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1. Introduction

As wireless-communication systems evolve, service quality and
capacity are of primary importance. To cnsure reliable com-
munication over a mobile-radio channel, a system must overcome
multipath fading, polarization mismatch, and interfcrence. The
trend towards low-power handheld transccivers increases all of
these challenges. Even as more spectrum is allocated, demand for
higher-data-rate services and steadily increasing numbers of users
will motivate wireless service providers to seek ways of increasing
system capacity.

Antenna arrays can improve reliability and capacily in three
ways. First, diversity-combining techniques combine the signals
from multiple antennas in a way that mitigates multipath fading,
Second, adaptive beamforming—using antenna arrays—provides
capacity improvement through interference reduction, and also
mitigates multipath fading. In cellular systems, the use of adaptive
arrays is an alternative to the expensive approach of cell splitting,
which increases capacity by increasing the number of base-station
sites. Adaptive arrays cancel or cohcrently combine multipath
components of the desired signal, and nuli interfering signals that
have different directions of arrival from the desired signal. A third
category of systems uses switched fixed beams to achieve coarser

pattern control than adaptive arrays, but to still provide some
capacity improvement. Two or more of the fixed beams can be
uscd for diversity reception. Adaptive and switched-beam antenna
systems are populatly referred to as “smart antennas,” because of
the dynamic system intelligence required for their operation. Most
arrays that have been considered for such applications are located
at the base station, but now they are also under consideration for
handheld terminals.

Somc rescarchers have proposed diversity combining at the
terminals (i.c., the handheld radios), and have shown that signifi-
canl performance gains can be achieved, The usc of adaptive
antennas on handheld radios is a new area of research. In 1988,
Vaughan [1] concluded that with then-current technology, adaptive
beamforming was feasible for units moving at pedestrian speeds,
but not for high-speed mobile units. Lian [2] suggested the use of
handheld arrays in mobile satellitc systems. In 1999, Braun ¢t al.
[3] reported on indoor experiments in which data were recorded
using a stationary narrowband transmitter and a two-element hand-
held receiving antenna atray. In [3], data recorded over different
paths werce treated as desired and interfering signals, and the uncor-
rupted desired signal-unavailable in practice-—was used as a refer-
cnee signal for optimum beamforming. While these experiments do
not correspond to actual operating conditions, interference rejec-
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tion of 24 dB in the single-interferer case and 16 dB in the two-
Interferer case was reported in two handsct conligurations.

Multi-polarized adaptive arrays, sometimes called polariza-
tion-sensitive adaptive arrays, are uscd to mateh the polarization off
a desived signal or to null an interferer having the same direction of
arrival as the desired signal, if the two signals have different
polartzation states. If base stations or mobile units in a peer-to-peer
system can match the polarization states of hand-held transceivers,
link qualily and reliability will be enhanced, and power consump-
tion in the handheld units will be reduced, increasing batiery life. Tt
is possible that a [00% or greater inercasc in sysiem capagity can
be achicved through a combination of spatial and polarization
rcuse. Because they offer large, untapped potential performance
gains, multi-polarized adaptive arrays are being studied extensively
to determine what performance improvements arc feasible. Cur-
rently, however, liltle is known about the performance of multi-
polarized adaptive arrays in mobile-communication systems,

Multi-polarized arrays have been considered as a means of
rejecting jammers in military applications [4-6]. The potential of
multi-polarized arrays for interfercnce rejection in wircless-com-
munication systems has been investigated in recent years for base
stations [6-9]. This rescarch considers only frce-space propagation,
and indicates that 20 to 35 dB of interference rejection is possiblc,
il interfering and desired signals differ in cither polarization state
or angle of arrival. However, neither measurements nor simalations
have been reported that show the performance of multi-polarized
adaptive arrays in typical mobile multipath channels.

In this paper, we review diversity and smarl-antenna rescarch
applied to both base stations and terminals. To illustrate perform-
ance gains possible, the paper deseribes research being conducted
by the Smart Antenna Group at Virginia Tech, in both smart basc
stations and smart handheld terminals.

2. Diversity Combining [10, 11]

Antenna arrays provide signals that can be combined using
diversity techniques to improve performance in fading channels.
Figure 1 depicts the block diagrams of three diversity-combining
techniques. Sclection diversity, shown in Figure 1a, is thc simplest
of these methods. From a collection of M antennas, the branch with
the largest signal-to-noise ratio at any time is sclected and con-
nected to the receiver. As onc would expect, the larger the value of
M, the higher the probability of having a larger signal-to-noise
ratio (SNR) at the output. Maximal-ratio combining takes better
advantage of all the diversity branches in the system. Figure 1b
shows this configuration where all M branches are weighted with
their respective instantancous signal-voltage-lo-noise ratios. The
branches are then co-phased prior to summing, in order to ensute
that all branches arc added in phase {or maximum diversity gain.
The summed signals are then used as the received signal. Maximal-
ratio combining has advantages over sclection combiuing, but is
more complicated; proper care has lo be laken in order lo ensurc
that signals are co-phased correctly, and gain coefficients have to
be constantly updated, A variation of maximal-ratio combining is
equal-gain combining (see Figure Ic). In this scheme, the gains of
the branches arc all sct 1o the same value, and ate not changed
therealier. As with the previous case, the output is a co-phased sum
of all the branches.

3. Smart Antennas

Smart antennas vary from simple switched-bcam configura-
tions to fully adaptive arrays. Switched-beam arrays use
beamforming techniques that yield multiple, fixed, simultaneously
available beams. The beams can have high gain and low sidelobes,
or controlled beamwidth. Adaptive-beamforming lechniques
dynamically adjust the array pattern to optimize some characteris-
tic of the received signal. Beam-scanning systems are also possi-
ble, in which a single main beam is stecred, and the dircction is
varied cither continuously or in small discrete steps.

Antenna arrays using adaptive-bcamformung techniques can
reject interfering signals having a direction of arrival different from
that of a desired signal. Multi-polarized adaptive arrays can also
reject interfering signals having polarization states that differ {rom
the desired signal, even if the signals have thc same direction of
arrival. These capabilities arc exploited to improve the capacity of
wireless-communication systems.
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Figure lc. Diversity combing techniques: equal-gain combining
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Figure 2. An 8 x 8 Butler matrix feeding an eight-clement
array (n =3). The circles are 90° hybrids, and the numbers are
phase shifts in units of 7 /8 [14].

3

Figure 3. A Blass matrix. The circles are directional couplers.

Smart antennas are being deployed in wireless-communica-
tion systems. Smart antennas can increase the coverage and capac-
ity of a system using several approaches, including range exicn-
sion, interference reduction and rejection, spatial-division multiple
access (SDMA), CDMA/SDMA or pseudo-SDMA, and multipath
mitigation through diversity combining, These are further dis-
cussed in [12] and [13]. Sector shaping is also possible, using
switched-beam base-station antennas. Atrays can alse be used to
improve the performance of mobile or handheld units in both cel-
lular and peer-to-peer systems, with system-level benefits.

3.1 Beamforming Techniques for
Switched-Beam Arrays

Some array applications require scveral fixed beams that
cover an angular sector. Several beamforming techniques exist that
provide these fixed beams. Twe common realizations malke use of
a Butler Matrix or a Blass Matrix, which are discussed below.,

The Butler matrix {14] is a beamforming network thatl uses a
combination of 90° hybrids and phase shifters. An 8 x 8 Butler
matrix is shown in Figure 2 [14]. The Butler matrix performs a

spatial fast Fourier transform, and provides 2" orthogonal beams,

These beams arc lincarly independent combinations of the wray-
clement patterns.

When used with a lincar array, the Butler matrix producces
beams that overlap at about 3.9 dB below the beam maxima. A
Butler-matrix-fed artay can cover a sector of up to 360°, depending
on element patlerns and spacing. Each beam can be uscd by a dedi-
cated trimsmitter and/or recciver; or a single transmitter and/or
receiver can be used, and the appropriate beam can be sclected
using an RF switch. A Butler matrix can also be used to steer the
beam of a circular array, by exciting the Butler-matrix beam ports
with some additional amplitude and phase weighting [15].

The Blass matrix [16] uses transmission lines and directional
couplers to form beams by means of time delays, and thus is suit-
able for broadband operation. Figure 3 shows an cxample for a
three-element array, but a Blass matrix can be designed for use
with any number of elements. Port 2 provides equal delays to all
elements, resulting in a broadside beam. The other two ports pro-
vide progressive time delays between elenients, and produce beams
that are off-broadside. The Blass matrix is lossy because of the
resistive terminations. In one recent application [171, a three-
clement array, fed by a Blass matrix, was tested for use in an
antenna-pattern diversity system for a handheld radio. The matrix
was optimized to obtain nearly orthogonal beams.

Fixed beaws can also be formed using a Wullenweber arvay
{15], or using lens antennas--such as the Luneberg lens or Rotman
lens--with multiple feeds. Lenses focus encrgy radiated by foed
antennas that ate less directive. Lenses can be made from diclectric
malerials or implemented as space-fed arrays. Multi-beam arrays
can be ysed to feed reflector antennas, as well.

3.2 Adaptive Antennas

Adaptive antennas arc dynamicalty controlled to direct beams
toward desired users by element-cxcitation adjustments, rather than
by performing just a switching operation.

3.2.1 Optimum Beamforming

Complex weights for each element of an array can be caleu-
lated to optimize some property of the reecived signal. This does
not always resull in an array pattern with a beam maximum in the
direction of the desired signal, but does yield the optimal array-
output signal in terms of the minimum-mean-squared ertor
(MMSE), or the maximum signal-to-interference-plus-noise ratio
(SINR). Most often, this is acconplished by forming nulls in the
direclions of interfering signals. Adaptive beamforming is an itera-
tive approximation of optimum beamforming,

A general array, with adjustable element weights, is shown in
block-diagram form in Figure 4. The output of the array, y(r), is

the weighted sum of the received signals, s, (t) at the array ele-
menls having patterns g, (0,¢) (the patterus include gain) and the
thermal noise, n (t), from receivers connected to each element. In

the case shown, s (t) is the desired signal, and the remaining L
signals arc considered to be interferers. In gencral, the signals
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Figure 4. An adaptive antenna array.

S; (t) include multipath components. In an adaptive system, the

weight vector, w, comprising weights w,,, is iteratively deter-

nos

mined, based on the complex scalar-array output, y(t); a reference

signal, d (¢}, which approximates the desired signal; and previous

weights. In Figure 4 and the following discussion, the symbol *
denotes the comptex conjugate. The reference signal is assumed to
be identical to the desired signal. In practice, this can be achieved
or approximated using a training or synchronization sequence or a
CDMA spreading code, which is known at the receiver.

The array output is given by
)l(l)-‘:W”X(f), (])

where w!? denotes the complex-conjugate transpose of the M x 1
weight vector w, and x{¢) is an M x1 vector of the received sig-
nals and noise. The optimum weights minimize the mean-squared

error, E(t), between the array output and the reference signal. A
desired signal, s (z), L interfering signals, and additive white

Gaussian noise are considered in the derivation. Rather than the
usual implicit assumption of isotropic elements, general directional
element patterns are considered. The element patterns need not be
the same for all elements.

3.2.2 Optimum Weights
and Adaptive Algorithms

To optimize the element weights, we seek to minimize the
mean-squared error between the atray output and the reference sig-
nal, d(z}. The derivation proceeds as for the case of omnidirec-

tional elements, and the solution for the optimum weights is

1
Wopr = Rx.\" xd » (2)

where Rxx:x(t)x” {t) is the signal covariance malrix, and

7 =d7(£)x(t). This is identical to the expression for the opti-
mun1 weights for an array with isotropic clements (see [18]). In

this case, however, R,,, ry, and, hence, w,,, arc functions of the

XX

angles of arrival of the L +1 signals, and of the element patterns.

Adaptive-beamforming algorithms iteratively approximate
the optimum weights. Adaptive beamforming began with the work
of Howells [19] and Applebaum [20]. Several newer beamforming
algorithms arc described in [18].

The next two sections describe experimental investigations of
diversity reception at cellular basc stations, and adaptive
beamforming using small portable and handheld arrays.

4. Base-Station Diversity Experiments

Diversity techniques are uscd at the base station to overcome
multipath fading. Although space diversity is the most common
form of antenna diversity, it is the least attractive, because it
requires a second antenna subsystem. A scparate diversity antenna
requires space and cable runs, and significantly increascs installa-
tion and maintenance costs, The remaining diversity choices are
angle and polarization diversity. Recent intercst has focused on
polarization diversity that uses a single, dual-polarized antenna in

8 ~ 10 feet

J () U (b

Figure 5. A typical three-sector confignration: (a) Space-diver-
sity installation; (b) Polarization-diversity installation.
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Figare 6. Two antenna configurations for polarization diver-
sity: (a) Slant +45° reccive; (b) V/H receive.
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Table 1. The smar{ base-station recciver channels.

314

P2 [AL[A2[A3 | A4] 82

Channel Number j 1 | 2
Symbol S1 4 P1

Figure 7a. The smart base-station antenna hardware at Vir-
ginia Tech: the antenna assembly on the roof of a six-story-
high buitding. From left to right are the 95° sector (S1), dual-
polarized (P1, P2), 4 x 30° narrow beam (Al, A2, A3, Ad), and
95° sector antennas (S52),

Figure 7b. The smart base-station antenna hardware at Vir-
ginia Tech: the receiver equipment.

place of two space-diversity antennas [25]. Angle diversity with
switched-beam antennas is also effective in urban environments
[26], but its performance with indoor mobile uscrs has nol yct been
teported. No direct, simultaneous performance comparisons of
space, polarization, and angle diversity have been reported.

4.1. Overview of
Base-Station Diversity Systems

A typical sector base station with space diversity consists of
two spatially separated receive antennas and one transmit antenna

per sector. In the typical three-sector configuration, a total of nine
antennas is required, as shown in Figure Sa. However, polarization
diversity performs the same function with three antennas, as shown
in Figure 5b, using one of the antenna configurations in Figure 6.
Scveral papers have reported that the slant + 45° configuration is
slightly better {(~1 dB) than the V/H configuration in polarization
diversily, due to the balanced mean powers between channels [25-
31]. Also, it is known that a polarization-diversity system is more
cffective when the orientation of the mobile-unit antenna is
slanted.,

Angle diversity is implemented using a switched-beam
antenna in ccllular-radio and digital personal-communication sys-
tems. Although fully adaptive antennas are morc flexible, a
switched-beam antenna is relatively easy to implement, and is cost
effective. This system also can be used to synthesize sectors with a
balanced traffic load to increase channel capacity [32]. Perini and
Holloway [33] reported that in dense urban areas, angle diversity is
Just as effective as conventional spatial diversity, and provides
about 8 dB of diversity gain at the 99% reliability level.

4.2. Smart Base-Station Testbed
at Virginia Tech

The smart base-station hardware at Virginia Tech consists of
a mobile transmitter, opcrating at 842 MHz in the cellular band,
and a rooftop base station, operating as a receiver. The receiver has
eight channels comnected to three types of base-station antennas, as
listed in Table 1 along with assigned channc! names. In Table 1, S
stands for antenna for “spacc diversity,” P stands for “polarization
diversity,” and A stands for “angle diversity.” S1 1s used as a refer-
ence channel through the measurement and calibration process.

Figure 7 shows the configuration of the base-station testbed,
as installed on the roof of a six-story building that is 30 m above
the ground. The order of the antennas, viewed from behind the

Eight-channel
Smart Base Station Testbed

transmitter

Figure 8. An eight-channel smart basc-station testbed for
space, polarization, and angle-diversity comparisons in a mul-
tipath environment.
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supporting structure as shown in Figure 7, ivom lefl to right are the
95° scetor (S1), dual-polarized (P1, P2), 4 x 30° parrow heam (A,
A2, A3, A4}, and 95° scelor antennas (S2). The height of the sup-
porting structure is 10 [t, and the separation belween space diver-
sity antennas is about 10 {1 (8.5 wavclenglhs at 842 MI1z).

The 4 x 30° pancl antenna (Al, A2, A3, and A4) covers 120°,
as shown Figurc 8; the sector antennas (S1, 82) cover 95% and the
+ 45° slanted dual polartzed antenna (P1, P2) covers 90°. All have
a vertical beamwidth of about 15° The 90° and 93° azimuth
beamwidth of the dual-polarized and scctor antennas can be con-
sidered to be identical, for all practical purposes. The two scotor
antennas (S1, S2) arc used for space diversity. The 4 x 30° pancl
antenna (Al 1o Ad) is used for angle diversity, and the dual-polar-
ized antenna is for polarization diversity. In order (o obtain high
diversity gain, low correlation and pawer balance are important.
Space diversity requires wide separation between lwo antennas to
achicve a low corrclation belween the signals, The £ 45° slanted
dual-polarized antenna is known to have highly balanced power.

The mobilc unit, moving at a speed of about 1-2 /s, trans-
mits a continuous-wave signal at 842.07 MHz. The cight RF sig-
nals received at the base station are down-converted to a 1.2 kHz
IF, using RF mixcrs with the same local oscillator that maintains
the relative amplitude and phase information between channels.
The IF signals are recorded with a 16-bit A/D converler, running at
a sampling rate of 6.25 kHz per channel, and are then post-proc-
essed in non-real time.

Measurcments are performed for various mebile-transmitter
unit locations, using a half-waveclength dipole antenna in three ori-
entations: (a) vertical (V), (b) horizontal and otthogonal to the
direction of movement (H+), (c) horizontal and parallel to the
direction of movement (H|). The operator of the mobile unit is
equipped with a cellular phone, for voice communication with the
operator at the base station. All measurcments are performed along
straight routcs. Mcasured runs are performed over distances of 60
to 130 m for the outdoor environments, and 35 to S0 m for the
indoor environments, The average velocily of the mobile unit is
calculated using the measured distance and time for every run. The
distance between the mobile unit and the basc station is measured
using both a GPS rcceiver and electronic maps in AutoCAD for-
mat; the distance ranges from 150 m to 5 km.

Signal envelope of §1
Local mean of §1 j

Power [dBm]

1)

Distance im]

Figure Ya. The signal envelope and cumulative distribution
funetions (CDFs) for three kinds of diversity under identical
conditions: The measured signal cnvelope of one channel with
the estimated local mean.
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Figure 9b. The signal envelope and cumulative distribution
functions (CDFs) for three kinds of diversity under identical
conditions: The CDF for space diversity.
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Figure 9¢. The signal envelope and cumulative distribution

functions (CDFs) for three kinds of diversity under identical

conditions: The CDF for polarization diversity.
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Figure 9d. The signal envelope and cumulative distribution
functions (CDFs) for three kinds of diversity under identical
conditions: The CDY for angle diversity.
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Table 2. The measured diversity gain (in dB).

At 665 m At935m At 2,670 m
Pol. | CDF | § P A 1S P A S r A
v 10 % 515 | 445 3.6l 4.83 4.6% 3.07 552 | 4.65 | 1.50
1% 891 | 842 | 872 | 8806 | 8.19 7.79 ] 1024 | 847 |6.33
ot 10 % 523 | 3.82 | 254 | 500 5.19 2.18 5.52 | 512 | 0.86
1% 970 1 6,591 826 | 979 110,12 6.06 1 10.72 | 974 | 4.62
| 10 % 565 | 513 | 3.6l 5.08 [ 4.50 2.96 5.65 | 5.07 | 1.72
1% ) 10.88 | 891 | 897 | 934 | 847 7.59 9.99 | 941 |06.63

4.3 Estimation of Local Mean

The instantancous fading-signal envelope, r(t), received at
the base-station antenna, can be scparated into two terms [34, 35]:
m (t) represents the long-term signal fading (or local mean), and
f (1) represents the short-tcrm (Rayleigh) signal fading. The rela-
tionship among these three paramcters is expressed by

#ty =m) f (7). G)

The position, x, is rclated to time, ¢, through the constant speed of
the transmitter, v :

“

X =v.
Then, r(t) can be represented in the spatial domain as follows:

#xy=m(x)f(x). (5)

The estimate of the local mean, /i{x), at a spot x, averaged over a
window of length 2L, can be obtained from

1 xt+l
m{x) = Ed j Hy)dy .

x=1f

(6)

A good estimate of the local mean in Rayleigh and Ricean fading
channels is obtained for 2L =404 and a number of samples over
2L, N =36. The window length and number of samples are based
on a 90% confidence interval and less than 1 dB of error in csti-
mating the local mean [35]. Figure 9a shows the mcasured signal
envelope and its estimated local mean of S1 over a measurement
distance of 250 ft (76 m), when the orientation of the mobile-unit
antenna was vertical (V). It should be noted that the differences of
the local means between two different points could be more than
10 dB, cven in the same measurement run. Therclore, the effect of
long-term fading was properly removed to avoid biasing the diver-
sity statistics.

4.4 Initial Measurement
Results and Analysis

An initial measurcment campaign was conducted in 1999,
and data were collected and proccssed for various diversity-cotn-
bining techniques. Here, we present some sample vesults for sclec-
tion combining. Figures 9b-d show the cumulative-distribution
(unctions (CDFs) for selection combining, while the orientation of

148

the mobile-unit antenna was vertical, at a distance of 935 m. Scv-
eral mcasurements at various distances with three orientations of
mobile-unit antenna were performed. Table 2 summarizes the
measurement results performed at three cxample locations in non-
line-of-sight urban environments. The results measured at a dis-
tance of 665 m showed that the diversity gains for the three diver-
sity schemes were close to each other at the 1% level of the CDF,
regardless of the orientations of the moebile-unit antenna. Although
polarization-diversity gains were close to those for the other kinds
of diversity, the performance ol polarization diversity was superior
when the mobile-unit antenna was horizontal, and was worse with
vertical orientation, due to the polarization match, At a distance of
935 m, the space diversity-gain was slightly better than that for the
other kinds of diversily, regardless of the ortentations of the
niobile-unit antenna. At a distance of 2670 m, the space-diversity
gain was slightly better than the polarization-diversity gains, and it
was scveral dB better than the angle-diversity gain, regardless of
the orientations of the mobile-unit antenna. More than 180 sets of
measurements have been performed in over 60 locations, The
mceasurement campaign is still in progress.

5. Handheld Adaptive-Array Experiments

The popularity of the wircless-communication bands has cre-
ated a condition where systems are often limited by interfercnce.
Handheld radios with adaptive antennas can reject interference, and
can thus improve comtunication-link quality and increasc system
capacity. [lowever, as slated in the introduction, little research in
this area has been reported for commercial communications.

The Smart Antenna Group at Virginia Tech has performed an
extensive investigation of adaptive beamforming, using compact
antenna arrays on a handheld-radio platform. The investigation
used small, four-elcment antenna arrays, mounted on a receiver
that could be carried like a mobile phone. This investigation
showed that a high degrec of interference rejection is possible,
indicating that—in a system using handheld radios equipped with
adaptive arrays—morc than one uscr can share a frequency channel
during the same time slot. This can be done through a spatial-divi-
sion multiple access (SDMA) scherme, or through a combination of
SDMA and code-division muitiple access (CDMA). This capacity
improvement would allow a commercial mobile-communication
systen lo support morc uscrs than a conventional system using the
same limited frequency spectrum, resulting in increased revenues.
The interfercnce-rejection capability of handheld adaptive arrays
also provides protection against jamming in military scenarios,
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Figure 10. An overview of the Handheld Antenna Array Test-
bed (HAAT).

5.1 Experiment Description

The adaptive-beam forming measurcment campaign has so far
produced over 250 cxperiments in rural, suburban, and urban
channels with two mutually interfering transmitters. The perform-
ance of single-polarized and multi-polarized four-clement compact
arrays was measured in outdoor peer-to-peer {distances of 25-50 m,
line-ol-sight and non-line-of-sight) and microcellular (distances of
up to 0.6 km, mostly non-line-of-sight) scenarios. Figure 10 shows
the testbed sysiem in a typical cxperimental scenario. In each
measurement, two fixed transmitiers transmitted approximately
cqual-level continuous-wave (CW) signals, offsct by | kHz, at
approximately 2.05 Gl1z. In somc cxperiments, the receiver was
alternately connected to five small four-element array configura-
tions, and was moved along a 2.8 m track to provide consistent
results. In other measurcments, an operator carried the receiver and
antenna array next to his head, to represent a realistic operational
scenario. A direct-conversion four-chammel receiver that mixed the
received signals down to baseband was used. The data were
recorded on two portable sterco digital audio tape recorders al
32,000 samples per sccond per channel, 16 bits per sample, A
pulsc was recorded at the beginning and end of cach measurcment
to align the data for processing.

5.2 Data Processing

The data were processed on a computer, using a multi-target
least-squares constant-modulus algorithm (MT LSCMA). The
least-squares constant-modulus algorithm (LSCMA) is a blind
adaptive-beamforming algorithm: that is, it docs not require precise
knowledge of the desired signal, but uscs knowledge of the con-
stant-modulus property, common to many waveforms. The weights
were calculated using a direct malrix inversion, as follows:

w= R;xl/'\'d * (7)

where 2, and s, arc as described in Scction 3.2.2, but a con-

stant-modulus estimate of the desired signal, given by d = -‘)i, was

|v

used.

The Multi-target LSCMA, or MT LSCMA, uscs a Graham-
Schmidt orthogonalization to produce (wo or morc orthogonal sets
of weights, Using purcly spatial processing, a multi-target algo-
rithm ean separate a number of signals equal to the number of array
clements. Sofl orthogonalization [23] or hard orthogonalization
[24] can be used. Dard orthogonalization is deseribed here. Ini-
tially, for an N-clement array, N orthogonal weight vectors are
used. Each weight vector is updated independently, using the
LSCMA as in Equation (7). All but the first weight vector are peri-
odically reinitialized, as follows, lo prevent more than one weight
veetor from converging to the same valuc:

w=wt — -——"ﬁ_w‘, k=23, M, (8)

In the cxperiments described here, an MT LSCMA beamiformer
was used to calculate element weights for each block of 64 to 320
samples of measured data. The reference signal for the matrix
inversion was obtained by normalizing the complex beamformer
output to a constant magnitude. The algorithm adaptively calcu-
lated and updated two weight vectors, one ta optintize reception of
cach signal. Two iterations of the algorithm were run on each
block, and cach updated weight vector was applied to the dafa used
to calculatc that weight vector, A hard orthogonalization was per-
formed for cach block so the two weight vectors did not converge
to the same solution, Somctimes, the desired signal switched from
onc MT LSCMA beamformer output {o the other. While knowl-
edge of the signals was not used in the beamforming, the two out-
put signals were interchanged as necessary-using the signal fre-
guency as a criterion—to keep the signal from a given transmilter on
the same output port throughout cach measurement.

The processing software calculated the signal-to-interference-
plus-noise ratio (SINR) and the signal-to-noisc ratio (SNR) beforc
and after beamforming for cach signal and for cach channel. An
FFT was performed on each block of data samples. The signal
power in a 100 Hz bandwidth, about cach of the two rcceived
baseband signals (near 4 and 5 kHz, respectively), and the noise
power in 100 Hz centored on 7 kHz, were measured. The
improvement in SINR at a given cumulative probability level after
beamforming is denoted by ASINR. The theoretical mean output
SNR of an idecal maximal-ratio diversity combiner, in the absence
of interference, provided an upper-bound cstimate of the mean
SINR after beamforming in the presence of interference, This esti-
mate was calculated by summing the mean SNRs of the four chan-
nels.

5.3 Experimental Results

A typical experimental secnario is shown in Figore 11. This
site is classificd as suburban, line-of-sight. The controlled experi-
ments with a receiver that was stationary, or moving at a uniform
speed on a linear positioner, showed that the mean SINR for the
desired signal could be improved from about 0dB belore
beamforming to 30 to 40 dB after MT-LSCMA beamforming. Fig-
ure 12 shows the mean SINR results for measurements at the site
in Figure 11. Similar improvements in SINR were seen at cumula-
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Figure 11. A suburban line-of-sight channel on the Virginia
Tech eampus: A view with one transmitter in the foreground,
looking toward the rcceiver (the other transmitter is to the
right of the picture).
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Fignre 12. The results of interference-rejection measurements
in the suburban line-of-sight environment shown in Figure 11:
The mean SINR after adaptive beamforming, plotted as a
function of the azimuth-angle separation between transmitters.

tive probabilitics of 0.1% to 10%. A SINR of 25-50 dB was meas-
ured in urban and rural linc-of-sight and non-line-of-sight peer-to-
peer scenarios. In multipath channels, these performance levels
were achieved even when there was very little separation between
the transmitters in azimuth angle, as seen from the receiver (a
theodolite on a surveyor’s tripod was placed at the receiver loca-
tion, ptior to the measurements, and was used lo determine the
transmitter locations), and when there was less than 2° difference
in the orientations of the two transmitting antennas. For the
experiments in which the receiver was hand-carried at walking
speeds, the mean SINR improverment in the outdoor suburban line-
of-sight peer-to-peer scenario was approximately 37-41 dB, and
the mean SINR after beamforming was 21-27 dB in the suburban,
mostly non-line-of-gight microcell scenario. The lower SINR in the
microcell scenario was partly duc to the low SNR, caused by
attenuation of the signal over the longer propagation path. In the
multipath channels measured, a dual- or multi-polarized antcnna
array generally provided no mote than a 3 dB advantage over a co-
polarized array, indicating that in thesc channels, polarization
flexibility can be helpful but is not critical.

gi

6. Conclusions

The value of spatial diversity in base-station antennas has
long been recognized. Recent results show that polarization and
angle diversity offer similar improvements. Experiments have
shown that base-station diversity gains of 5-11 dB at the 1% prob-
ability (99% reliability) level are possible with two-branch diver-
sity. Gains of 8-11 dB were observed using spatial diversity;
polarization diversity yielded 6-10dB diversity gain; and angle
diversity provided 5-9 dB gain. Polarization and angle diversity
have the advantage that the antenna systems are relatively compact.
In a cellular system, these diversity gains translate into improved
rcliability, longer handsct talk time, and/or increased range. The
cffectiveness of spatial, polarization, and patiern diversity for
handsets using multiple antenna elements has also been demon-
strated.

Adaptive beamforming has been considcered for base stations
and, morc recently, for handscts. Experiments reported here for
smart handheld terminals demonstrated over 20 dB of interference
rejection with single- and multi-polarized arrays. In many cases,
the performance measured in multipath channels was better than
the previously-reported simulated performance of comparable
arrays in frec space. Differcnces in the angular distribulion and the
phases of multipath signals allow an adaplive recciving array to
distinguish betwcen two transmitters, even if the azimuth angles
(as scen from the receiver) and polarization angles of the transmit-
ters arc identical, Adaptive beamforming can improve reliability,
range, talk time, and capacity in both peer-to-peer and cellular
systems.

Smart antennas can improve system performance, and will
find increasing use. Applications have been almost exclusively for
receiving situations, but smart transmitting antennas will alse be
used in the future,
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