CHAPTER 9
ADAPTIVE BEAMFORMING MEASUREMENTS AND SIMULATIONS
9.1 Introduction
The use of adaptive antennas on handheld radios is a new area of research. In
1988, Vaughn [9.1] concluded that with then-current technology, adaptive beamforming
would work for units moving at pedestrian speeds but would be difficult to implement for
high-speed mobile units. No further reports of research in this area during the following
ten years were found.
In 1999, Braun, et al. [9.2] reported indoor experiments in which data were
recorded using a single stationary narrowband transmitter and a two-element handheld
antenna array, and processed using diversity and optimum beamforming techniques. The
channels measured were primarily non line-of-sight because the transmitter was
deliberately obstructed with a large metallic screen. Data were recorded as the receiver
was carried along 10 different paths. Two handset prototypes with different antenna
configurations were used. One had a monopole and a shorted patch antenna and the other
had a monopole and a planar meander line antenna. Data from different measurements
were used to represent desired and interfering signals.
In the experiments reported in [9.2] the desired and interfering signals were not
present simultaneously. Also, the recorded data were processed using an optimum
beamformer. This required a priori knowledge of the desired signal, which was used as a
reference signal in (3.16). The uncorrupted desired signal was available in the reported
experiments but is not available in practice. While these measurements did not
correspond to an actual physical interference scenario, it is noteworthy that 24 dB or
more of interference rejection was reported in the case of a single interferer, and 16 dB
was reported in the case of two interferers for each handset configuration.
This chapter reports an investigation of adaptive beamforming performance using
compact and handheld arrays. The investigation consisted of simulations and
experiments in which desired and interfering transmitters operated simultaneously and a
priori information was not used in the beamforming algorithm. Operation in a variety of
channels was quantified. This investigation made extensive use of the Handheld Antenna
Array Testbed described in Chapter 6 to investigate adaptive beamforming using several
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different antenna configurations. First, measurements were performed with the 4-channel
HAAT receiver to verify its operation in indoor interference scenarios. Then the
performance of five array configurations that combine spatial and polarization diversity
was measured in rural, suburban, and urban locations under controlled conditions using
the linear positioner. Simulations of the array configurations in a free-space environment
were performed using VMPS and provide a baseline for comparison. In additional
measurements an operator carried the 4-channel receiver as in typical handset operation
in outdoor peer-to-peer and microcell scenarios. Both co-polarized and multi-polarized
array configurations were tested in these handheld measurements.

9.2 HAAT Verification Tests
Indoor tests were performed to verify operation of the 4-channel HAAT receiver
and associated processing software. For each test, two transmitters were set up in a room
on the 6th floor of Whittemore Hall. One transmitter was connected to a vertical halfwave dipole and the other was connected to a big wheel antenna that was vertically
polarized. These antennas have similar patterns but orthogonal polarizations when
oriented as shown in Fig. 9-1. The transmitters were separated sufficiently that
intermodulation products recorded by the receiving unit were minimal. Vertically
oriented half-wave dipoles were connected directly to each of the four HAAT receiver
RF input ports. Four measurements were made.
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Figure 9-1. Currents and patterns of a vertically oriented dipole and a horizontally
oriented big wheel antenna: (a) elevation and azimuth patterns for a dipole (b) elevation
and azimuth patterns for a big wheel antenna.
For all of the 4-channel measurements, the 4-channel receiver shown in Fig. 6-6
was used and data were recorded on two Sony TCD-8 DAT recorders at 32,000 samples
per second per channel. The audio outputs of the receiver were connected to the DAT
recorders using the microphone ports of the DAT recorders. Channel 1 was connected to
the left channel of DAT 1, channel 2 to the right channel of DAT 1, channel 3 to the left
channel of DAT 2, etc. The DATs were set for high microphone sensitivity and a
recording level of 10.
Beamforming was accomplished by processing the data with a multi-target leastsquares constant modulus algorithm (MT LSCMA), described in Section 3.5.5. The
algorithm used a block length of 320 samples. The 4-channel, two-target LSCMA
algorithm adaptively calculated and updated two weight vectors, one to optimize
reception of each signal. Two iterations of the algorithm were run on each block, and
each updated weight vector was applied to the same data that was used to calculate the
weight vector. A hard orthogonalization was performed for each block so the two sets of
output weights did not converge to the same solution. The beamformer outputs were
sorted when necessary, using the frequency of the output signal as a criterion. SINR and
SNR were measured by performing an FFT on each block of 320 samples, and measuring
the power in the bins comprising 100 Hz bandwidth about each of the two signals (near 4
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and 5 kHz respectively) and noise in a 100 Hz bandwidth centered on 7 kHz. SINR and
SNR were measured before and after beamforming for each signal and for each channel.
SINR and SNR are discussed further in Appendix A.
For Measurements 1 and 2, the transmitters were located in Room 619
Whittemore Hall on the Virginia Tech campus and the receiver was located at the West
end of 621 Whittemore. The doors to both rooms were closed, so no direct line-of-sight
or reflected waves were received. The first measurement was taken with the receiver
stationary on a bench top. For the second measurement the receiver was moved manually
back and forth over a distance of about 1 m.
Measurements 3 and 4 were performed while carrying the receiver and walking
clockwise around the West end of the 6th floor of Whittemore Hall. The transmitters
were located at opposite ends of Room 675 Whittemore Hall, near the East end of the 6th
floor. The door to the room was closed. For the third measurement the receiver antennas
were held in a nearly vertical orientation and for the fourth measurement the receiver was
rocked back and forth to change the orientation of the antennas.
Figure 9-2 shows the SINR for each channel before beamforming and for the
combined signal for signal 1 of Measurement 2. Figure 9-2 (a) shows the SINR vs. time
and Fig. 9-2 (b) shows the cumulative probability of SINR. The SINR improvement,
through interference rejection, is approximately 23 dB at the mean level and between 2430 dB at the 10%, 1%, and 0.1% levels. Results for Measurement 1 were similar.
Interference rejection for measurements 3 and 4 was approximately 20 dB. This could be
because of the higher receiver velocity or because of the greater distance and lower SNR
compared to measurements 1 and 2. Table 9-1 shows the SINR improvement that was
achieved in Measurements 1-4.
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Figure 9-2. SINR of signal 1 in Measurement 2 before and after beamforming with
linear array of four half-wave dipoles with 0.17 wavelength spacing:
(a) SINR vs. time, (b) cumulative probability of SINR
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Table 9-1. SINR improvement in indoor interference rejection measurements using a
uniform linear array of four vertically oriented dipoles spaced 0.17λ apart
Measurement

Description

1

Indoor, TX stationary
in one room, RX
stationary in 2nd room
Indoor, TX stationary
in one room, RX
moving in 2nd room
Indoor, TX in room,
RX carried upright in
hall
Indoor, TX in room,
RX carried in hall
and rocked

2

3

4

Mean of TX A and TX B SINR
improvement in dB at specified
cumulative probability
10%
1%
0.1%
23
20
10

27

30

26

21

19

18

17

17

17

9.3 Controlled Adaptive Beamforming Measurements using the Linear Positioner
This measurement phase consisted of controlled measurements using the 4channel HAAT receiver. Unlike the measurements described in Section 9.2, these
measurements used the linear positioner described in Section 6.2 to move the receiver.
Several different four-element receive array configurations with different combinations
of vertically and horizontally polarized antenna elements were tested. Received data were
recorded while the receiver moved along the 2.8 m linear track. As in the measurements
described in Section 9.2, two transmitters were used so that interference rejection using
adaptive beamforming algorithms could be tested. In a rural line-of-sight channel with
little multipath, the angular separation in azimuth and antenna polarization angle
separation of the transmitters were each varied in a methodical manner to evaluate the
effects of these parameters on the performance of each array configuration.
Measurements in suburban line-of-sight and urban line-of-sight and non line-of-sight
channels with substantial multipath propagation were also conducted.
The elements used in the arrays that were tested were half-wave coaxial dipoles
and big wheel antennas. Refer to Chapter 8 for more information on the big wheel
antennas. The coaxial dipoles were oriented vertically to provide vertical polarization
and the big wheels were oriented horizontally to provide horizontal polarization. In free
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space, both types of antennas have patterns that are omnidirectional in azimuth. This is
desirable so that differences in array configuration performance are primarily due to
differences in polarization and not in the patterns of the elements. However, element
patterns in the array configurations are affected by mutual coupling and are not perfectly
omnidirectional. The antenna configurations are shown in Fig. 9-3.
Elements in the outer square or triangle of each array are spaced s=0.595 wavelength
apart.
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(a) configuration 0

(b) configuration 1

(c) configuration 2
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(d) configuration 3

(e) configuration 4

Figure 9-3. Array configurations used in controlled adaptive beamforming measurements (top view shown, all configurations are
square or equilateral triangles with side length s = 8.7 cm = 0.595λ at 2.05 GHz): (a) configuration 0, four vertical half-wave coaxial
dipoles, (b) configuration 1, three vertical dipoles and one horizontal big wheel, (c) configuration 2, two vertical dipoles and two
horizontal big wheels, (d) configuration 3, one vertical dipole and three horizontal big wheels, and (e) configuration 4, four horizontal
big wheels

All measurement locations were documented using maps and/or photographs or
digital images. Transmitter and receiver locations were recorded. Measurements were
coded using the following convention for the filenames:

YYMMDDTTRR(l)
where
YYMMDD is the date (year, month, day)
TT is the two-digit tape number (two tapes are required for 4-channel measurements)
RR is the two-digit program number
(l) is an optional letter designation if more than one measurement is recorded on a
program

Table 9-2 List of measurement sets
Location
EE Grad. Office
area, VPI&SU
campus

Date
10/12/1999

Description
Suburban LOS
peer-to-peer with
handheld receiver

Boley Fields,
Jefferson National
Forest

10/18/1999

Controlled
experiments: rural
LOS

EE Grad. Office
area, VPI&SU
campus

10/28/1999

Controlled
experiments:
suburban LOS

Whittemore/Hancoc
k Halls, VPI&SU
campus

11/5/1999

Controlled
experiments:
urban LOS/NLOS

VPI&SU campus

11/7/1999

Campus microcell
with handheld
receiver

Measurement numbers
199910120051(a-d),
52(a,b),
199910120301(a-d),
02(a,b)
9910180053-99,
9910180303-49,
9910181201-62,
9910181301-62
9910281263-99,
9910281363-99,
9910281401-83,
9910281501-83
9911051484-99,
9911051584-99,
9911051601-14,
9911051701-14
9911071615(a,b),16-22,
9911071715(a,b),16-22

9.4 Simulation of Array Operation in Free Space
Simulations were performed using the VMPS software described in Chapter 7 to
allow comparison of the array configurations in a free-space environment. The
simulations also provide a baseline for comparison with measurements performed in
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multipath channels. Four sets of simulations were conducted. These simulations were
done to measure SINR as a function of the azimuth angle ∆φ and the polarization angle
∆τ between the two transmitting antennas. These angles are shown in Fig. 9-4. In the
first two sets of simulations, two transmitters were located so that their azimuth angles, as
measured from the receiver, were identical. The polarization of the antenna used by
transmitter A was held fixed, while the polarization angle of the antenna used by
transmitter B was varied. Linear polarization was used and the difference between
polarizations of the two transmitters was varied from ∆τ =0° to 90° . In the third and
fourth sets of simulations, the polarizations of the antennas used by the two transmitters
were identical and the azimuth angle ∆φ of Transmitter B was varied from 0° to 90°
relative to Transmitter A. Each set consisted of 55 simulations (5 antenna configurations
and 11 different angles). Four seconds of data (128,000 samples) were simulated in each
case to allow ample time for the adaptive beamforming algorithm to converge. The
array configurations simulated were similar to the configurations shown in Fig. 9-2,
except small dipoles and small loops were used in place of the half-wave coaxial dipoles
and big wheel antennas used in the measurements. Data were processed using a twotarget LSCMA beamforming algorithm as described in Section 9.2.

Transmitter
Transmitter
∆τ

∆φ

Transmitter
Transmitter

Receiver
(a)

(b)

Figure 9-4. Angles used in simulations and measurements: (a) ∆φ, difference in
azimuth angle between transmitters, measured at receiver, (b) ∆τ , polarization angle
difference between linearly polarized transmitting antennas.
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9.4.1 Free-space simulation with first transmitter having fixed vertical polarization,
varying polarization of second transmitter
The results of the first set of simulations are shown in Figure 9-5. In this scenario,
Transmitter A uses a vertically polarized small dipole antenna and Transmitter B uses a
dipole antenna with polarization varying from 0° (vertical) to 90° (horizontal). Thus the
polarization angle difference ∆τ also varies from 0° to 90° . Cases were simulated in
which the receiver used each of the five array configurations shown in Fig. 9-3. The
results can be understood intuitively. As shown in Fig. 9-5 (a), the array configurations
that perform best in receiving Transmitter A are configurations 1, 2, and 3. These
configurations include both horizontally and vertically polarized elements. These arrays
provide the capability to combine the signals received by the horizontally and vertically
polarized elements to reject any undesired polarization. These configurations can reject
the signal from Transmitter B if it differs in polarization from that of Transmitter A. If

∆τ is small, the signal from Transmitter A is also attenuated significantly and the SINR
after beamforming is relatively low. The SINR increases as ∆τ increases from 0° to 90° .
For example, for configuration 1 in Fig. 9-5 (a), the SINR for ∆τ =0° is 2 dB. For ∆τ
=5° , the SINR is 15 dB, and for ∆τ =70° , the SINR is 42 dB. Overall, there is little
difference between the performance of configurations 1, 2, and 3. The configurations
without polarization sensitivity (configurations 0 and 4) perform poorly except for the allvertical array (configuration 0) in the case where Transmitter B transmits with pure
horizontal polarization and is completely rejected by all four of the (vertical) array
elements. Figure 9-5 (b) shows the performance of the arrays for receiving with
Transmitter B considered as the desired signal. In this case the interfering signal from
Transmitter A is always vertically polarized, and the more horizontally polarized
elements an array configuration contains, the better it performs. These results are
interesting but the scenario inherently favors arrays with more horizontally polarized
elements for receiving Transmitter B.
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4-el. Adaptive Arrays, TX A vertical (0 degrees), TX B pol. 0 to 90 degrees, Free Space LOS, VMPS, 11/24/99
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Figure 9-5. Results of simulated operation in free space: Mean SINR after beamforming
vs. polarization angle difference with transmitters at identical azimuth from receiver,
Transmitter A vertically polarized, Transmitter B 0° to 90° linearly polarized: (a) mean
SINR for Transmitter A as desired signal, (b) mean SINR for Transmitter B as desired
signal. See Fig. 9-3 for receiving antenna array configurations used.
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9.4.2 Free-space simulation with first transmitter having fixed 45°° linear
polarization, varying polarization of second transmitter
A second scenario was devised in which neither antenna was fixed in a vertical or
horizontal polarization. This was considered less likely to favor arrays that consist of
either all vertically polarized or all horizontally polarized elements. The results of the
second set of simulations are shown in Figure 9-6. In this scenario, Transmitter A used a
small dipole antenna that was polarized at -45° (45° counterclockwise from vertical as
seen from the receiver) in the plane normal to the propagation path. Transmitter B used a
dipole antenna with polarization varying from -45° to +45° , so that ∆τ varied from 0° to
90° . As in Section 9.4.1, the results can be understood intuitively. As shown in Fig. 9-6
(a), the array configurations that perform best in receiving Transmitter A are
configurations 1, 2, and 3. These configurations include both horizontally and vertically
polarized elements, and can null the polarization state of an interfering transmitter,
provided it is different from that of the desired transmitter. Configuration 1, with one
horizontally polarized and 3 vertically polarized elements, does not perform as well as the
other two polarization-sensitive configurations in receiving Transmitter A. This is
probably because the polarization of Transmitter B ranges from –45° to +45° and is
closer to vertical than to horizontal in most of the simulations, so the SINR on the 3
vertically polarized elements is low. There is little difference between the performances
of configurations 2 and 3. The configurations that use identically polarized elements
(configurations 0 and 4) perform poorly except for the all-horizontal array (configuration
4) in the cases where Transmitter B transmits with nearly vertical polarization (±5° or ∆τ
= 40° or 50° ) and therefore is substantially rejected due to polarization mismatch. Fig. 96 (b) shows the performance of the arrays for receiving Transmitter B. The dualpolarized array configurations (1, 2, and 3) perform better than configurations 0 and 4,
with configuration 2 performing 1 to 2 dB better than configurations 1 and 3.
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4-el. Adaptive Arrays, TX A -45 degrees linear, TX B pol. -45 to +45 degrees, Free Space LOS, VMPS, 11/24/99
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Figure 9-6. Results of simulated operation in free space: mean SINR after beamforming
vs. polarization angle difference with transmitters at identical azimuth from receiver,
Transmitter A -45° linearly polarized, Transmitter B -45° to +45° linearly polarized:
(a) mean SINR for Transmitter A as desired signal, (b) mean SINR for Transmitter B as
desired signal. See Fig. 9-3 for receiving antenna array configurations used.
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9.4.3 Free-space simulations with both transmitters having fixed vertical
polarization, varying azimuth separation between transmitters
In the third and fourth sets of simulations, the two transmit antennas had identical
vertical linear polarizations so the difference in polarization angles was ∆τ = 0° , but the
position of Transmitter B was changed so that the relative azimuth angle between the two
transmitters varied from ∆φ=0° to 90° . Cases were simulated with the receiver using
each of the five array configurations shown in Fig. 9-3. In the third simulation set, both
transmitting antennas were vertically polarized. The results are shown in Fig. 9-7. In this
case the results with Transmitter A considered as the desired transmitter (Fig. 9-7 (a)) and
with Transmitter B considered the desired transmitter (Fig. 9-7 (b)) are similar. Because
there was no depolarization in the free-space propagation environment that was
simulated, only the vertically polarized array elements could receive the vertically
polarized transmitted signals. Thus, configuration 0, with 4 vertical elements, performed
the best, followed by configurations 1 and 2. Configuration 2 is symmetric about 45° . In
this case only the two vertically polarized elements received signals. The symmetry led
to nulls that were symmetric about 45° . As a result, the performance of Configuration 2
was poor when Transmitter A was at 0° and Transmitter B was at 90° . This array cannot
be used to steer a null to 90° without also steering a null to 0° and vice versa.
Performance improves as the azimuth separation approaches 45° , since both 0° and 90°
separation present problems in this scenario. Configuration 3, with only one vertical
element, did not have sufficient degrees of freedom to null a vertically polarized signal,
and Configuration 4 did not receive either of the vertically polarized signals at all.
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4-el. Adaptive Arrays, TX A & B vertical linear, TX B az. varied, Free Space LOS, VMPS, 11/18/99
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4-el. Adaptive Arrays, TX A & B vertical linear, TX B az. varied, Free Space LOS, VMPS, 11/18/99
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Figure 9-7. Results of simulated operation in free space: mean SINR after beamforming
vs. azimuth angle difference for transmitters with vertical polarization. Transmitter A is
at 0° azimuth from the receiver, and Transmitter B is varied from 0° to 90° azimuth. (a)
mean SINR for Transmitter A as desired signal, (b) mean SINR for Transmitter B as
desired signal. Receiving antenna array configurations are shown in Fig. 9-3.
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9.4.4 Free-space simulations with both transmitters having fixed -45°° polarization,
varying azimuth separation between transmitters
The scenario used in the third simulation set obviously favors array configurations
with more vertical elements. To obtain a fairer evaluation of the array configurations, the
fourth set of simulations used two linearly polarized transmitting antennas that were both
oriented at -45° , or 45° counterclockwise from the vertical axis (as seen from the
receiver), in a plane normal to the propagation path, so that ∆τ = 0° . The results for this
scenario are shown in Fig. 9-8. The results are very similar for Transmitters A and B
(Figs. 9-8 (a) and 9-8 (b) respectively). All the configurations having elements arranged
in a square (configurations 0, 2, and 4) performed nearly identically. The other two
configurations (1 and 3) consist of three elements arranged in an equilateral triangle, with
one element in the center. These configurations were slightly less effective, but the
difference was at most about 5 dB at 10° , and the mean performance was only about 2-3
dB worse than that of the square arrays.
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4-el. Adaptive Arrays, TX A & B -45 deg. pol., TX B az. 0 to 90 degrees, Free Space LOS, VMPS, 11/24/99
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4-el. Adaptive Arrays, TX A & B -45 deg. pol., TX B az. 0 to 90 degrees, Free Space LOS, VMPS, 11/24/99
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(b)
Figure 9-8. Results of simulated operation in free space: mean SINR after beamforming
for Transmitters with identical -45° polarization. Transmitter A is at 0° azimuth from the
receiver, and Transmitter B is varied from 0° to 90° azimuth. (a) mean SINR for
Transmitter A as desired signal, (b) mean SINR for Transmitter B as desired signal.
Receiving antenna array configurations are shown in Fig. 9-3.
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9.5 Simulation of Array Operation in a Rural, Line-of-Sight Channel with
Multipath Propagation
The simulations described in the previous section were performed using a freespace environment, with line-of-sight propagation but no multipath propagation.
Additional simulations were performed using the VMPS software to model a rural
channel with both line-of-sight and multipath propagation. Two sets of simulations were
conducted that correspond to those in Section 9.4.2 and 9.4.4.

The geometry for these

simulations was identical to those in Sections 9.4.2 and 9.4.4, except that the ring-ofscatterers model developed by Lee was used. The objective of these simulations was to
approximate an open field surrounded by trees. Measurements in such an environment
are reported in Section 9.6. In these simulations, 30 scatterers were evenly spaced on a
circle of radius 300 m about the receiver. This spacing corresponds to a maximum excess
delay of 2 microseconds. The refelection coefficients for horizontally and vertically
polarized waves were both fixed at 0.4. These settings yielded a specular-to-random
power ratio (the Ricean parameter K) of 6.4 (linear) or 8.1 dB (about 13% of the received
power is due to multipath propagation). This is very close to the value of K obtained
from a curve fit of a Ricean cdf to data from measurements at Boley Fields, in the
Jefferson National Forest. The simulations reported here will be compared to
measurements at Boley Fields in Section 9.6. The channel geometry is shown in Fig. 9-9.
SINR was measured as a function of the azimuth angle ∆φ and the polarization angle ∆τ
between the two transmitting antennas. In the first set of simulations, two transmitters
were located so that their azimuth angles, as measured from the receiver, were identical
(∆φ=0). The polarization of the antenna used by transmitter A was held fixed, while the
polarization angle of the antenna used by transmitter B was varied. Linear polarization
was used and the difference between polarizations of the two transmitters was varied
from ∆τ =0° to 90° . In the second set of simulations, the polarizations of the antennas
used by the two transmitters were identical and the azimuth angle ∆φ of Transmitter B
was varied from 0° to 90° relative to Transmitter A. Each set consisted of 55 simulations
(5 antenna configurations and 11 different angles). Four seconds of data were simulated
in each case to allow time for the adaptive beamforming algorithm to converge. The
array configurations simulated were similar to the configurations shown in Fig. 9-2,
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except small dipoles and small loops were used in place of the half-wave coaxial dipoles
and big wheel antennas used in the measurements. Data were processed using a twotarget LSCMA beamforming algorithm as described in Section 3.5.5.
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Figure 9-9. Channel geometry for simulations reported in this section.
9.5.1 Rural LOS multipath channel simulations with first transmitter having fixed 45°° linear polarization, varying polarization of second transmitter
The transmitter and receiver locations and antenna polarizations used in this set of
simulations correspond to those used in the free-space simulations reported in Section
9.4.2. The results of this set of simulations are shown in Figure 9-10. In this scenario,
Transmitter A used a small dipole antenna that was polarized at -45° (45°
counterclockwise from vertical as seen from the receiver) in the plane normal to the
propagation path. Transmitter B used a dipole antenna with polarization varying from -
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45° to +45° , so that ∆τ varied from 0° to 90° . As in the other simulations, cases were
simulated with the receiver using each of the five antenna array configurations shown in
Fig. 9-3.
Mean SINR is plotted vs. ∆τ in Fig. 9-10(a) and (b). As in the corresponding
free-space simulation set reported in Section 9.4.2 (see Fig. 9-6), array configurations 2
and 3 performed the best, followed by configuration 1. All three of these configurations
include both vertically and horizontally polarized antennas, and all three achieve mean
SINR of 20 dB or more with Transmitter A considered as the desired transmitter (Fig. 910(a)) even for a polarization angle difference of ∆τ =0° . Configurations 0 and 4 do not
perform nearly as well because each of these configurations consists of four identically
polarized antennas. Because they consist of only co-polarized antennas, configurations 0
and 4 cannot distinguish between line-of-sight signals with different polarizations.
However, they can achieve significant interference rejection (mean SINR of 10-20 dB for
configuration 4 and 24-25 dB for configuration 0 when Transmitter A is the desired
transmitter). This is because of the fact that Transmitters A and B to have different
spatial signatures due to phase and amplitude differences in the multipath components.
Angles of arrival of components from Transmitters A and B are identical in this
simulation because the scatterers/reflectors that are used to simulate propagation from
both transmitters are colocated. Mean SINR with Transmitter B considered as the desired
transmitter (shown in Fig. 9-10(b) is lower than with Transmitter A as the desired
transmitter. The beamformer weights for Transmitter B are set to a value that yields an
output orthogonal to the output for Transmitter A at the beginning of every second
iteration of the LSCMA beamforming algorithm. While this prevents the two sets of
weights from converging to the same value and capturing the same transmitter, it does
not necessarily result in weights that are a close approximation of the optimum weights
for Transmitter B.
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4-el. Adaptive Arrays, TX A -45 deg. pol., TX B pol -45 to +45 degrees, Rural LOS, VMPS, 1/22/00
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Figure 9-10. Results of simulated operation in the rural LOS multipath channel (see Fig.
9-9): mean SINR after beamforming vs. polarization angle difference with transmitters at
identical azimuth from receiver, Transmitter A -45° linearly polarized, Transmitter B 45° to +45° linearly polarized: (a) mean SINR for Transmitter A as desired signal, (b)
mean SINR for Transmitter B as desired signal. Receiving antenna array configurations
are shown in Fig. 9-3.
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9.5.2 Rural LOS multipath channel simulations with both transmitters having fixed
-45°° linear polarization, varying azimuth separation between transmitters
The receiver locations and antenna polarizations used in this set of simulations
correspond to those used in the free-space simulations reported in Section 9.4.4. These
simulations used two linearly polarized transmitting antennas that were both oriented at 45° , or 45° counterclockwise from the vertical axis (as seen from the receiver), in a plane
normal to the propagation path, so that ∆τ = 0° . The results for this scenario are shown in
Fig. 9-11. The results are very similar for Transmitters A and B (Figs. 9-11 (a) and 9-11
(b) respectively). As in the free-space simulations reported in Section 9.4.4 (results of
which are shown in Fig. 9-8), all configurations provide mean SINR of 35 dB or more for
∆φ≥30° . Also as in Section 9.4.4, the overall mean SINR for all configurations is within
about 2 dB, and configurations 0, 2, and 4 (square geometries) achieve slightly higher
SINR than configurations 1 and 3 (triangular geometries). All configurations achieve
mean SINR of 18 dB or more with Transmitter A considered as the desired transmitter
and 12 dB or more with Transmitter B considered as the desired transmitter, even for an
azimuth separation between the transmitters of ∆φ=0° .
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SINR after beamforming for Transmitter A, dB
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Figure 9-11. Results of simulated operation in rural LOS multipath channel: mean
SINR after beamforming for Transmitters with identical -45° polarization. Transmitter A
is at 0° azimuth from the receiver, and Transmitter B is varied from 0° to 90° azimuth. (a)
mean SINR for Transmitter A as desired signal, (b) mean SINR for Transmitter B as
desired signal. Receiving antenna array configurations are shown in Fig. 9-3.
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9.6 Experiments in a Rural, Line-of-Sight Channel (Site 1)
This Section describes experimental measurements of interference rejection, using
the array configurations shown in Fig. 9-3, in a rural, line-of-sight channel. Subsection
9.6.1 describes measurements with varying azimuth angle separation between
transmitters that correspond to the simulation sets described in Subsection 9.4.4 and
9.5.2. Subsection 9.6.2 describes measurements with varying polarization angle
separation ∆τ between transmitters that correspond to the simulation sets described in
Subsection 9.4.2 and 9.5.1.
The first measurement campaign was conducted at Boley Fields in the Jefferson
National Forest, near Blacksburg, VA. This area, shown in Fig. 9-12 (a) and (b), is an
open field in a valley. The field is surrounded by trees, and the channel exhibits
relatively little multipath propagation. In measurements at this site similar to those
described in Chapter 8, the mean specular-to-random power ratio of the best fit Ricean
distribution was found to be K=6.68 (linear), or 8.25 dB. This means that at this site
multipath propagation accounted for only about 13% of the received power. The results
of measurements performed here were expected to show some resemblance to the results
of the free-space simulations described in the previous section.

196

(a)

(b)
Figure 9-12. Rural Line-of-Sight Channel (Boley Fields in the Jefferson National Forest:
(a) view with receiver in foreground and two transmitters in background, (b) view from
the transmitters with Transmitter A in foreground, looking toward receiver.
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9.6.1

Rural line-of-sight measurements with both transmitters having fixed -45°°

polarization, varying azimuth separation between transmitters
The scenario for the directional selectivity measurements in the rural line-of-sight
channel was similar to the scenario used in the fourth set of simulations described in
Subsection 9.4.4. In these measurements each of the two transmitters used a half-wave
dipole antenna that was oriented 45° counterclockwise from vertical (as seen from the
receiver) in a plane normal to the transmit-receive path. Transmitter A was located 130
ft. (39.6 m) from the receiver. Transmitter B was located 100 ft. (30.5 m) from the
receiver. The separation between the transmitters was sufficient so that intermodulation
between the two transmitters was negligible. Azimuth separation ∆φ between the
transmitters (as viewed from the receiver location) was varied from 0° to 90° in
increments of 5° or 10° by moving Transmitter B while Transmitter A remained in its
original location. Transmitter locations were determined prior to the measurements using
a surveying tripod and theodolite in the receiver location. All transmitter locations were
marked with wooden stakes that are visible in Fig. 9-12. Significant noise from the
positioner stepper motor was observed, so all five receive array configurations were
tested with the receiver kept stationary on the positioner, to avoid noise that could corrupt
the measured data. Analysis of the data showed that the positioner noise could be
removed by high-pass filtering the signal as part of the data processing, so later
measurement sets in other locations were conducted with the receiver in motion.
The results of the measurements are shown with Transmitter A considered as the
desired transmitter (Fig. 9-13 (a)) and with Transmitter B considered as the desired
transmitter (Fig. 9-13 (b)). All of the array configurations performed well. As in Section
9.2, beamforming was performed using the MT LSCMA described in Section 3.5.5.
After beamforming, the minimum mean SINR over all array configurations and
transmitter angular separations was about 30 dB and the mean SINR was as high as 55
dB for one case. The results of these measurements do not show the same obvious trends
as the results of the free-space simulations shown in Fig. 9-8. They more closely
resemble the results of the rural line-of-sight simulations shown in Section 9.5.2 (Fig. 911), but the measured SINR is much higher for small values of ∆φ. Three factors
contribute to this. First, in the measurements each transmitted signals is reflected to the
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receiver by a different set of reflecting objects, resulting in more dissimilarity in spatial
signatures than in the simulations of Section 9.5.2. Second, the polarization of the
antennas used in the measurements is not “pure.” That is, each element has a non-zero
response to signals that are cross-polarized, or orthogonal, to its nominal polarization.
The cross-polarization characteristics of each individual antenna are slightly different.
Small differences in relative tilt angle of up to ±2° due to misalignment of transmitting
and receiving antennas also contribute to this effect. This means that no array
configuration consists of perfectly co-polarized elements, and all array configurations
have some capability to distinguish differences in the polarization of line-of-sight or
reflected signal components. Third, closely spaced antennas experience mutual coupling,
which distorts the pattern of each individual antenna. These effects were not accounted
for in the simulations.
As seen in Fig. 9-13, receiving array configurations 1, 3, and 4 (array
configurations are shown in Fig. 9-3) yielded higher mean SINR than configurations 0
and 2. For both transmitters, the difference between the best and worst performing array
configurations in mean SINR, averaged over all transmitter angular separations, is about
3 dB. The SINR after beamforming does increase slightly with the angular separation of
the transmitters. It appears that multipath propagation in this channel was sufficient to
enable a beamformer to reject an interfering signal even when the angular separation
between the transmitters was zero. The main source of multipath propagation was
probably scattering from the trees and hillsides. Reflection and diffraction of waves by
the transmitter boxes and tripods are another possible source of multipath.
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4-el. Adaptive Arrays, TX A & B -45 degrees linear, TX B az. varied, Rural LOS, Boley Fields, 10/18/99
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4-el. Adaptive Arrays, TX A & B -45 degrees linear, TX B az. varied, Rural LOS, Boley Fields, 10/18/99
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(b)
Figure 9-13. Results of interference rejection measurements in rural environment: mean
SINR after adaptive beamforming plotted as a function of azimuth angle separation
between transmitters (a) for Transmitter A as the desired signal, (b) for Transmitter B as
the desired signal. Receiving antenna array configurations are shown in Fig. 9-3.
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9.6.2 Rural line-of-sight measurements with first transmitter having fixed -45°°
polarization, varying polarization of second transmitter
This measurement scenario was similar to the scenario used for the simulation set
described in Subsection 9.4.2. Two transmitters (Transmitters A and B) were located so
that they had an azimuth separation of ∆φ = 0° when viewed from the receiver location.
Transmitter A was located 130 ft. (39.6 m) from the receiver. Transmitter B was located
100 ft. (30.5 m) from the receiver, at the same azimuth angle from the receiver as
Transmitter A. The separation between the transmitters was sufficient so that
intermodulation between the two transmitters was negligible. Both transmitting antennas
were half-wave dipoles that were oriented in a plane normal to the transmit-receive path.
Transmitter A used a dipole that was oriented –45° from vertical (45° counterclockwise
from vertical as seen from the receiver). The orientation of the antenna connected to
Transmitter B was varied from -45° to +45° from vertical in 5° or 10° increments so that
the polarization angle separation varied from ∆τ = 0° to ∆τ = 90° . Data were collected
using all five receive array configurations shown in Fig. 9-3, with the receiver moving on
the linear positioner.
The results of these measurements are shown in Fig. 9-14. The results of these
measurements show that for this rural line-of-sight channel the SINR achieved after
beamforming is largely independent of polarization difference between the transmitters.
Mean SINR after beamforming was between 35 and 45 dB for Transmitter A and
between 37 and 47 dB for Transmitter B. The maximum SINR is slightly lower than for
the directional selectivity measurements reported in Subsection 9.6.1. The
configurations, in order from best to worst performance, were 3, 2, 4, 0, and 1. However,
there is less than 2.5 dB difference between the mean SINR of the best and worst
performing configurations. Because of multipath propagation and because of
depolarization in the channel, the adaptive arrays can distinguish between transmitters
that have the same line-of-sight azimuth angle and nominal polarization state. As in the
previous subsection, the nominally co-polarized configurations (0 and 4) performed
much better in the experiments than in the free-space and rural line-of-sight simulations.
Even these configurations have some polarization discrimination capability in practice,
due to the lack of pure polarization as described in Section 9.6.1.
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4-el. Adaptive Arrays, TX A -45 degrees linear, TX B pol. varied, Rural LOS, Boley Fields, 10/18/99
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4-el. Adaptive Arrays, TX A -45 degrees linear, TX B pol. varied, Rural LOS, Boley Fields, 10/18/99
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Figure 9-14. Results of interference rejection measurements in rural environment: mean
SINR after adaptive beamforming plotted vs. polarization angle difference:
(a) for Transmitter A as desired signal, (b) for Transmitter B as desired signal.
Receiving array configurations are shown in Fig. 9-3.
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9.7 Experiments in a Suburban, Line-of-Sight Channel (Site 2)
These measurements were performed in an open area near the EE graduate
student office buildings on the Virginia Tech campus in Blacksburg, VA, shown in Fig.
9-15. This area is bordered on two sides by large buildings (Whittemore, Hancock, and
Cowgill Halls). The small modular office buildings are located between the open area
and one of the large buildings. The other two sides of the open area face parking lots,
trees, and houses that are approximately 200-300 m distant. Previous measurements in
this area, described in Chapter 8, showed a specular-to-random power ratio (the
parameter K of the Ricean probability distribution) of 1.95 (linear) or 2.9 dB, meaning
that the total multipath power was about 3 dB less than the power in the direct component
and accounted for about one-third of the total received power. Because there was more
multipath in this channel, the results were expected to be different from the results of the
rural line-of-sight measurements described in Section 9.6.
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(a)

(b)
Figure 9-15. Suburban measurement location (field outside EE graduate student offices,
Virginia Tech campus): (a) view from the receiver looking towards Transmitter A, (b)
view with Transmitter B in foreground, receiver in background, Transmitter A is to right,
out of view.
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9.7.1 Suburban line-of-sight measurements with two transmitters having fixed
vertical polarization, varying azimuth separation between transmitters
The equipment setup for these measurements was similar to the simulation
scenario described in Subsection 9.4.3. The transmitting antenna configurations from the
third set of simulations shown in Fig. 9-7 were used in order to maximize the observable
difference in performance among the array configurations. In these measurements each
of the two transmitters used a half-wave dipole antenna that was oriented vertically, so
that ∆τ = 0° . Transmitter B was located 100 ft. (30.5 m) from the receiver. Transmitter
A was located 70 ft. (21.3 m) from the receiver. The separation between the transmitters
was sufficient so that intermodulation between the two transmitters was negligible.
Azimuth separation ∆φ between the transmitters (as viewed from the receiver location)
was varied from 0° to 90° in increments of 5° or 10° by moving Transmitter A while
Transmitter B remained in its original location. Transmitter locations were determined
prior to the measurements using a surveying tripod and theodolite in the receiver location.
As in the rural line-of-sight measurements, all transmitter locations were marked with
wooden stakes. After processing the data from the rural measurements, it was
determined that the strongest spectral components of the noise from the positioner motor
were below 1 kHz, and could be filtered out. The positioner was used in these
measurements and the noise from the motor was removed from the data using a 2nd order
Butterworth high-pass filter with a 1 kHz cutoff frequency. All five receive array
configurations were tested with the receiver moving in the direction of Transmitter B so
that the relative angle between the two transmitters was nearly constant during each
measurement. Results are shown in Fig. 9-16. For both transmitters, Configuration 2
yielded the highest mean SINR and Configuration 3 the lowest, but the difference is less
than 3 dB. All five of the array configurations performed well in all cases. The
minimum mean SINR was 28 dB for Transmitter A and 36 dB for Transmitter B.
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4-el. Adaptive Arrays, TX A & B vertical pol., TX B az. varied, Suburban LOS, EE Grad. Student Offices, 10/28/99
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Figure 9-16. Results of interference rejection measurements in suburban environment –
mean SINR after adaptive beamforming plotted vs. azimuth angle difference: (a) for
Transmitter A as the desired signal, (b) for Transmitter B as the desired signal.
Receiving antenna array configurations are shown in Fig. 9-3.
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9.7.2 Suburban line-of-sight measurements with the first transmitter having fixed
vertical polarization, varying the polarization of the second transmitter
The scenario for these measurements is similar to the free-space simulation
scenario described in Subsection 9.4.1. The two transmitters were located so that they
had an azimuth separation of 0° when viewed from the receiver location. Transmitter B
was located 100 ft. (30.5 m) from the receiver. Transmitter A was located 70 ft. (21.3 m)
from the receiver. The separation between the transmitters was sufficient so that
intermodulation between the two transmitters was negligible. Both transmitting antennas
were half-wave dipoles that were oriented in a plane normal to the transmit-receive path.
The connected to Transmitter B was a dipole that was oriented vertically for all the
measurements. The orientation of the other transmitting antenna was varied from 0° to
+90° from vertical (in a clockwise direction as seen from the receiver) in 5° or 10°
increments. All five receive array configurations were tested with the receiver moving in
the direction of the transmitters so that the relative angle between the two transmitters
remained at 0° during each measurement. Results are shown in Fig. 9-17. There is no
clear pattern showing one array configuration to be superior to the others. All array
configurations yielded SINR after beamforming of greater than 26 dB for Transmitter A
and about 37 dB or greater for Transmitter B. Performance is mostly limited by the SNR
of the individual transmitters, which is limited because the signal level must be below the
level of the synchronization pulse so that the pulse can be detected. All array
configurations are within 3.2 dB in mean SINR.
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4-el. Adaptive Arrays, TX A pol. varied, TX B vertical, Suburban LOS, EE Grad. Student Offices, 10/28/99
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4-el. Adaptive Arrays, TX A pol. varied, TX B vertical, Suburban LOS, EE Grad. Student Offices, 10/28/99
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Figure 9-17. Results of interference rejection measurements in suburban environment:
mean SINR after adaptive beamforming plotted vs. polarization angle difference: (a) for
Transmitter A as the desired signal, (b) for Transmitter B as the desired signal.
Receiving array configurations are shown in Fig. 9-3.
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9.8 Experiments in Urban, Line-of-Sight and Non Line-of-Sight Channels (Site 3)
These measurements were performed between Whittemore and Hancock Halls on
the Virginia Tech campus in Blacksburg, VA. This is a small, flat, open area between
two large buildings. The buildings mostly enclose this area on three sides, as shown in
Fig. 9-15.

(a)

(b)
Figure 9-18. Urban measurement area (between Whittemore and Hancock Halls,
Virginia Tech campus): (a) view with Transmitter B in foreground and receiver in
background, (b) view from near receiver with Transmitter A in foreground, Transmitter B
in background
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Data were collected using all five receive array configurations shown in Fig. 9-3
while moving the receiver on the linear positioner. The receiver was moved using the 2.8
m linear positioner, first radially and then tangentially relative to the location of a
transmitter that had a clear line-of-sight to the receiver. The measurements are described
below. Results are shown in Fig. 9-19.
9.8.1 Line-of-sight, co-polarized measurements
In these measurements, both transmitters had a clear line-of-sight to the receiver.
The azimuth separation between transmitters was 0° . Transmitter B was located 100 ft.
(30.5 m) from the receiver. Transmitter A was located 70 ft. (21.3 m) from the receiver.
The distance between transmitters was sufficient to avoid intermodulation. The
transmitter antennas were both vertical dipoles. In this configuration there were
differences between the two transmitters in angle of arrival and path length of multipath
propagation components even though the arrival angles and polarizations of the line-ofsight components coincided very closely.
9.8.2

Line-of-sight, cross-polarized measurements
The transmitters remained in the locations of part (a) during this measurement set.

The transmitter antennas were cross-polarized (a vertical dipole and a horizontal big
wheel). In this configuration the spatial-polarization signatures of the two transmitters
were different due to multipath propagation and because the line-of-sight components
were cross-polarized.
9.8.3

Line-of-sight/non line-of-sight, co-polarized measurements
One receiver remained in its original position and the other was moved to a

location where it did not have a line-of-sight path to the receiver. The transmitter
antennas were co-polarized (vertical dipoles).
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Figure 9-19. Mean SINR after beamforming in an urban environment for three cases of
line-of-sight conditions and polarization: (Case 1) LOS, co-polarized (vertical), (Case 2)
LOS, cross-polarized (TX A vertical, TX B horizontal), (Case 3) TX A LOS, TX B
NLOS, co-polarized (vertical): (a) for Transmitter A, (b) for Transmitter B
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9.9

Handheld Adaptive Array Measurements
Two sets of outdoor measurements were performed with an operator carrying the

4-channel HAAT receiver as if it were a mobile communication handset. Two antenna
configurations were tested. The first, shown in Fig. 9-20 (a), used 4 co-polarized coaxial
dipole antennas. This configuration provided three degrees of freedom for beamforming,
due primarily to the spatial separation of the array elements. The second configuration,
shown in Fig 9-20 (b), comprised two parallel coaxial dipoles and two other dipoles that
were perpendicular both to the coaxial dipoles and to each other. This configuration also
provides three degrees of freedom due to both spatial separation and different
polarization states of the array elements. With this array, a beamformer has the ability to
match any polarization state.

(a)

(b)
Figure 9-20. Four-element handheld antenna arrays: (a) all four elements vertical (copolarized), (b) two elements vertical, two elements horizontal (cross-polarized)
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9.9.1 Peer-to-peer scenario (Site 2)
Measurements were conducted in a suburban, line-of-sight environment. The
location was generally the same as the location of the measurements reported in Section
9.7. Two transmitters, each with an output power of approximately +7 dBm, were set up
in the field adjacent to the modular Electrical Engineering graduate student office
buildings on the Virginia Tech campus. The receiver was carried along paths 1 and 2
shown in Fig. 9-21. Both transmitting antennas were oriented in planes orthogonal to
Path 2. The antenna of Transmitter A was oriented 45 degrees clockwise from vertical as
seen from Path 2. The antenna of Transmitter B was oriented 45 degrees
counterclockwise from vertical as seen from Path 2. Each path was traversed using each
of the array configurations shown in Fig. 9-18.

Road

TX B

Path 2

TX A
Path 1

Whittemore Hall

Office Building

Figure 9-21. Geometry of measurement Site 2 used for peer-to-peer handheld
adaptive beamforming measurements. Measurements were taken as the receiver was
carried on Path 1 and Path 2
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Results of the peer-to-peer handheld measurements are shown in Table 9-3. On
Path 1, the co-polarized array is approximately co-polarized with Transmitter A. This
results in a high mean SINR for Transmitter A and a lower mean SINR for Transmitter B.
With the cross-polarized array, the mean SINR for Transmitter B is improved by 4.6 dB
while the mean SINR for Transmitter A is identical for both receiving array
configurations. The SINR at the 1% cumulative probability level is also changed when
the cross-polarized array is used. It is 2.9 dB lower for Transmitter A and 2.1 dB higher
for Transmitter B. On Path 2, neither array is co-polarized with either of the transmitters.
For each transmitter, the mean SINR and SINR at 1% cumulative probability measured
using the two arrays are within 2.7 dB. Taking the average of the two measurements we
can see that the cross-polarized configuration provides somewhat more uniform
performance for the two transmitters.
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Table 9-3. Results of peer-to-peer handheld measurements
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Transmitter A
Path
Array
Mean SINR in Mean
SINR,
∆ SINR,
(see
Configuration
dB after
∆SINR**, dB (1%) dB (1%)
Fig.
processing:
dB
9-21)
measured,
(estimated*),
1
co-polarized
35.7, (43.3)
20.2
24.8
25.7
1
multi-polarized
35.1, (40.3)
17.9
21.5
27.0
2
co-polarized
33.4, (42.9)
4.5
22.6
25.7
2
multi-polarized
34.0, (39.4)
5.1
20.0
27.7
Mean co-polarized
34.6, (43.1)
8.9
23.7
25.7
Mean multi34.6, (39.9)
8.6
20.8
27.4
polarized
Mean multi0.0, (-3.2)
-0.3
-2.9
1.7
polarized
minus co-pol.

Transmitter B
Mean SINR in Mean
SINR,
∆ SINR,
dB after
∆SINR**, dB (1%) dB (1%)
processing:
dB
measured,
(estimated*)
31.6, (32.3)
4.8
18.9
32.1
37.9, (41.9)
4.9
20.5
23.1
31.1, (36.7)
21.1
19.4
32.1
34.0, (41.3)
21.1
22.0
28.8
31.4, (34.5)
14.9
19.2
32.1
36.0, (41.6)
14.3
21.3
36.0
4.6, (7.1)

-0.6

2.1

3.9

* Estimate of SINR is sum of SNR of all receiver branches (SNR for maximal-ratio combining in non-interference scenario)
** ∆SINR=SINRafter combining – SINRbefore combining calculated for either the mean SINR or SINR at a given cumulative probabilty

9.9.2 Microcell scenario
To investigate the performance of handheld adaptive arrays in microcell
situations, two transmitters were set up on the Virginia Tech campus to represent
microcellular base stations. Measurements were performed at four locations on the
campus using the two handset array configurations shown in Fig. 9-20. The transmitter
and measurement locations are shown in Fig. 9-22. Transmitter A was located on the
roof of Whittemore Hall, near the West end of the six-story building. Transmitter B was
located near a large East-facing window in Room 321 on the third floor of East Eggleston
Hall. Measurements were performed at the following locations: M1, a walkway in the
courtyard on the West side of East Eggleston Hall; M2, a walkway across the drill field;
M3, a walkway between Patton and Norris Halls; M4, a paved trail from the house
“Solitude” to West Campus Drive. The measurements M1 and M3 were each close to
one of the transmitters, while M2 and M4 were approximately equidistant or had near
line-of-sight to both transmitters. The transmitting antennas were both vertically
polarized, and each transmitter transmitted approximately +27 dBm.
Results of the microcell measurements are shown in Table 9-4. The performance
of the co-polarized and multi-polarized configurations were very similar. Because the
transmitters were co-polarized, the multi-polarized array had no significant advantage for
interference rejection.
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Table 9-4. Results of microcell handheld measurements
Path
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M1
M1
M2
M2
M3
M3
M4
M4
Mean
Mean

Array
Configuration

co-polarized
multi-polarized
co-polarized
multi-polarized
co-polarized
multi-polarized
co-polarized
multi-polarized
co-polarized
multipolarized
Mean multipolarized
minus co-pol.

Mean
SINR after
processing,
dB
7.9
8.7
25.7
23.8
25.4
24.7
21.3
22.3
20.1
19.9
-0.2

Transmitter A
Mean SINR,
delta
dB (1%)
SINR,
dB
20.2
-14.2
17.9
-12.2
4.5
9.4
5.1
11.2
3.7
9.7
3.3
13.5
7
2.6
8.2
4.3
8.9
1.9
8.6
4.2
-0.3

2.3

delta
SINR,
dB
(1%)
17.4
19.9
9.6
10.6
7
10
12.2
11.3
11.6
13.0

Mean
SINR after
processing,
dB
27.9
28.9
16.6
18
8.3
4.6
18.5
17.7
17.8
17.3

1.4

-0.5

Transmitter B
Mean SINR,
delta
dB (1%)
SINR,
dB
4.8
15.8
4.9
16.1
21.1
-7.5
21.1
-4.8
19.6
-16.2
15.7
-14.8
14.1
-7.9
15.6
-9.1
14.9
-4.0
14.3
-3.2
-0.6

0.8

delta
SINR,
dB
(1%)
14.2
13.3
18.9
19.7
14.5
13.1
11.9
12.6
14.9
14.7
-0.2
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M4

M1
TX B

M2
M3

TX A

Figure 9-22. Microcell scenario showing transmitter and measurement location

9.10 Conclusions
This chapter described interference rejection measurements and simulations
including indoor measurements used to verify performance of the 4-channel handheld
antenna array testbed (HAAT), free-space simulations using VMPS, and outdoor
measurements. The simulations described in Sections 9.4 and 9.5 show that of the array
configurations shown in Fig. 9-3, the dual-polarized configurations can provide slightly
better performance than the co-polarized array configurations in some free-space
scenarios. The outdoor measurements included controlled measurements in rural and
suburban line-of-sight channels, and in urban line-of-sight and non line-of-sight channels,
using a linear positioner. These measurements, which were described in Sections 9.6-9.8
show that 25-50 dB SINR can be achieved after beamforming, with small performance
differences between dual-polarized and co-polarized array configurations. Less than 3
dB difference in mean SINR was observed among the five array configurations tested.
Additional experiments were performed in which the 4-channel receiver was hand-carried
in outdoor peer-to-peer and microcell scenarios. These experiments were described in
Section 9.9. A mean SINR of 31-36 dB after beamforming and interference rejection
(SINR improvement or ∆SINR) at the 1% cumulative probability level of 25-36 dB were
calculated for the peer-to-peer measurements (scenario shown in Fig. 9-21), . The
microcell measurements (scenario shown in Fig. 9-22) showed mean SINR of 17-20 dB
after beamforming, and interference rejection of about 11-15 dB at the 1% cumulative
probability level. The mean SINR and ∆SINR in the microcell experiments was
relatively low because the transmitted signals were attenuated significantly over the long
transmit-receive distances, resulting in low SNR for each of the signals at the receiver.
Differences between the performance of the two array configurations tested in the peerto-peer and microcell measurements were small. In most of the simulations and
measurements, the MT LSCMA beamformer yielded SINRs of 25 dB or higher even in
the presence of an interfering signal that had approximately the same power as the
desired signal. The measurements and simulations described in this Chapter show that
substantial interference rejection is possible with small arrays on handheld radios.
The interference rejection capability of handheld adaptive arrays could be used to
implement SDMA or SDMA/CDMA schemes in which more than one user shares a time
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and frequency channel. This in turn would increase the number of users that can be
supported with limited spectrum, and would increase revenue in a commercial system. In
a military system the interference rejection capability would improve reliability of
communications in the presence of both unintentional interference sources and hostile
jammers.
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