

array of dipoles (VCAD). In this case, the complex element

A. Effect of Antenna Spacing on Mutual Coupling responses are given by

With an M-element array, the maximum gainig without si(p) = HUDEA/N)sing - fory—1 ... M (A7)
mutual coupling. Because of mutual coupling, however, this
gain will vary with antenna spacing. Specifically, this gain iwhered is the element spacing angtlis the angle relative to
given by the directivity, i.e., the ratio of the peak to averageroadside.
gain for a signal arriving with a flat wavefront [20] Fig. 10 shows the directivity versus antenna spacing for an
M-element array with the desired angle of arrival at broadside,
_ (A-1) ¢max = 0. There are large fluctuations in directivity with
1 [~ 0 E(0. N2 do d antenna spacing (particularly at spacings which correspond to
E/O /0 sind|E(6, )| ¢ the onset of new grating lobes), showing substantial mutual
coupling, with a spacing oA having about half the gain in
where E(8, ¢) is the voltage gain at elevation angleand decibels of a spacing ok/2.
azimuth angleg. For a cylindrical array of equally spaced VCAD’s with
For the base-station antennas, we will assume that the vaasidius » and element 1 at Q0 the complex receive signal
ation in gain with elevation angle is independent of azimuthesponse at théth element for a signal arriving at angie

maxg o |[E(6, §)|?
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Fig. 13. Directivity versus antenna spacing for afi-element cylindrical
array with cardioid elements antln.x = 90°.

Directivity (dB)

greater than\/2, the gain variation with spacing is large for
small A, but is less than 2 dB fold = 100. Thus, with the
cylindrical array, the mutual coupling becomes much less than
that of the linear array a&/ 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

0 P S U AT T T T N T YT A AN N T N

0 o5 ] 5 > for endfire than for broadside arrays, the mutual coupling
Spacing (A) fluctuations are somewhat reduced.
To decrease the mutual coupling for small, consider
array with dipole elements anfinax = 90°. the use of cardioid pattern antennas (with narrow eleyation
beamwidth), rather than VCAD'’s, with each element pointed
away from the center of the array (see Fig. 12). With the

Fig. 11. Directivity versus antenna spacing for afrelement cylindrical

is given by cardioid antenna, the voltage gain for thle element at angle
si(¢) = I/ coslp—@rG-D/M] gor j—1,... ¢, ¢S Gven by [20]
(A-8) Vi(¢) =Vv/2cos (%(Cos[d) —2n(i — 1)/M] — 1)),
The spacing between adjacent elements is given by for i=1,---,M. (A10)
d = 2rsin % (A-9) Fig. 13 shows the directivity versus antenna spacing for an

M-element array with cardioid elements amgd,.. = 90°.
Fig. 11 shows the directivity versus antenna spacing for &tote that for spacing greater thag2, the gain variation with
M-element array withp,,.. = 90°. Note that for spacings spacing is greatly reduced with smalf. Our results show
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