
930 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 6, JUNE 2000

Vector Channels for Smart Antennas—Measurements,
Statistical Modeling, and Directional Properties in

Outdoor Environments
Adnan Kavak, Student Member, IEEE, Murat Torlak, Member, IEEE, Wolfhard J. Vogel, Fellow, IEEE, and

Guanghan Xu, Member, IEEE

Abstract—In wireless communications, smart antenna systems
that employ antenna arrays coupled with adaptive signal-pro-
cessing techniques at the basestation improve capacity, coverage,
and trunking efficiency. However, design and performance analysis
of smart antenna systems strongly depend on channel propaga-
tion characteristics of signals present at the antenna array, the
so-calledvector channels. Here, variation of narrow-band vector
channels (spatial signatures) due to a moving terminal is studied in
typical suburban settings. Vector channel measurements are taken
using a real-time smart antenna system with a uniform circular
array at the basestation and a mobile transmitter at several
locations. Two different wireless scenarios, namely, pedestrian and
car mobile, are implemented to emulate the random movement of
the mobile user. In each scenario, the mobile transmitter locations
are chosen so that there exists line-of-sight (LOS), nonline-of-sight
(NOLOS), or both LOS and NOLOS (mixed) propagation to the
basestation. We find that in all cases, the Beta distribution can be
used to empirically represent the spatial signature correlations
and that large spatial diversity exists in NOLOS cases compared
to LOS cases. Also, direction-of-arrivals mostly do not change
much with movement in a suburban environment.

Index Terms—Direction-of-arrivals, line-of-sight, narrow-band
channel, nonline-of-sight, probability distribution, propagation
modeling, smart antennas, space diversity, spatial signature,
vector channels.

I. INTRODUCTION

A S THE demands for higher capacity and higher data
rates are increasing, smart antenna systems that use

multiple antennas (antenna arrays) at the basestation along
with advanced space–time signal processing algorithms are
becoming a promising technology in wireless communication
systems [1]. By exploiting the spatial dimension in signal
processing, smart antenna systems allow multiple users to
transmit co-channel signals in the same time slot and frequency
band and mitigate interference, thereby improving capacity and
extending the range in wireless systems. Interference rejection
or signal-to-interference-plus-noise-ratio (SINR) improvement
capability of an antenna array is, however, strongly affected by
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the spatial (array geometry, antenna element characteristics,
direction-of-arrivals (DOA’s), signal polarization) and temporal
(time-of-arrivals, transmitted waveforms) channel propagation
characteristics. A thorough understanding of these factors,
therefore, is necessary to fully exploit smart antenna systems.

The channel propagation characteristics of smart antenna sys-
tems can be described by a vector quantity usually calledvector
channelsbecause a vector of signal samples is received/trans-
mitted by the antenna array at each instant of time. Accurate
vector channel models are of great importance for the simula-
tion, performance analysis, and optimization of smart antenna
systems. To develop an accurate vector channel model, it is para-
mount to perform extensive measurements in realistic wireless
environments, taking into account propagation environment dy-
namics (movement, basestation antenna deployment, etc.).

Previous work on vector channel measurements [2] using a
real-time smart antenna system explored the effects of move-
ment in a deterministic or semideterministic way such as relative
angle and amplitude change of spatial signatures and multipath
fading parameters. However, for the cell-site design of bases-
tation antenna arrays, statistical description of spatial signature
variation may provide more insightful information than a deter-
ministic description. Knowledge of the statistics associated with
spatial signatures for a given environment helps system engi-
neers determine two main approaches for the operation of smart
antennas. These approaches include beamforming techniques in
selecting intended user (or canceling interferers) in downlink
and antenna array diversity gain in combating multipath fading
in uplink.

For single antenna systems, cumulative distributions of fade
duration statistics have been studied in depth [3],1 [4]. In this
paper, we will consider a similar analysis for the variation of
spatial signatures of smart antenna systems. We aim to inves-
tigate how we can statistically describe and model the varia-
tions of spatial signature correlations observed in measurements
taken in typical suburban settings. The measurements were per-
formed using a real-time smart antenna system with a uniform
circular array at the basestation. A mobile transmitter was used
with pedestrian and car-mobile scenarios for which measure-
ments were taken at three different mobile locations, i.e., rep-
resenting a typical line-of-sight (LOS) only, a non-line-of-sight
(NOLOS) only, and mixed (both LOS and NOLOS) propaga-
tion environments.

1[Online]. Available: http://www.utexas.edu/research/mopro/
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Fig. 1. Measurement environment: research campus of The University of Texas at Austin.

The paper is organized as follows. Section II briefly explains
the vector channel concept. Section III introduces the measure-
ment campaign. Section IV describes our real-time smart an-
tenna test bed developed at The University of Texas at Austin
that is used for taking vector channel measurements. Statistical
analysis and modeling of spatial signature correlations are pre-
sented in Section V. Measurement results regarding the variation
of DOA’s are discussed in Section VI. Finally, the paper is con-
cluded in Section VII.

II. V ECTORCHANNEL CONCEPT

Consider multipath signals originated from a mobile im-
pinging upon an -element uniform circular array (which is
practical for real wireless scenarios, wherein a 360field of
view is required). The signal wavefront of pathwith carrier
frequency is then given by

(1)

The received signal at the th antenna element due to signal
wavefront will be

(2)

Fig. 2. Smart antenna basestation tower.

where is the time delay experienced by the received signal
at the th antenna element with respect to the reference signal
wavefront usually at the first antenna element. If is slowly
varying compared to the carrier and its inverse band-
width is much larger than the time interval required for the wave-
front to propagate across the array , then the
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TABLE I
DESCRIPTION OFEXPERIMENTAL LOCATIONS

Fig. 3. Smart antenna test bed.

narrow-band assumption applies and . Sub-
stituting this into (2) yields

(3)

Thus, for an -element array, the snapshot vector model of
the received signal due to multipath wavefront can then
be obtained as

(4)

where

(5)

is asteering vector or array response vectorto the signal wave-
front arriving from angle , and is an spatially white
additive noise vector.

Equation (4) represents the received signal vector with re-
spect to the signal wavefront. Since the signal wavefront
will be an attenuated and delayed version of the original trans-
mitted baseband signal , then

where and are amplitude and phase of the complex
path attenuation, respectively, and is the multipath delay. If
the multipath delay is negligible, i.e., , then

. By summing up the multipath com-

Fig. 4. Schematic of one T/R unit of the smart antenna test bed.

TABLE II
BEST-FIT PARAMETERS, RMSE’S AND CHI-SQUARE TEST STATISTICS

FOR THE MODEL ESTIMATE OF SPATIAL SIGNATURE CORRELATIONS IN

PEDESTRIAN AND CAR-MOBILE SCENARIOS

ponents and including large-scale effects(ground specular
reflection, path loss), we can rewrite the received signal in (4)
as [5]

(6)
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(a) (d)

(b) (e)

(c) (f)

Fig. 5. Measured and modeled PDF’s of spatial signature correlations for pedestrian and car-mobile scenarios in a suburban environment. (a) Loc.1—pedestrian.
(b) Loc.2—pedestrian. (c) Loc.3—pedestrain. (d) Loc.1—car mobile. (e) Loc.2—car mobile. (f) Loc.3—car mobile.

where the narrow-band vector channel given by

(7)

is referred to as thespatial signature, and is the objective of our
measurements.

III. M EASUREMENTCAMPAIGNS

The vector channel measurements were performed in the
suburban environment on the grounds of the Pickle Research
Campus, The University of Texas at Austin (Fig. 1). The
measurement system was comprised of a basestation receiver
and mobile transmitter. At the basestation receiver site was a
real-time smart antenna test bed with an antenna array arranged
in a seven-element uniform circular pattern with a radius of
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10 cm. The elements of the array were vertically polarized
collinear dipole antennas with 2-dBi gain. The antenna array
platform was placed at the top of a 20-m telescoping tower, as
shown in Fig. 2.

At the mobile transmitter site was an omnidirectional
vertically polarized dipole antenna excited by an HP
8662A signal generator. The test signal transmitted was an
unmodulated sine wave carrier at a frequency of 1880.25 MHz.
We studied two different wireless scenarios, namely, pedestrian
and car mobile. Three different mobile locations were chosen
for each scenario so that typical LOS propagation, NOLOS
propagation, or a mixture of LOS and NOLOS propagation to
the basestation existed as summarized in Table I.

In the pedestrian scenarios, the mobile transmitter antenna at-
tached to a 1.5-m-tall wooden stand was moved within a 3-m di-
agonal square area in order to emulate the random positions of a
mobile user. Data were collected for a total of 40 approximately
equispaced discrete positions along a figure-eight-shaped path
(see Fig. 1) in each location. Subsequent to the pedestrian mea-
surements, the experimental procedures were repeated on a dif-
ferent day for the car-mobile scenarios at approximately the
same locations as depicted in Fig. 1. In this case, the transmitter
antenna was mounted on a car that was driven at an average
speed of 30 m/h (13.4 m/s). At each location, about a total of ten
car runs (five each in forward and reverse directions) were per-
formed, thereby repeatedly covering a range of approximately
20 m. During each car run, we collected sets of three consecu-
tive data snapshots with the test bed, each with 3-ms duration
and approximately equidistant over the run. Then spatial sig-
natures were estimated from 0.3-ms data, providing ten spatial
signatures per snapshot.

The average rooftop height of buildings, the major potential
scattering sources in the measurement environment, was 10 m.
Surrounding the basestation were a few structures and trees,
which did not contribute any strong multipath signal arriving
at the antenna array because the basestation tower was fully de-
ployed and higher than its surrounding scatterers. In the NOLOS
scenarios, there were both local scatterers in the vicinity of the
mobile and remote scatterers with respect to both the mobile and
basestation.

IV. REAL-TIME SMART ANTENNA TEST-BED DESCRIPTION

The RF signals received by the antenna array elements are
fed to the eight-channel smart antenna test bed shown in Fig. 3.
Since a seven-element array is used, one channel of the test
bed is idled. The test bed consists of personal computer with
an EZ-ICE in-circuit emulator, four transmit/receive (T/R)
boards, and a digital signal processor board with two Analog
Devices SHARC chips. Each T/R board has two T/R channels.
The EZ-ICE emulator controls the operation of the SHARC
chips, each connected to four T/R channels. A block diagram
of one T/R channel is depicted in Fig. 4. Since we use only
the receive channels for the measurements, we will restrict the
explanation to the receive part of the board. The received RF
signals at a frequency of 1880.25 MHz are mixed down with a
1810.25-MHz reference to generate a 70-MHz IF signal. Then,

Fig. 6. Measured and modeled CCDF’s of spatial signature correlations for
pedestrian and car-mobile scenarios in a suburban environment.

the in-phase (I) and quadrature (Q) baseband signals are gener-
ated by multiplying the IF signal with an I-Q pair of 70-MHz
frequency, low-pass filtered and sampled at 3.072 Msamples/s
per channel. The samples are digitized, latched, and put onto
the system bus. The data is then transferred to the controlling
computer for analysis. A data snapshot of 79600 complex
valued samples can be collected in approximately 3 ms.

V. STATISTICAL ANALYSIS AND MODELING OF SPATIAL

SIGNATURE VARIATIONS

The performance and interference rejection capability of
smart antenna systems depend on the spatial signatures of
the mobile users. In a dynamical multipath propagation envi-
ronment, where there is relative motion between the mobile
user and the basestation, spatial signatures vary randomly and,
therefore, their variation, must be analyzed in a statistical sense.
For each location in pedestrian and car-mobile scenarios, the
received data snapshots are processed to estimate the spatial
signatures defined in (7). We quantify the variation of
spatial signatures by their correlations given by

(8)

where and are the spatial signatures atth and th mo-
bile positions, respectively, and is the Hermitian transpose
operator. Correlation of spatial signatures is a useful measure to
determine the update rate of spatial signatures and the level of
spatial diversity in the environment. For instance, if the corre-
lations remain high (e.g., 90%) for a large percentage of time
during which the mobile user moves, we do not need to update
spatial signatures very often. In this case, it is conceivable to use
uplink spatial signatures for downlink transmission in time-di-
vision-duplex (TDD) schemes [6]. The high correlation, how-
ever, implies that there is little diversity in the environment for
space-division multiple-access (SDMA) applications [1] and,
therefore, in the uplink process, we cannot effectively benefit
from antenna array diversity gain to separate SDMA users.
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. DOA Estimates. (a) Loc.1—pedestrian. (b) Loc.1—car mobile. (c) Loc.2—pedestrain. (d) Loc.2—car mobile. (e) Loc.3—pedestrain. (f) Loc.3—car
mobile.

To develop a statistical model of spatial signatures, a suffi-
ciently large number of correlations is produced by calculating

values in (8) between any spatial signature pairs for each

location, i.e., about and possible values
for pedestrian and car-mobile scenarios, respectively. We
then obtained the measured probability distribution functions
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(PDF’s) of . By nonlinear optimization, an empirical model
that overall best fits the measured family of PDF’s is found to
be the Beta function [7] given by

(9)

where is the Gamma function defined as

The resultant best-fit model parameters, , mean , and
standard deviation are summarized in Table II.

Measured and modeled PDF’s of spatial signature correla-
tions are shown in Fig. 5 for pedestrian [see Fig. 5(a), (b), and
(c)] and car-mobile [see Fig. 5(d), (e), and (f)] scenarios. It is
seen that the distributions are skewed to the left-hand side for
all locations. In Fig. 6 are plotted complementary cumulative
density functions (CCDF’s) of spatial signature correlations de-
rived from the PDF’s. Except at location 3 of pedestrian and at
locations 1 and 2 of car-mobile cases, there is a good agreement
between measured and modeled CCDF’s. We notice that the
PDF’s stretch out to low correlation levels with changing mobile
user location from an LOS to NOLOS propagation environment,
i.e., the distributions become less skewed. In each scenario, we
also observe that and values decrease and the convexity of
CCDF curves reduces. This is because in NOLOS propagation,
spatial signatures considerably change and become less corre-
lated due to varying complex path attenuation, [see (7)] of
multipath signals with even small movements. The results also
suggest that there exists large spatial diversity in NOLOS envi-
ronments compared to LOS environments.

A. Testing Model Accuracy

Having calculated the model parameters, it is of interest to
determine how closely the theoretical model fits to measured
distribution of spatial signature correlations. The standard error
of regression or root-mean-square error (RMSE), which is de-
fined as , where is the residual, is
the number of data bins, and is the number of coefficients
fitted, provides one sort of information about the accuracy of the
model. values for both PDF and CCDF estimates are listed in
Table II. The worst-case RMSE (4.32%) is observed when de-
riving the CCDF estimate for location 1 of the car-mobile sce-
nario. In estimating PDF’s, the RMSE values for all locations
are found to be smaller than 0.34%. RMSE criteria may not be
a very reliable method for testing the model accuracy [8] be-
cause it represents a type of “average” residual. Therefore, we
carried out the chi-square goodness-of-fit test, in which we first
calculated the quantity defined by

(10)

where represents thedegrees of freedom. In evaluating (10),
it was ensured that probabilities of each bin along the abscissa
are larger than or equal to 5%. Next, we comparedwith the
chi-square distribution with degrees of freedom and

obtained for all locations, as summarized in the
last three rows of Table II. Thus, both RMSE criteria and the
chi-square test indicate that the Beta function in (9) is capable
of representing spatial signature variations in typical suburban
settings. The empirical regression model proposed here has the
advantage of being based on actual data and, hence, it may be
employed to predict spatial signature correlations and to eval-
uate the performance of smart antenna systems in similar types
of propagation environments.

VI. V ARIATION OF DOA’S

In the previous section, we analyzed the relative change of
spatial signatures due to a moving mobile in a typical suburban
environment. To explore channel dynamics leading to spatial
signature variations, we also examine the variation of DOA’s of
multipath components. DOA’s estimated via the classical beam-
forming method [9] are plotted in Fig. 7. DOA variations shown
in the left-hand-side column are for pedestrian scenarios and
in the right-hand-side column for car-mobile scenarios. In all
cases, we note that the DOA’s are clustered around a few an-
gles. For all locations in the pedestrian scenario and location
1 in the car-mobile scenario, the DOA’s do not change much.
However, we observe that the main DOA’s slightly change for
locations 2 and 3 in the car-mobile scenario, where the rela-
tive position of any scatterer changes quickly with the motion
under NOLOS propagation condition. The stability of DOA’s
indicates that a significant contribution to spatial signature vari-
ation comes from varying path lengths or reflection coefficient
changes of scatterer’s surfaces.

VII. CONCLUSION

We have presented measurement and statistical modeling
results of narrow-band vector channelor spatial signature
variations for randomly moving mobile user scenarios (pedes-
trian and car mobile) in a suburban environment. A 1.8-GHz
real-time smart antenna test bed with a uniform circular array at
the basestation was used to perform the measurements. Three
different mobile locations having typical LOS, NOLOS, and
a mixture of LOS and NOLOS propagation to the basestation
were chosen to take measurements. Statistical properties of
the spatial signature correlations are explored under these
wireless scenarios. It is observed that NOLOS propagation
conditions exhibit lower spatial signature correlations than LOS
propagation conditions. An empirical regression model (Beta
distribution) for the PDF’s of spatial signature correlations is
proposed. Although there is no physical or analytical basis for
the model, it may be used with a certain degree of confidence
for the prediction of spatial signature variations in similar types
of environments. It is also observed that DOA’s, except for the
NOLOS propagation in the car-mobile scenario, are not very
variable.
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