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Abstract—in wireless communications, smart antenna systems the spatial (array geometry, antenna element characteristics,
that employ antenna arrays coupled with adaptive signal-pro- direction-of-arrivals (DOA's), signal polarization) and temporal
cessing techniques at the basestation improve capacity, coverage(ime_of-arrivals, transmitted waveforms) channel propagation

and trunking efficiency. However, design and performance analysis .. .
of smart ar?tenna sygtems strongly c?ependpon channel propéga_characterlstlcs. A thorough understanding of these factors,

tion characteristics of signals present at the antenna array, the therefore, is necessary to fully exploit smart antenna systems.
so-calledvector channelsHere, variation of narrow-band vector The channel propagation characteristics of smart antenna sys-
channels gpatial signaturepdue to a moving terminal is studied in - tems can be described by a vector quantity usually catetor
typical suburban settings. Vector channel measurements are taken pannelshecause a vector of signal samples is received/trans-
using a real-time smart antenna system with a uniform circular . . .

array at the basestation and a mobile transmitter at several mitted by the antenna array at each instant of time. Ac_curate
locations. Two different wireless scenarios, namely, pedestrian and VECtor channel models are of great importance for the simula-
car mobile, are implemented to emulate the random movement of tion, performance analysis, and optimization of smart antenna
the mobile user. In each scenario, the mobile transmitter locations systems. To develop an accurate vector channel model, itis para-
are chosen so that there exists line-of-sight (LOS), nonline-of-sight 4t to perform extensive measurements in realistic wireless

(NOLOS), or both LOS and NOLOS (mixed) propagation to the - ts. taking int t i . td
basestation. We find that in all cases, the Beta distribution can be environments, taking into account propagation environment dy-

used to empirically represent the spatial signature correlations namiCS (movement, basestation antenna deployment, etC-.)-
and that large spatial diversity exists in NOLOS cases compared  Previous work on vector channel measurements [2] using a

to LOS.cases. Also, 'direction-of-arrivalls mostly do not change real-time smart antenna system explored the effects of move-
much with movement in a suburban environment. mentin a deterministic or semideterministic way such as relative
Index Terms—Direction-of-arrivals, line-of-sight, narrow-band  angle and amplitude change of spatial signatures and multipath
channel, nonline-of-sight, probability distribution, propagation  ¢5qing parameters. However, for the cell-site design of bases-
modeling, smart antennas, space diversity, spatial signature, . L L. . .
vector channels. 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
. INTRODUCTION spatial signatures for a given environment helps system engi-

S THE demands for higher capacity and higher dafigers determine two main approaches for the operation of smart

rates are increasing, smart antenna systems that @géennas. These approaches include beamforming techniques in
multiple antennas (antenna arrays) at the basestation a|§ﬁ§ect|ng intended user (or canceling interferers) in downlink
with advanced space-time signal processing algorithms &Rf antenna array diversity gain in combating multipath fading
becoming a promising technology in wireless communicatidf Uplink.
systems [1]. By exploiting the spatial dimension in signal FOr single antenna systems, cumulative distributions of fade
processing, smart antenna systems allow multiple usersdigration statistics have been studied in depttt [B}]. In this
transmit co-channel signals in the same time slot and frequert@pPer, we will consider a similar analysis for the variation of
band and mitigate interference, thereby improving capacity af@atial signatures of smart antenna systems. We aim to inves-
extending the range in wireless systems. Interference rejectfi§ifite how we can statistically describe and model the varia-
or signal-to-interference-plus-noise-ratio (SINR) improveme#@ns of spatial signature correlations observed in measurements

capability of an antenna array is, however, strongly affected §3ken 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
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Fig. 1. Measurement environment: research campus of The University of Texas at Austin.

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

Il. VECTORCHANNEL CONCEPT

Considerl. multipath signals originated from a mobile im-
pinging upon an} -element uniform circular array (which is
practical for real wireless scenarios, wherein a°366ld of
view is required). The signal wavefront of pathwvith carrier

frequencyf. is then given b
q y/e 9 y Fig. 2. Smart antenna basestation tower.

ri(t) = sit)e? et @ . . . . .
whereT;; is the time delay experienced by the received signal

) i . . attheith antenna element with respect to the reference signal
The received signal; (t) at theith antenna element due to signaj, 5 efront usually at the first antenna element () is slowly
wavefrontr;(t) will be varying compared to the carriéB < f.) and its inverse band-
width is much larger than the time interval required for the wave-
zi(t) =t — 115) = si(t — 7)) ? IO (2) front to propagate across the arréy ,; < B~'), then the
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DESCRIPTION OJE,?(EIESMIENTAL LOCATIONS <V
1.88 GHz Center
Location | Scenario | Propagation Path | Mobile Range [30 MHz BW
1 Pedestrian LOS 170 m.
2 Pedestrian NOLOS 270 m.
3 Pedestrian NOLOS 320 m.
1 Car Mobile LOS 150-170 m.
2 Car Mobile [ LOS+NOLOS 250-270 m.
3 Car Mobile NOLOS 300-320 m.

- Lo ]
[oa] [DA] P Fiter
[os] [osF] [a] [ ]

Latch Latch Latch Latch

Fig. 3. Smart antenna test bed.

narrow-band assumption applies ant — ;) ~ s;(t). Sub-
stituting this into (2) yields

Bus

Fig. 4. Schematic of one T/R unit of the smart antenna test bed.
xz(t) — e—jQchTl,isl(t)CJQcht — e—jQchTz,iTl(t)' (3)
TABLE I
_ BEST-FIT PARAMETERS, RMSE’S AND CHI-SQUARE TEST STATISTICS
Thus, fo,r anM element array, t_he SnapShOt vector model of FOR THE MODEL ESTIMATE OF SPATIAL SIGNATURE CORRELATIONS IN
the received signal due to multipath wavefregft) can then PEDESTRIAN AND CAR-MOBILE SCENARIOS

be obtained as

Pedestrian Scenarios | Car Mobile Scenarios

x(t) = 19(91)77(0 + n(t) (4) Loc.1 | Loc.2 | Loc.3 | Loc.1 | Loc.2 | Loc.3

@ 0.99 | 095 | 0.78 | 0.90 | 0.79 | 0.59

where o | 0007 | 004 | 017 | 0.08 | 015 | 0.25
B(O;) = [e 92T L oI fm,M]T ) P 166.66 | 26.74 | 2.93 | 9.1 | 4.03 | 0.65

B 0.33 | 0.56 | 0.08 | 0.004 | 0.35 | 0.14

is astee_rir_lg vector or array response vectorthe signal wave- < (%) | 034 | 024 | 026 | 032 | 020 | 0.20
Zgg;utsrer|\r/1|gigsér(\)/renc?(;?qléh, andn(¢) is anM «1 spatially white = /(%) | 156 | 100 | 394 | 432 | 833 | 1%
Equation (4) represents the received signal vector with re- 2Q 288 | 0.1 | 863 | 1547 ) 793 | 179

spect to the signal wavefront. Since the signal wavefreft) Xogsx | 22.36 | 19.68 | 23.68 | 19.68 | 23.68 | 25.00
will be an attenuated and delayed version of the original trans- K 13 1] 138 | 11| 14 15

mitted baseband signa{t), then

ponents and including large-scale effeEts(ground specular
reflection, path loss), we can rewrite the received signal in (4)

whereq; (t) andy;(t) are amplitude and phase of the comple>6<IS g
path attenuation, respectively, aid is the multipath delay. If L(t)

the multipath delay is negligible, i.apax{A;} < B!, then x(t) = Z Licu()e?# O9(6)s(t — Ay(t)) +n(t)  (6)
s(t — A(t)) = s(t). By summing up thd.(¢) multipath com-

ri(t) = Oél(t)ej‘rcl (t)s(t _ Al(t))eﬂﬂfft

=1



KAVAK et al. VECTOR CHANNELS FOR SMART ANTENNAS 933

~
o

©
T

o8 MEASUREMENT for
MODEL

®
-

L = MEASUREMENT
MODEL

o
T
L
~
T

IS
T
)
@
T

w
T
2
IS
T

@
T

PROBABILITY DENSITY FUNCTION (%)
PROBABILITY DENSITY FUNCTION (%)
w
T

~n
T
!
)
T

2 " i .
00 0.2 0.4 08 o8
SPATIAL SIGNATURE CORRELATION

<

L=

0.2 04 0.8 08
SPATIAL SIGNATURE CORRELATION

@ (d)

9 T T T

a5

-8 MEASUREMENT
MODEL

s s MEASUREMENT
MODEL 22

4 o5

"o ) 04 0.8 0.8 1 b 0.2 0.4 0.8 0.8 1
SPATIAL SIGNATURE CORRELATION SPATIAL SIGNATURE CORRELATION
(b) (e)

4 r T T 3 v v T T

¥
asl o : ° E |
& % MEASUREMENT i el 25

MODEL PR

[
T

n
o
T
~

i
T

i
PROBABILITY DENSITY FUNCTION (%)
a

PROBABILITY DENSITY FUNCTION (%)
»n
:

05
0S5r

04 0.8 0‘.8 0.4 0.8 06
SPATIAL SIGNATURE CORRELATION SPATIAL SIGNATURE CORRELATION

© ®

Fig. 5. Measured and modeled PDF’s of spatial signature correlations for pedestrian and car-mobile scenarios in a suburban environment.dgto@t—p
(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 IIl. M EASUREMENT CAMPAIGNS

The vector channel measurements were performed in the

L)—1 ' suburban environment on the grounds of the Pickle Research
a(t) = Z Lo ()’ D(6;) (7) Campus, The University of Texas at Austin (Fig. 1). The
=0 measurement system was comprised of a basestation receiver

and mobile transmitter. At the basestation receiver site was a
is referred to as thepatial signatureand is the objective of our real-time smart antenna test bed with an antenna array arranged
measurements. in a seven-element uniform circular pattern with a radius of
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10 cm. The elements of the array were vertically polarizec | [ ' — -
collinear dipole antennas with 2-dBi gain. The antenna arra ; :
platform was placed at the top of a 20-m telescoping tower, ¢ *[
shown in Fig. 2. 80

At the mobile transmitter site was an omnidirectional
vertically polarized /2 dipole antenna excited by an HP
8662A signal generator. The test signal transmitted was ¢§ %
unmodulated sine wave carrier at a frequency of 1880.25 MH: g
We studied two different wireless scenarios, namely, pedestric s
and car mobile. Three different mobile locations were chose
for each scenario so that typical LOS propagation, NOLOS g %
propagation, or a mixture of LOS and NOLOS propagation t¢ |
the basestation existed as summarized in Table I.

In the pedestrian scenarios, the mobile transmitter antenna
tached to a 1.5-m-tall wooden stand was moved withina3-md % oz o4 o8 o8
agonal square area in order to emulate the random positions o « spetel signaturs (S9) corsiaton
mobile user. Data were collected for a total of 40 apprOXimatell—'YQ. 6. Measured and modeled CCDF's of spatial signature correlations for
equispaced discrete positions along a figure-eight-shaped paitrestrian and car-mobile scenarios in a suburban environment.

(see Fig. 1) in each location. Subsequent to the pedestrian mea-

surements, the experimental procedures were repeated on aiifin_phase (1) and quadrature (Q) baseband signals are gener-
ferent day for the car-mobile scenarios at approximately the. by multiplying the IF signal with an I-Q pair of 70-MHz
same locations as depicted in Fig. 1. In this case, the transmiﬁ%ﬁuency, low-pass filtered and sampled at 3.072 Msamples/s
antenna was mounted on a car that was driven at an averggg channel. The samples are digitized, latched, and put onto
speed of 30 m/h (13.4 m/s). Ateach location, abouta total of tgfh system bus. The data is then transferred to the controlling

car runs (five each in forward and reverse directions) were P@Bmputer for analysis. A data snapshot ok 9600 complex
formed, thereby repeatedly covering a range of approximatgly|,,eq samples can be collected in approximately 3 ms.
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 performance and interference rejection capability of
The average rooftop height of buildings, the major potentigmart antenna systems depend on the spatial signatures of
scattering sources in the measurement environment, was 1¢hg. mobile users. In a dynamical multipath propagation envi-
Surrounding the basestation were a few structures and tré@§ment, where there is relative motion between the mobile
which did not contribute any strong multipath signal arriving/ser and the basestation, spatial signatures vary randomly and,
at the antenna array because the basestation tower was fullytgerefore, their variation, must be analyzed in a statistical sense.
ployed and higher than its surrounding scatterers. In the NOL®Sr each location in pedestrian and car-mobile scenarios, the
scenarios, there were both local scatterers in the vicinity of tFeceived data snapshots are processed to estimate the spatial
mobile and remote scatterers with respect to both the mobile &i@naturesa(t) defined in (7). We quantify the variation of

70
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V. STATISTICAL ANALYSIS AND MODELING OF SPATIAL
SIGNATURE VARIATIONS

basestation. spatial signatures by their correlations given by
H
a;’ aj; .,
Pij = T, i F ] 8
IV. REAL-TIME SMART ANTENNA TEST-BED DESCRIPTION llaill llasll

The RF signals received by the antenna array elements at@erea; anda; are the spatial signatures ah andjth mo-
fed to the eight-channel smart antenna test bed shown in FigbBe positions, respectively, anH is the Hermitian transpose
Since a seven-element array is used, one channel of the tgmrator. Correlation of spatial signatures is a useful measure to
bed is idled. The test bed consists of personal computer witatermine the update rate of spatial signatures and the level of
an EZ-ICE in-circuit emulator, four transmit/receive (T/R}patial diversity in the environment. For instance, if the corre-
boards, and a digital signal processor board with two Analdgtions remain high (e.g., 90%) for a large percentage of time
Devices SHARC chips. Each T/R board has two T/R channetiiring which the mobile user moves, we do not need to update
The EZ-ICE emulator controls the operation of the SHARGpatial signatures very often. In this case, itis conceivable to use
chips, each connected to four T/R channels. A block diagramplink spatial signatures for downlink transmission in time-di-
of one T/R channel is depicted in Fig. 4. Since we use onlysion-duplex (TDD) schemes [6]. The high correlation, how-
the receive channels for the measurements, we will restrict teer, implies that there is little diversity in the environment for
explanation to the receive part of the board. The received Rpace-division multiple-access (SDMA) applications [1] and,
signals at a frequency of 1880.25 MHz are mixed down withtaerefore, in the uplink process, we cannot effectively benefit
1810.25-MHz reference to generate a 70-MHz IF signal. Thefnpm antenna array diversity gain to separate SDMA users.
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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. (flakoc.3—c
mobile.

To develop a statistical model of spatial signatures, a suffecation, i.e., aboutC(%) and C(*°) possiblep; ; values
ciently large number of correlations is produced by calculatirfigr pedestrian and car-mobile scenarios, respectively. We
pi.; values in (8) between any spatial signature pairs for eatifen obtained the measured probability distribution functions
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(PDF’s) of p; ;. By nonlinear optimization, an empirical modelobtained® < x3 ¢s., for all locations, as summarized in the
that overall best fits the measured family of PDF’s is found tiast three rows of Table Il. Thus, both RMSE criteria and the

be the Beta function [7] given by chi-square test indicate that the Beta function in (9) is capable
T(¢ + 8 +2) of representing spatial signature variations in typical suburban
flolv,p) = [+ DL+ 1) p¥(1—p)?, 0<p<1; settings. The empirical regression model proposed here has the

advantage of being based on actual data and, hence, it may be

v >-1L B>-1 ©) employed to predict spatial signature correlations and to eval-
wherel'(-) is the Gamma function defined as uate the performance of smart antenna systems in similar types
of propagation environments.

() = /000 rileT " de = (¢ — 1)L

The resultant best-fit model parametéys 3), mean(x), and  |n the previous section, we analyzed the relative change of
standard deviatiofir) are summarized in Table II. spatial signatures due to a moving mobile in a typical suburban
Measured and modeled PDF’s of spatial signature correlgnvironment. To explore channel dynamics leading to spatial
tions are shown in Fig. 5 for pedestrian [see Fig. 5(a), (b), aBfnature variations, we also examine the variation of DOA's of
(c)] and car-mobile [see Fig. 5(d), (e), and (f)] scenarios. It iultipath components. DOA's estimated via the classical beam-
seen that the distributions are skewed to the left-hand side fefming method [9] are plotted in Fig. 7. DOA variations shown
all locations. In Fig. 6 are plotted complementary cumulatiig the left-hand-side column are for pedestrian scenarios and
density functions (CCDF’s) of spatial signature correlations dgr the right-hand-side column for car-mobile scenarios. In all
rived from the PDF’s. Except at location 3 of pedestrian and ghses, we note that the DOA's are clustered around a few an-
locations 1 and 2 of car-mobile cases, there is a good agreemgigt. For all locations in the pedestrian scenario and location
between measured and modeled CCDF's. We notice that thén the car-mobile scenario, the DOA's do not change much.
PDF's stretch out to low correlation levels with changing mobilglowever, we observe that the main DOA's slightly change for
user location from an LOS to NOLOS propagation environmengcations 2 and 3 in the car-mobile scenario, where the rela-
i.e., the distributions become less skewed. In each scenario,twe position of any scatterer changes quickly with the motion
also observe that andy values decrease and the convexity afinder NOLOS propagation condition. The stability of DOA's
CCDF curves reduces. This is because in NOLOS propagatifiitlicates that a significant contribution to spatial signature vari-
spatial signatures considerably change and become less cajt®n comes from varying path lengths or reflection coefficient

lated due to varying complex path attenuatiany [see (7)] of changes of scatterer’s surfaces.
multipath signals with even small movements. The results also

suggest that there exists large spatial diversity in NOLOS envi- VII. CONCLUSION
ronments compared to LOS environments.

VI. VARIATION OF DOA's

We have presented measurement and statistical modeling
A. Testing Model Accuracy res_ult_s of narrow-band vector chan_ned)r spatial signature
variations for randomly moving mobile user scenarios (pedes-

) . : fﬂ n and car mobile) in a suburban environment. A 1.8-GHz
determine how closely the theoretical model fits to measur?(gf,:1

distributi ¢ spatial sianat lati The standard I-time smart antenna test bed with a uniform circular array at
Istribution ot spatial signature corretations. 1ne stanaard ertglh, y,sesiation was used to perform the measurements. Three
of regression or root-mean-square error (RMSE), which is d&

. P e " ; . ifferent mobile locations having typical LOS, NOLOS, and
E:]ed asi _f dzt EE/H %Whg:eEz |stt)he “f"s'd“;}.'ﬂ 'St a mixture of LOS and NOLOS propagation to the basestation
€ number of data bins, and 1S the numboer of COEMCIENS \ o6 chosen to take measurements. Statistical properties of

fitted, provides one sort of information aboutf[he accuracy Ofﬂ?ﬁe spatial signature correlations are explored under these
model.S¢ values for both PDF and CCDF estimates are listed ireless scenarios. It is observed that NOLOS propagation

Taple Il. The worst-(_:ase RMSE (4.'32%) is observed vv_hen dc*?c')nditions exhibit lower spatial signature correlations than LOS
riving the CCDF estimate for location 1 of the car-mobile sc

. ) . >~ propagation conditions. An empirical regression model (Beta
nario. In estimating PDF's, the RMSE values for all location Pag P g (

L istribution) for the PDF’s of spatial signature correlations is
are found to be smaller than 0.34%. RMSE criteria may not %—‘ ) P g

Having calculated the model parameters, it is of interest

. ) ?oposed. Although there is no physical or analytical basis for
a very reliable method for testing the model accuracy [8] b 1e model, it may be used with a certain degree of confidence

cause I represen_ts a type of "average ?es'd“‘?'- Thg reforez WFthe prediction of spatial signature variations in similar types
carried out the chi-square goodness-of-fit test, in which we firgt o i onments. It is also observed that DOA's except for the

calculated the quantit? defined by NOLOS propagation in the car-mobile scenario, are not very
variable.

(10)

Q= Bf:l (measured dist. — theoretical dist.)?
N — theoretical dist.
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