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Abstract: We present a novel direction{of{arrival
(DOA) based beamforming algorithm and compare
its BER performance in a real{time smart antenna
processor system with other beamforming methods.
To combat multipath propagation with signi cant angular spread (several degrees) in mobile communication systems, the algorithm places broad nulls as well
as maintaining a low sidelobe level.
Our algorithm provides exible parameter adjustment (sidelobe level, main beam width, null depth
and null width) together with very low computational
e ort. The run{time of the algorithm is below 60s
on a 500MHz DEC{Alpha processor for an 8 element
array.
When tested with synthetic data with large angular spread, the novel beamformer achieves better
signal{to{noise and interference ratio (SNIR) than
other state{of-the{art algorithms. The BER performance of the novel beamformer does not degrade as
long as the DOA estimation error is smaller than one
degree.
1. INTRODUCTION
Adaptive antennas will be used in mobile communication systems to enhance coverage, reduce co{channel
interference, and increase capacity [1, 2, 3]. In an
FDD system like GSM and UMTS W{CDMA, the
small{scale fading is di erent in uplink and downlink. All beamforming methods that rely on an estimate of the instantaneous channel characteristics are
therefore not applicable in the downlink. The presented beamforming algorithm is suitable for uplink
and downlink since it is based on the DOAs estimated
in uplink. It relies on the averaged azimuthal power
spectrum being constant in uplink and in downlink.
From the DOAs a beamforming algorithm extracts a
weight vector that maximizes the gain into the direction of a user while nulling out the interferers, thus
maximizing SNIR.
In this paper we present a novel beamforming algorithm. The algorithm is capable of placing broad
nulls while maintaining a low sidelobe level. A broad

null is important, because in mobile radio channels
signi cant angular spreads are common [4].
We present a thorough evaluation of the beamforming algorithm by comparing the SNIR and BER
performance of the antenna processor in a synthetic
channel with that of other state{of{the{art beamformers. Integration of the beamformer into a real{
time smart antenna processor, called A3 P, is presented in [5, 6].

2. SYSTEM MODEL
The system model is shown in Fig. 1. The array processor estimates the DOAs from the uniform linear
antenna array output samples X (M  N ), where M
is the number of antenna elements and N denotes the
number of samples in one burst. After classi cation
of DOAs into a single user DOA1 ,  , and interferer
DOAs,  ; i = 1 : : : D , and subsequent DOA tracking, the beamforming algorithm extracts the beamforming weight vector, w (M  1), to optimize SNIR.
With the calculated weight vector, w, we extract the
estimated user signal, ^s (1  N ),
U
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^s = w X:
H

(1)

3. BEAMFORMING ALGORITHMS
We present a new beamforming algorithm, SmearR,
that is able to place broad nulls and provides exible
parameter setting.
For comparison purpose we refer to two state{of{
the{art beamforming algorithms.
1 The system is able to exploit more than a single user{DOA
(angular diversity) but in this paper we asses only a single user
DOA for simplicity.
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Figure 1: Used system model for signal separation
with smart antennas.

3.1. Beamforming algorithm SmearR

We modi ed Capon's beamformer, where the weight
vector w can be obtained from [7],
w = R;1  a :
(2)
Here a = [1; e; sin() ; : : : ; e; ( ;1) sin() ] denotes the steering vector of the user DOA,  , for
a uniform linear array2. d is the distance between
antenna elements and k = 2= the wave number.
Instead of using the well known estimate of the
spatial covariance matrix, R = XX , we base R on
the estimated DOAs:
R = AA + 2I ;
(3)
where
A = [a ; a 1 ; : : : ; a ]
(4)
is the steering matrix of the estimated user and interferer DOAs, 2 is the noise power and I is the identity
matrix. Adding a noise term is necessary to avoid
a singular covariance matrix. However, Eq. 3 corresponds to a Dirac{shaped wavenumber{frequency
spectrum3 for the interferer DOAs.
The basic idea of SmearR is to avoid a Dirac{
shaped wavenumber{frequency spectrum for the interferers. Instead we use a wavenumber{frequency
spectrum for each interferer that is broadened but in
principle arbitrarily shaped, to achieve broad nulls in
the antenna pattern (Fig. 2). Thus the covariance
matrix is not computed from the steering vectors of
the interfering signals, a , but from 'smeared' versions of the interferer steering vectors,
a~ = a v ; 1  i  D : (5)
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2 However, the algorithm is not limited to uniform linear
arrays.
3 The wavenumber{frequency spectrum is de ned as the discrete Fourier transform of the array response [11]. In the special case of a plane wave incident on a uniform linear array the
wavenumber{frequency spectrum consists of a Dirac impulse,
and the corresponding array response is the steering vector.

Figure 2: Portion of the antenna pattern (above) and
wavenumber{frequency spectrum (below) a null: (a)
Dirac{shaped wavenumber{frequency spectrum; (b)
smeared wavenumber{frequency spectrum.
denotes elementwise multiplication. v is
the inverse Fourier transform of each interferer
wavenumber{frequency spectrum sampled at the antenna elements, in our case


sin((M ; 1) )
sin( )
v = N D 1;  ; : : : ; (M ; 1) ;
(6)
where  = N W=2   cos( ) denotes the half of
the desired normalized null width, N W , and N D an
interferer dependent weighting constant that determines the null depth. Equation 6 and Fig 2,b show
an example for a rectangular shaped wavenumber{
frequency spectrum in beamspace, but any arbitrarily shaped wavenumber{frequency spectrum can be
applied. This 'smeared' wavenumber{frequency spectrum guarantees the broad nulls in the pattern.
To obtain an adjustable sidelobe level we modify
the steering vector of the user DOA, a , with a
noise term. In beamspace the noise term has a constant wavenumber{frequency spectrum outside the
main beam and is zero in the main beam region with
a width of BW :
a~ = a v ;
(7)
where the shaping vector,


(BW 0 =2) ; : : : ; 2sin((M ; 1)BW 0 =2) ;
v = 1; 2sin
2 ; BW 0
(M ; 1)(2 ; BW 0 )
(8)
corresponds to the shape of the wavenumber{
frequency noise spectrum. Thus a large nominal
beam width, BW , gives a low sidelobe 0level and vice
versa.0 The actual beam width, BW , is given by
BW = BW   cos( ).
Now a modi ed steering matrix,
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and nally a modi ed spatial covariance matrix,

R~ = A~A~

H

(10)

;

can be computed and inserted in Eq. 2 to get the
weight vector. Here the noise term 2 I is not present
because it is already included in a~ .
Because the modi ed angular covariance matrix, R~ , has Toeplitz structure, the complex{valued
Levinson{algorithm [8] can be used for very ecient
calculation of w.
An advantage of the described algorithm is the simple adjustment of the required pattern constraints
by directly setting the parameters null width, N W ,
beam width, BW , and null depth, N D. The parameters can be set independently within wide limits, but,
of course, are subject to physical constraints.
U

3.2. Chebychev pattern synthesis with broad
nulls

For comparison we use a modi ed Chebychev beamformer with broad nulls.
The Chebychev pattern synthesis uses the Dolph{
Chebychev pattern [9] with successive pattern cancellation.
To place broad nulls we use the pattern cancellation scheme from [10]. Here cancellation patterns are
subtracted for each interferer DOA from the original
Dolph{Chebychev pattern to achieve broad nulls.

3.3. Pseudo inverse beamforming

A simple approach to place sharp nulls into the directions of the interferers, while maintaining a constant
gain in user direction is the Moore{Penrose pseudo
inverse [11]:

W

H

= Ay ;

(11)

where A is de ned in Eq. 4.
The weight vector w is the rst column vector of
W.

4. REAL{TIME ADAPTIVE ANTENNA
ARRAY PROCESSOR
We developed a real{time adaptive antenna array
processor A3 P (Fig. 3) for a DCS 1800 base station.
The A3 P uses the calibrated digital baseband signal
in the uplink to calculate the antenna weights for uplink and downlink beamforming. Processing is based
on a DOA estimation (DOAE) which employs in our
case Unitary ESPRIT [12]. A spatial pre- lter, the
uplink beamformer (ULBF), and a user identi cation
(UID) decide whether a DOA belongs to the user or
to an interferer. The tracker (DOAT) averages the
user DOAs and improves the reliability of the user
DOAs. The nal uplink post beamforming algorithm
ULpBF puts a main beam into the tracked user direction, while placing deep broad nulls into the direction
of the interferers.

Figure 3: Adaptive antenna array processor A3 P.
In the succeeding performance evaluation, each of
the beamforming algorithms described in Section 3
is used in both ULBF and ULpBF. For a detailed
discussion of A3 P we refer to [5, 6].

5. PERFORMANCE EVALUATION
We assess the beamforming 3algorithms by investigating their in uence on the A P's performance, i.e. on
the mean SNIR improvement and on the raw bit{
error{rate (BER).
We generate synthetic test data with our Geometry based Stochastic Channel Model, GSCM, [13].
The GSCM is based on local scatterers that are distributed around the mobile stations, thus leading to
small-scale fading. A realization of the used channel
con guration
is shown in Fig. 4. The user is located
at +10 and a single interferer at ;20. The user
transmits with a 5 dB lower mean power than the interferer. The number of antenna elements is M = 8.
In a rst step we investigate the post beamformer

ULpBF. At rst we use the ideal DOAs instead of esti-

mates because we focus on the in uence of the beamforming algorithms . The angular spread has a signi cant e ect on system performance. We simulated
about 5000 GSM bursts with independent small{scale
fading for various settings of the angular spread. In
the GSCM the angular spread is de ned as the second
order moment of the angular power spectrum [14].
The mean input SNIR varies with the angular
spread as a consequence of the channel model (Fig. 5).
SmearR has the highest output SNIR regardless of
the angular spread except for the pseudo inverse at
the very small angular spread of 0:1. In the case of
ideal DOAs, interference suppression of the algorithm
that places sharp nulls is in principle unlimited. In
our simulations the mean output SNIR is limited to
29 dB, which is the consequence of a nite mean input SNR of 20 dB and the maximum average SNR
gain of 10 log M = 9:03 dB for an 8{element array.
While for SmearR the SNIR reaches up to the max-
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Figure 4: Realization of a GSCM scatterer distribution for an angular spread of 30. The user mobile
station is located at +10 and a single interferer at
;20. The small circles (crosses) symbolize the local
scatterers for user (interferer). The distance between
local scatterers and mobile stations has Gaussian distribution with a variance depending on the angular
spread [14].
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Figure 5: In uence of ULpBF algorithms on mean
output SNIR. Note that the mean input SNIR decreases with increasing angular spread due to the
channel properties. As ULBF we used the pseudo
inverse and ideal DOAs. The mean input SNR is 20
dB throughout.
processor are shown in Tab. 1.

imum (noise{limited case, SNR=SNIR) nearly independently of the angular spread, the pseudo inverse is
still interference limited for an angular spread larger
than 1.
The performance of SmearR starts to degrade only
when the angular spread is larger than the null width
(in our case N W = 10 ). Using a larger setting of
N W increases performance in such a scenario. But
in general this might not be the case with a larger
number of interferers.
SmearR has a BER that is up to an order of magnitude smaller (Fig. 6) compared to the pseudo inverse,
and a factor of up to two smaller compared to the
modi ed Chebychev algorithm. Because the mean
input SNIR decreases with increasing angular spread
(Fig. 5), the BER curves (Fig. 6) can only be compared for each angular spread setting individually.
In another simulation we added to the ideal DOA
an Gaussian distributed estimation error. For the
beamforming algorithms with broad nulls (SmearR,
mod. Chebychev) the BER starts to degrade only for
a standard deviation larger than one degree, while it
degrades already for smaller estimation errors with
the pseudo inverse (Fig. 7). Thus SmearR is considerably more robust against DOA estimation errors.

5.1. Computational complexity

Computational complexity of the beamforming algorithms depends on the number of interferer DOAs,
i.e. the number of broad nulls.
We implemented all three algorithms in the real{
time smart antenna processor A3 P. The results of the
run{time measurements on a 500MHz DEC Alpha

Algorithm

SmearR

modi ed Chebychev
pseudo inverse

#Intf=1 #Intf=5
40 s
55 s
42 s
75 s
66 s
192 s

Table 1: Run{time measurements of algorithms implemented in C{code on a 500MHz DEC Alpha processor.
The pseudo inverse algorithm more strongly depends on the number of interferer DOAs than the
other algorithms. The SmearR and the modi ed
Chebychev algorithm have almost equal run{times
for one interferer DOA, but SmearR outperforms the
modi ed Chebychev beamformer in the presence of
more interferers. Thus SmearR is the most suitable
beamforming algorithm for a real{time system.

6. SUMMARY AND CONCLUSION
We described a novel DOA{based beamforming algorithm. It places broad nulls into the direction of
interferers. This increases the system{robustness in
two ways:
 Interference suppression degrades less for large
angular spreads.
 The system is more robust against DOA estimation errors.
The measured run{time for the proposed algorithm is
below 60s. This very low computational complexity
comes together with a exible parameter setting of
sidelobe level, null depth and null width and makes
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Figure 6: In uence of ULpBF algorithms on BER.
We used the pseudo inverse as ULBF. Because the
mean input SNIR decreases with increasing angular
spread (Fig. 5) the BER curves can only be compared
for each angular spread setting individually.
our algorithm excellently suitable for real{time smart
antenna applications in mobile communication systems.
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