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Abstract { We present measurement results with
a GSM1800 smart antenna base station. The base
station is equipped with an adaptive antenna array
processor that allows in every GSM frame full beam
adaptation in uplink and downlink. The smart
antenna processing is based on the estimation of the
directions of arrival in uplink. It includes separate
DOA trackers for uplink and downlink, angular
diversity, and beamforming with broad nulls.
Measurements in a static line{of{sight (LOS) scenario
demonstrate the potential to suppress interference
by 25dB. The smart antenna achieves a bit{error
ratio (BER) of 1% at a carrier{to{interference ratio
of �14dB. A �eld measurement in a microcell setup
con�rms the tracking capability even in scenarios
with strong multipath. In a non{LOS situation we
achieve an average signal{to{noise gain of 7:4dB,
while it increases up to 8:3dB in a LOS environment.
The angular diversity concept results in an additional
diversity gain of 5:8dB at the 1% BER level in case of
NLOS when a dual beam con�guration is applied.

I. INTRODUCTION

Smart antenna technology is on the brink of commer-
cial realization. Validating concepts by theoretical
analysis or by simulation is not enough. Integrating
theoretical smart antenna concepts in working solu-
tions and judging their performance in mobile radio
channels is today's challenge [1, 2].
We have developed a real{time smart antenna base sta-
tion. The system works within the GSM standard and
is compatible with frequency hopping. In a �rst stage
the smart antenna is used to suppress co{channel inter-
ference, i.e. we apply Spatial Filtering for Interference
Reduction (SFIR) [3].
We will present how the array processor is embedded

into the GSM smart antenna base station.and will sum-
marize the array processing scheme. The focus of this
work lies on uplink measurement results. We report
on functional tests that were conducted in a controlled
environment. The last section presents �rst �eld mea-
surement results.

Figure 1: Smart antenna base station.

II. GSM SMART ANTENNA BASE

STATION

The test system is based on a standard GSM1800
base station. For smart antenna processing eight
transceivers are connected to an antenna array with
half wavelength element spacing. All eight downcon-
verted I{ and Q{signals are sampled at symbol rate in a
beamforming control unit (BFCU). The BFCU collects
the samples for each GSM timeslot, and the data of one
of the eight timeslots is transferred to the Adaptive
Antenna Array Processor A3

P, which is implemented
on a DEC Alpha 500MHz. The processing of the in-
put data matrix X with a run-time of only 1ms allows
real-time adaptation of the beamforming weights ev-
ery GSM frame (4:6ms). A3

P's processing results in



Figure 2: Measurement setup on the roof top of the
Alcatel building. The two mobiles are angularly sepa-
rated by 19� and have a LOS to the base station array.

weight vectors for the uplink and downlink beamform-
ing. The weight vectors are multiplied with the in-
put data (physical beamforming) in the BFCU. After
physical beamforming in the BFCU the user signal is
transferred to the baseband detector in the Frame Unit
(FU). Similarly the downlink transmitter baseband sig-
nal is weighted with the downlink weight vector prior
to transmission.

III. THE ADAPTIVE ANTENNA

ARRAY PROCESSOR

A
3
P's processing is based on direction of arrival (DOA)

estimation in uplink. The processing is structured in
four main sections (for details see [4, 5]):

� DOA estimation: From the received input data
in uplink, the number of incoming wavefronts and
their DOAs are estimated.

� DOA classi�cation: A user identi�cation algo-
rithm decides whether a wavefront belongs to a
user or to an interferer, and the DOAs are corre-
spondingly classi�ed.

� Tracking: The user DOAs are tracked to increase
the reliability of the DOA estimates. The tracker
precludes far-o� estimates from disturbing the
beamforming and prevents the DOA estimates
from changing too much between two consecu-
tive burst. For uplink and for downlink, separate
trackers are used because the averaging in down-
link requires larger memory length.

� Signal reconstruction - beamforming: We apply
beamforming algorithms in uplink and downlink
that place a main beam into the user direction and
broad nulls into the directions of interferers [6].
For the uplink we select the user tracker with the
strongest instantaneous power. Thus angular di-

versity becomes possible, which we implemented.

Figure 3: Measured and simulated uplink antenna pat-
tern. The user DOA is � = 0�, the interferer DOA is
� = �19�.

Because the downlink fading is unknown at the
base station, the downlink beamformer forms a
beam into the direction with the largest average

power.

IV. MEASUREMENTS IN A CON-

TROLLED ENVIRONMENT

Before performing �eld measurements, we con�rmed
the principal functionality of the system in a controlled
environment. The array and two mobile stations (MS)
antennas were placed on top of the roof of the Alcatel
building (Fig. 2). The mobiles had line-of-sight (LOS)
to the base station array and were angularly separated
by 19�. The measurement scenario was static during
the tests.

DOA estimation accuracy and antenna

pattern

Functional tests were performed with increasing com-
plexity. First we proved the performance of the vari-
ous subprocedures of A3

P, when separated assessment
was possible. Starting with the frontend, the DOA
estimation, we presented the measured DOA estima-
tion accuracy when a discrete wave is incident from
� = 0� in [5]. Already with an input signal{to{noise
ratio (SNR) of 0dB the estimation accuracy is below
1� for all estimators. Next, we measured antenna pat-
terns to assess the capability to suppress interference.
The amount of pattern mismatch is a strong indicator
for the quality of the calibration. Fig. 3 compares a
measured antenna pattern with the theoretical result.
Here we applied the beamformer SmearR [6], and as-
sumed that the user DOA is 0� and a single interferer
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Figure 4: Measured input power over angular range of
interest. The antenna array was rotated whereas the
MS antenna did not move.

at � = �19�. The focus in this measurement lay on the
broad null that was placed into the interferer direction.
The measured pattern showed a null depth, and thus
a potential interferer suppression capability, of about
25dB. This and the excellent agreement between mea-
sured and theoretical antenna pattern con�rmed the
quality of the receivers' calibration.

Finally we checked whether the system was able to
track the user DOAs. The antenna array was mounted
on a rotor that allows measurements with varying
DOAs. We measured the output power of A3

P for
di�erent rotor positions. The resulting gain compared
to the single antenna was about 8:5dB, nearly constant
over the entire angular range (Fig. 4).

BER in an AWGN channel with inter-

ference

After testing the components of A3
P's smart antenna

processing, we assessed the whole system. The MS
and the base station (BS) were linked via a tra�c
channel. BER measurements were performed over a
period of 10s or 2000 bursts. To quantify interference
suppression capability, we measured the raw bit-error
ratio (BER) of the MS with an interfering continu-
ous wave signal present. The user was positioned at
� = 0� and had constant power with an input SNR of
28dB. The interferer, with varying power, was located
at � = �19�. As references we used a scanning beam
algorithm and a single antenna. The scanning beam
algorithm steers 128 regularly spaced, �xed beams and
selects the signal corresponding to the beam that re-

Figure 5: BER of A3
P in a static channel with contin-

uous wave interferer.

ceives most power. Thus it gives satisfying BER only
as long as the user signal is stronger than the inter-
ferer, i.e. for C=I > 0dB. In contrast, A3

P is much
more robust against interference (Fig. 5). It gives a
BER of 1% at an input C/I of �14dB. Another curve
(A3

P ideal DOAE, UID) quanti�es the achievable in-
terference robustness, if the user and interferer DOAs
would be known a priori. In this ideal situation, the
interference suppression is only limited by the residual
imperfections, e.g. receiver phase and amplitude im-
balances after calibration. In the LOS scenario, A3

P

reaches the optimum performance.

V. FIELD MEASUREMENTS

We now present results from a �eld measurement in
a suburban environment. The array was standing on
top of the four storey Alcatel building in Stuttgart,
Germany (Fig. 6). The neighboring building is one
oor higher than the Alcatel building. Thus a part of
the area served by the base station is strongly shad-
owed. The dashed line in Fig. 6 starting from the array
and pointing in about � = 18� separates the LOS re-
gion (above dashed line) from the NLOS region (below
dashed line). The measurement van, equipped with a
mobile station, drove in a rectangle along the depicted
route. Figure 7 shows the measurement route as seen
from the BS array. A part of the route has direct LOS
(white arrow). Quasi-LOS situation occured at the last
part of the route back to the starting point, where the
LOS was obstructed by a building that was lower than
the array thus favoring propagation over the roof.
We evaluated the postprocessed output signal after

beamforming. Fig. 8 shows the cumulative distribu-
tion function (CDF) of the output power of A3

P com-
pared to the input powers of the eight antenna ele-



Figure 6: Map of measurement route. The ar-
ray is standing on top of the Alcatel building in
Holder�ackerstrasse (BS). The van drove a rectangle
along the route shown.

ments. We show results for two di�erent A3
P con�gu-

rations: in the standard con�guration, A3
P steered a

single beam, while in the dual beam con�guration A3
P

selected the two user DOAs with largest power. In the
latter case beamforming was done for each of the two
user DOAs and the output powers were summed up.
The average SNR gain of A3

P in this measurement was
7:4dB in the standard con�guration. Thus we have in-
cluded in Fig. 8 a theoretical curve without diversity
gain that presents the averaged input antenna power
distribution shifted by the average gain. This curve di-
vides the achieved gain into an average SNR gain and
into a diversity gain. At the 1% probability level A3

P's
diversity gain is about 4dB. The diversity gain is evi-
dent from the steeper slope of the CDF of the output
power. The scanning beam algorithm that gives the
maximum output SNR when considering beam steer-
ing, achieves a diversity gain of 2:8dB higher than A3

P.
In this measurement the simple scanning beam gives
superior performance. But note that A3

P outperforms
this scheme when interference is present (compare Fig.
5). Another curve shows the diversity gain o�ered by
the channel. To get the theoretical optimum output
SNR we summed up all input powers, which corre-
sponds to maximum ratio combining. Because A3

P

has the capability to suppress interference, it cannot
realize all of the diversity gain o�ered by the channel.
We summarize the average SNR gains and the SNR

gain at the 1% BER level in Tab. 1. Additionally we
have divided the measurement route into a LOS and

Figure 7: Measurement route as seen from the array.
The van drove along a route that is partially seen from
the BS (white line). The inset photo is taken from
behind the base station array, looking to the starting
point of the measurement route.

Figure 8: The CDF of the input powers of the eight
single antenna elements and the output powers after
beamforming (A3

P and scanning beam). For the the-
oretical optimum, we summed up the input powers of
the single antenna elements.

av. gain [dB] A
3
P A

3
P, dual scan. beam opt.

LOS 8.1 8.3 8.7 9

NLOS 6.4 7.4 7.1 9

all data 7.4 7.9 8 9

gain at 1% A
3
P A

3
P, dual scan. beam opt.

LOS 9.3 9.8 11 12.8

NLOS 11.1 13.2 15 20.6

all data 11 12.9 13.8 17.5

Table 1: Average SNR gain and SNR gain at the 1%
BER level.



Figure 9: All estimated (gray dots) and the strongest
DOAs (black dots) selected in the standard con�gura-
tion.

an NLOS part, with the NLOS part starting at 15:5s
and ending at 76:5s1.
Finally we plot the DOAs calculated by A3

P over the
period of the measurement (Fig. 9). We compare the
estimated DOAs (gray dots) with the user DOAs that
were selected for beamforming (larger black dots). The
estimated DOAs show, especially during the NLOS pe-
riod, that signi�cant multipath was present. During
this period, the selected user DOA hopped between
the multipath components. However, in most cases
the LOS direction was selected.
Even in the LOS scenario we found a multipath com-
ponent at � = �20�. Because this multipath is evident
over the entire measurement route we conclude that it
was caused by scattering near the base station | a
typical situation in microcell environments.

VI. CONCLUSIONS

The measurements have con�rmed the principal func-
tionality of A3

P. An SNR gain of nearly 8:5dB is
achievable over the entire angle range in a static sce-
nario. In the same scenario, A3

P gives a BER of 1%
at an input C/I of �14dB thus proving its excellent
interference suppression capabilities.

The �eld measurement with the base station array
mounted below roof top of a neighboring building
showed:

� A
3
P achieves an average SNR gain of 7:4dB, even

in a NLOS scenario.
1The separation of the LOS from the NLOS measurement is

based on the DOA estimates (Fig. 9).

� A
3
P is able to track all multipath components,

and realizes a diversity gain of 5:8dB in a NLOS
scenario.

� The tracking scheme is able to follow the move-
ment of the mobile, resulting in a smooth beam
steering under LOS situations.

Further measurements with interference will con�rm
A
3
P's capability to suppress interference in a mobile

radio environment.
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