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ABSTRACT

An adaptive antenna for the DCS-1800 mohile telephory system has been designed and
evaluated. The antennais working in udink only and ha a multiplexty of two chanrels per
frequency andtimeslot. The array antenna has a circular structure and the complex weights
are alculated using the sample matrix inversion method (SMIl). Evaluations of the adagive
antennain anoudoa environment show promising improvement of the arrier-to-interferer-
ratio (C/I) of more than 30 @. Measurements of bit-error-rate (BER for different anguar
separation d the mobiles siow that for an inpu C/I > -10 dB the minimum anguar
separation for approximately 0% BER is less than 4 degrees.

INTRODUCTION

The use of adaptive antennas in mobile communicaion systems offers a possbility to increase
the system cgpadty. To exploit the benefits of using adaptive base station antennas, a testbed
projed commenced 1994 consisting of groups a the Signals and Systems group at Uppsala
University and Ericson Radio AccessAB. The projed is financed by NUTEK and Ericsson
Radio Access AB. Other testbed projeds are reported in [1,2]. The am is to evaluate and
develop adaptive antenna techndogies for mobile communicaion systems and to oltain
experience using this tedindogy in base stations. The testbed was completed in autumn 1996
and hes been evaluated at the FFV Aerotech AB antenna measurement range in Arboga,
Sweden. The testbed is designed for DCS-1800 and in receving (uplink) mode only. The
output from the antenna can be mnreded to an ardinary DCS-1800 lasestation transcever to
perform redistic transmissons of adual DCS-1800signals. This gives the posshility to in an
easy way measure the improvement in hit error rate (BER) using the adaptive atenna in
various signal environments.

This report briefly present the achitedure of the antenna and results from the field trial
measurements. The am is to show that adaptive antennas are posshle to use in the uplink for
a F/TDMA system to enhance the system efficiency. The downlink problem is not addressed
here and is a more challenging task due to the frequency dupex distance between ugdink and
downlink (the frequency dudex distance in DCS-1800is 95 MHz). This makes the impulse
resporse of the downlink hard to estimate from the information in the uplink transmisson [3].
A propased methodin a 3™ generation cel ular protocol isto use feadbadk of information from
the mobhile station (MS) to the base station (BS) so an useful estimate of the dannel can be
made [4].

However, with nofully developed downlink algorithm, the use of the alaptive antenna & a
gpatial filter for interference reduction (SFIR) is an excdlent way to enhance the carier-to-
interferer ratio (C/I) as shown in this report.



ADAPTIVE ANTENNA ARCHITECTURE

The adaptive antennais able to receve signals from two M S all ocated to the same DCS-1800
timeslot and frequency by letting beamformer no. 1 suppress sgnals from MS no.2 while
direding a maxima in the radiation pettern against MS no.1,and \ice versa for beamformer
no. 2.The primary purpose of the beamforming is to improve C/I, by suppresson d the other
MS transmitting on the same frequency and timeslot and also suppresson d other interfering
sources. A seoondary purpose is to improve the carier-to-noise ratio (C/N) by increasing
coverage due to beamforming. The architecture of the adaptive antenna can be seen in fig. 1.

The atenna aray consists of ten patch antenna dements in a drcular arrangement and the
beanwidth of the patch elements is 80 degrees. The aitenna dement spaang is 0.56
wavelengths at 1.721GHz. This arrangement gives full horizontal coverage with a pradicdly
equal antenna goerture in al diredions. Each antenna dement is followed by a front end unt
which filters and amplifies the antenna signal. After the front end unts the signals are
distributed to the sampling recavers, and the two beanformers, respedively. The task of the
beamformers are to weight (both amplitude and phese) and sum the signals from ead front
end. The output from the beamformers will thus be spatialy filtered. Note that the weighting
of the signals takes place & the carier frequency and the benefit of this is the availability to
conred the alaptive antennato a DCS-1800 Iase station TRX for comparison measurements
with an ordinary BS antenna and to perform voice quality tests using standard DCS-1800
cellular telephones.

The output signals from the beamformers is also dstributed to the feed bad recevers and
allows the DSPto measure the diff erences in complex amplitude between the antenna dement
channels respedively and aso between the weight and sampling recever in eat antenna
channel. This cdibration takes placeoff-line, i.e. prior to namal operation. The DCS-1800
TRX performs the demoduation. The demoduated data is used for measuring the bit error
rate for evaluation purposes.

To dstinguish between the mohbiles sme rules of asdgning training sequences and
frequencies as well as time slots to the mobiles must exist. Any two mobil es having the same
set of the threeparameters above will i nterfere with ead ather (asuming they share the same
cdl). The beanformers will be used to discriminate between the different training sequences.
Thetwo DCS-1800TRX:s are mherently transmitting two DCS-1800TCH (Traffic Channel)
bursts on the same frequency and timeslot but with dfferent training sequences. Calculation
and weight setting takes 3.1 ms © the two radiation petterns correspondng to the two spatial
multiplexing channels are updated each frame (a DCS-1800 frame is 4.615 ms).

The TRX gives g/nchronisation signals to the DSP system for initiating sampling and
down conversion to baseband. The sampling frequency is 270 KHz for ead quedrature signal.
The A/D conwerters uses 8 hits giving a dynamic range of 48 dB. The dhoice of 8 hit A/D
convertersis a onsequence of the 32-bit DSPdata bus. These 8-bit words are @lleded by the
DSPin order to cdculate the weights using the SMI-algorithm (Sample Matrix Inversion)
implemented in three TMS320C40 signa procesors. SMI was chosen because of fast
convergence rate [5] and the acceshility to a powerful DSP system to cope with the heary
computational load.
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Fig.' 1. Adéptive antenna architecture

The mvariance matrix of the inpu vedor x (where x is a 10x1 matrix with elements
correspondng to the signa of ead antenna dement) is defined as R = E{xx"} where E
denates expedation and H complex transpose. The steaing vedor is defined as p = E{xr*}
where r is the reference signal and the asterisk denotes complex conjugation. A straight
forward way of estimatin@® andp is to use
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where x; isthei:th snapshat of theinpu vedor andr; is thei:th symbad of the reference signal.
The two first symbals of the 26-symba DCS-1800training sequence ae for pradicd reasons
not used, i.e. N=24. Using these estimates to cdculate the weights is known as the SMI-
algorithm. The optimum weight vedor is given by w = R'p [6]. The estimated optimal weight
vedor would therefore be W = R™p, which is @lved in the DSP by Gausdan elimination

with badsubstitution. This method is both faster and more acarate than caculating the
inverse of the avariance matrix and applying it to the steaing vedor [7]. The analog weights
are ajusted using 12 hts for the phase and hts for the anplitude control giving an acaracy
of 1 degree in phase and 1 dB in attenuation down to -50 dB.



MEASUREMENT SITE AND MEASUREMENT PROCEDURE

The purpose of the field trials was to charaderise the system and its performance in a
controlled environment with few variable parameters, for in the next stage do uban
measurements introducing problems of multipath propagation, fading, Doppler spread etc.
The measurement site is stuated in open terrain providing a rather echo free evironment.
By mourting the experimental antenna on a rotational mourt together with ore of the
illumination antennas, arbitrary azimuth angle separations can be investigated and the
radiation pettern of the experimental antenna be measured in a simple manner. The aitenna
measurement site is ill ustrated in Fig. 2. A more thorough treament of the measurement site
and the measurement procedure is presented in [8].

Fig. 2. Antenna measurement system. The adaptive antenna front-end is positioned on a
rotational mount together with one of the two illumination antennas (mounted on a horizontal
bar). The other illumination antenna is placed on the ground. Below the rotational mount the

rack unit of the adaptive antenna, signal generators and measuring equipment are kept.

RADIATION PATTERN MEASUREMENTS

Severa measurements were made for different angular separations and dfferent power levels
of the desired and interfering signals. Fig. 3(a) and (b) show the radiation petterns of the two
beamformers where the egui-powered desired and interfering signals are separated 9C°. Both
beanformers dired a null towards the interfering signal (note that the two signals play
oppaite rolesin the two beanformers). We have however no dstinct beam pointing towards
the desired signal. Thisis due to the poa estimate of the input covariance matrix [9], caused
by the short DCS-1800training sequence, and the fad that the desired signal is present in the
input samples used to estimate the matrix. Though, comparing the receved power in the two
diredions of interest gives at hand an improvement of the carier-to-interferer-ratio (C/I) of
some 30 dB. The difference in nul-depth between the two beamformers is mainly due to the
angular resolution when measuring the radiation petterns (the narrow null is more likely to be
deteded with a smaller angular resolution). Fig. 3(c) and (d) show the radiation petterns of the
two beamformers for a DOA separation d 2.5°. This time however we have no hoge of
plaang a null towards the interferer and at the same time dired the main beam towards the
desired signal, because of the rather wide (>50°) 3 dB beanwidth o the aray antenna.
Naturally this leads to a lower increase in C/l relative to the cae of 90°-separation. We have
however an increase in C/I of about 20 dB.

For every radiation pettern measured, also the suppresson d the interferer and the
amplification d the desired signal were measured. The results for (C/1)i,=-20 dB, where the



power of C and | are held constant for every angle, are presented in Tablel. It can be seen that
the suppresson d the interferer is rather independent of the DOA separation whereas the
amplification d the desired signal deaeases with deaeasing DOA separation. This is due to
the above mentioned beamwidth of the array antenna.

The optimal improvement in C/I is limited by the presence of the quantisation nase floor
correspondng to the 8-bit A/D converters used to sample the inpu base band signals. The
interferer can nd be suppressed more than down to the noise floor. A wed interferer (close to
the noise floor) will therefore result in alower increase in C/I relative to the cae of a strong
interferer, kegping the power of the desired signal constant. This however is not a problem,
since with a high C/I on the input we have no need for a great increase on the output.
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Fig. 3. Measured magnitude radiation patterns for different DOA separations. Desired and
interfering signals are of equal strength in all diagrams. (a) Desired sigriaintedfering

signal in 270, beamformer 1. (b) beamformer 2. (c) Des. 184r&. 180, beamf. 1. (d)
Beamf. 2



TABLE |
C/I improvement in dB for different DOA separation. (¢4)20 dB.

DOA separation Interferer suppression Carrier gain Improvement in C/I|

18C 31 2 32
1353 30 4 34

o0° 30 4 34

45° 32 2 34

10° 29 2 31

5° 27 -10 17
2.5° 26 -8 18

One way of deding with the lad of a distinct main beam and the large sidelobes is to use
the technique of diagonal loading, i.e. the alding of a small value to the diagona e ements of
the matrix. With a perfedly estimated covariance matrix al noise egenvalues will be
identicd and equal to the noise variance A poa estimate gives non-identicd eigenvalues
resulting in a distorted pettern. By chocsing the loading value larger than the noise
eigenvalues but smaller than the egenvalues of the desired and interfering signal the overall
noise level isrisen, resulting in a@most identicd noise e@genvalues [10]. The loading value L
was therefore chosen asof/1107.

Fig. 4(a) shows the measured radiation pettern where the signal environment is the same &
in Fig. 3(b) but the cvariance matrix is diagonally loaded. As can be seen the pattern retains
its null in the diredion d the interfering signal, bu now the main lobe points towards the
desired signal and the sidelobe level is suppressed down to below -10 dB.
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Fig. 4. Diagonal loading. (a) Measured radiation pattern using diagonal loading. Desired
signal in 270, interferer in O, beamformer 2. (b) Three radiation patterns adapted on the
same signal environment but at different time instances (using diag. load.). (c) Ten weight
settings (diag. load. not used). Weights corresponding to the same setting are connected with a
line. (d) Weight settings using diag. load.

The use of diagonal loading can be seen as a way of increasing the wnvergence rate of the
estimated covariance matrix [9], i.e. fewer samples are nealed to get a fairly good estimate.
Fig. 4(c) shows ten weight settings (ten elements per setting) in the cmplex plane cdculated
based on unloaded covariance matrices. These weight settings are completely different,
indicaing that the 26 snapshots used to estimate the @variance matrix is not enough for
convergence Fig. 4(d) shows ten weight settings correspondng to diagonally loaded matrices.
These settings are pradicaly identicad and indicates that the number of snapshats in this case
Is aufficient to get a good estimate of the cvariance matrices. Three measured radiation
patterns adapted (using diagonal |oading) on the same signal environment but at different time
instances are shown in Fig. 4(b). As expeded, becaise of the dmost identicd weight vedors,
the radiation patterns are very similar.

BER-MEASUREMENTSFOR DIFFERENT DOA SEPARATION OF
INTERFERER AND CARRIER

The BER was logged from the base station TRX whil e rotating the axtenna giving BER as a
function d DOA separation letween interfering and desired signal sources. These
measurements were made for different ratios of C/l and the DCS-1800 TRX presents the
BER of the proteded (class|b) and unpoteded (classll) bits (in DCS-1800,there ae three
levels of forward error correding coding, the lowest level classll isunproteded hbits and class
1bis rate ¥ convdutiona coded), seeFig. 5. The BER is cdculated ower afinite set of bits
(26-multiframe) which implies that an error probability <0.5010° is presented as 0%. The
transition ketween a BER of approximately 0% and BER of 50% is very sharp as is
charaderistic for a digital communicaion system. For C/l = -10 dB the minimum angle
separation for approximately 0% BER is lessthan 4 degrees and for deaeasing C/l ratios this
minimum angle increases.

The BER output is a aconsequence of the output C/lI and depends on the base station RX
detedion poperties. However the minimum angular separation is an important parameter
when cdculating the spedrum efficiency gain using adaptive antennas in base stations. The



spedrum efficiency is defined as the number of users per MHz and km?* In a SDMA system,
this minimum angle determines the separation d MS when it is necessary for the BS to
initiate an intra-cell handover, i.e. change timeslot or frequency of one of the MS.

With C/I = 0 dB a BER of approximately 0% was measured at zero DOA separation. This
Is an effed of the measurement arrangement and could be explained by investigating the
vertica beamforming of the drcular array which allows the desired and interfering source to
be located at the same horizontal angle but with dfferent angles in the verticd plane & e
in Fig. 2.
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Fig. 5. BER as a function of interferer and desired signal DOA separation in horizontal plane.
(a) Unprotected (Class Il) bits. (b) Protected (Class Ib) bits.
C/I=-25dB (1), -20 dB (2), -15 dB (3), -10 dB (4), 0 dB (5).
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CONCLUSIONS

The improvement of C/l for a DCS-1800standard system using this gedfic drcular adaptive
array antenna has been quantified. The adlaptive beanforming has been shown to improve C/I
by 30 dB when an interferer is present with a power level equal to o higher than the carier
power. If the interferer is wed, the C/lI improvement is lower, due to the quantisation in the
A/D converters. Thus the number of bits used in the A/D converter is an important number
when suppressing weak interferers.

The BER as afunction d separation ketween two mobil e stations using the same frequency
and timeslot has been measured. The alaptive antenna is cgpable of suppressng a 15 B
stronger interfering signal located 10 degreesin angle from the desired signal source and gives
an ouput BER of approximately 0 %. In a SDMA system the nea-far effed and the fading
margin imposes additional constraints on the minimum angle dlowed between two mobhile
stations until an intra-cell handover must be initiated.

It has been verified that diagonal loading is away to improve the estimate of the wvariance
matrix when the number of samples used is low. The use of diagonal loading lowers the
sidelobe levels at the expense of a small lossin C/lI improvement. Low sidelobe levels is of
greder importance in a downlink implementation, where the spreading of interfering noise
must be kept low.

This report has demonstrated the feasibility of using adaptive antennas at base stations for
mobile communication retworks. Future measurements using this antenna includes the



behaviour in an more redistic signal environment with additional problems as fading and
Doppler spreading.
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