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ABSTRACT

Beamforming algorithms are a digital signal processing algorithm which combined with uniform array in
the smart antenna technology. Minimum Variance Distortionless Response (MVDR) is one of these
algorithms which produce optimal adaptive complex weight for array’s elements. The overall radiation
beam pattern is generated according to this weight for minimizing the radiation power and maintains the
main beam in the desired direction with unity gain. The resolution of this method for estimating the signal
DOA depends on steering vector, a small mismatch in this vector leads to degradation on MVDR
performance.

This paper presents a new model for enhancing the resolution of MVDR to estimate signal’s direction
based on single Uniform Linear Array (ULA) with two reference elements. DOA covariance matrix is
extracted according to these two references’ matrices. Therefore, steering vector is constructed in actual
mode with all impinging signals information. The null constraint is added to the proposed MVDR for
producing robust weight vector that concern to the interference signals such as the concern to the desired
signals.
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1. INTRODUCTION meaning of destructive and constructive properties
of the signals combination the beam pattern is
Smart antenna is considered a promising  constructed. A small mismatch in the signal
technology in radar, microphone and wireless estimation leads to errors in the MVDR
systems [1],[2]. Based on the adaptive beamformer behavior [5]. Then the output radiation
beamforming algorithm the smart antenna becomes  pattern is directed to undesired location and the
able to classify the impinging signals on the array’s  signal suppress phenomena appears due to the
elements. The output radiation pattern constructed beamformer mismatch in estimating the desired
according to the weight vector which produced  signal.
adaptively by the beamforming algorithm. The Most researches have been proposed many
resolution of DOA estimation is an important issue  techniques to enhance the ability of MVDR for
in smart antenna technology, where its represents  estimating the plane waves with high resolution.
the response of the beamformer to the signal These techniques can be classified into two
environments. categories. The first earlier category is the Diagonal
MVDR  beamforming algorithm is loading technique which is based on MVDR
proposed to estimate multi-signals instead of one  beamforming to calculate the optimal loading factor
signal in the conventional beamforming [3], [4]. that enhance the beamforming radiation. In [6]; a
MVDR optimization problem is mainly depends on  novel diagonal method with physical observation
the plane waves estimating to generate the accurate  meaning for the loading factor is proposed. The
adaptive weight vector. Therefore, the array’s steering vector is considered error free in this work
elements are weighted individually to direct its own  and a tradeoff between the beamforming robustness
beam in the desired direction, due to the physical and the interferences cancelation is presents. The
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simulation result shows that the main beam peak
tracks the desired signal. Vincent in [7] proposes
diagonal loading method with negative loading
level to increase SINR even with existence the
errors in the steering vector. Two optimization
expressions are driven according to the given
random errors in the steering vector. Then, the
optimal loading is averaged according the
probability density function of the errors. In [8],
two non convex quadratic constraints are proposed,
the two steering vectors are produced with
magnitude exceed the unity. Then, a diagonal
loading method with a constraint exceed the unity
is used to force the response of the beamformer to
the desired signal between these two steering
vectors. The loading factor choice is still difficult
and complicated where increases the complexity of
some methods.

The second category is based on the
presumed steering vector processing, where
practically this vector not easy to obtain. In [9],
[10] the worst-case optimization is proposed.
Uncertainty set of steering vectors are used, where
the mismatch errors and these vector
normalizations are unknown. An iterative
programming technique is proposed in [11], to
estimate the steering vector in actual manner.
According to the sequential programming process
the optimization problem takes long processing
time. The recent approach in second category can
be represented by reconstructs the covariance
matrix. The covariance matrix is constructed
according to all the impinging signals on the array
elements, where the separation of the interferences
and noise covariance matrix is not easy in practice.
In [12],[13], the interferences plus noise covariance
matrix is reconstructed according to the spatial
spectrum  distribution instead of the simple
covariance matrix. The steering vector is fixed and
maintained to be not converging to the
interferences.

Two parallel arrays are used to accurate
estimation for the impinging signals DOA into two
dimensions. In [14], two Uniform Linear Array
(ULA) are used, based on MUSIC method and the
smoothing technique the angle of impinging signal
is estimated accurately. In [15], the covariance
matrix is constructed by using the auto-covariance
and the cross-covariance matrices. Based on
MVDR algorithm the signal DOA is estimated
perfectly in two dimensions.

In this paper, a robust model is derived for
optimization the MVDR estimation resolution and
interferences cancelation. The resolution of
estimation is enhanced by using a single ULA with

2.

45

two references element, where the leftmost element
is considered as the first reference element and the
rightmost element considered as the second one.
The actual direction of arrival covariance matrix is
constructed by using auto-correlation and cross-
correlation of the impinging signals information.
The eigenvalue de-compensation is used to extract
the actual steering vector based on the MVDR
linear constraint. The interference null constraint is
added to enable the beamformer to give more
attention to cancel the interferences direction.
Inspired by Null steering beamforming weight, the
robust steering vector that interested to the Signal
of Interest (SOI) and the interferences direction is
constructed. Therefore, the proposed robust
beamforming weight is calculated to maximize the
radiation power in the SOI look direction and null
perfectly the interferences direction with deeper
negative power. Thus, the output radiation
beamforming pattern orients the main lobe with
unity gain accurately in the direction of interest and
blocks the interferences direction with zero power.
The rest sections of this paper are
organized as. In section 2, a new robust MVDR
beamforming model is driven where the optimum
weight is construct according to the array
configuration and space classification. In section 3,
the simulation results are evaluated and discussed.
Finally, paper conclusion is presented in section 4.

NEW ROBUST MVDR BEAMFORMING
MODEL

The proposed MVDR beamformer model
is  constructed firstly from the physical
configuration of ULA and data collection due to
two reference elements and space classification.
Finally the adaptive weight is constructed due to
two constraints to ensure minimizing the output
radiation power by serving the SOI with unity gain
and cancelation the interference effect.

2.1 Array Configuration and Data Collection

Consider a ULA comprises M-elements
which spaced by d equal distance as depicted in
Figure (1). This array contains of two reference
elements, the leftmost element in the array
represents the first reference and the rightmost
element represents the second reference.
According to these two references elements the
ULA’s output representing the behavior of two
arrays. The uncorrelated narrowband signals (K)
impinge on the arrays elements from multi-
direction 6 (-90° < 0 < 90°).
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The array output baseband is represented
by N snapshots and measured firstly according to
the first reference and simultaneously measured

Figure (1): ULA configuration with two reference
elements

according to the second reference and the array
output can be expressed as

X)) =3 k=1 0 0) () +n®) (1)

Xsed (0 =

ZKkII Oscd (H)ﬁ (ek) Sk (0 +nscd(t) (2)

And

Respectively, where the signal steering vector with
respect to first reference element is

ag(0)=exp{j2n(d/ [ 0,5in(0), ..., (M-1)sin(6)]"} (3)

Where, dy, is represents the distance between
elements in the first array (with respect to first
reference). The signal steering vector according to
the second reference element expressed as

Osca(0)=
exp{j2n(d,d/ [0, ~sin(0), ...~(M-Dsin(@)]" } (4)

Where, boldface letter represents the
vector form, © represents the transpose expression,
dy.q 1s represents the distance between element in
the second array (with respect to second reference).
In contrast, dg = d,.q = d, where this distance is
actually in the same array but they expressed in
deferent form to explain the effect of the first and
second reference elements on the baseband signal.
The expression S(6;) in (2) represents the phase of
signal which impinges second reference element in
the array with respects to the distance D = M-1
from the first reference element and it is a constant
value, as

B(O)=explj2n(D/A)sin(6)] ®)

1st array

1st
reference

d 2nd
| [P} 1wl reference

D=M1—

«d->

— =

2nd array

Then, ng(t) and ngy(t) and are represent the
Gaussian noises on the receiving antennas, with
unknown covariance and zero mean, they can be
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expressed as oy and 6.y respectively, where
Iy is represents the identity matrix with dimension
M.

2.2 Receiving Space Classification

Mismatch between the presumed and
actual angle according to the steering vector errors
leads to major error in the behavior of MVDR [8].
This problem is appeared when MVDR
beamformer depends on a single covariance matrix
which contains all impinging signals information.
Due to the single covariance matrix the separation
of the interferences and noise information becomes
difficult. This problem has been solved with
MUSIC beamforming algorithm, where the
receiving space is divided into two sub-spaces
according to the signals information [16], [17].

Inspired by the subspaces property and
under assumption that the number of array’s
element greater than number of incident signals M
>K, the proposed beamformer collects the
impinging signals’ information into two matrices
according to the two references in the array. These
matrices are constructed by using the auto-
correlation and cross-correlation of the received
signals’ information. Then, actual covariance
matrix (R.) is constructed according to the actual
impinging signals. Due to the eigenvalue de-
compensating property the R, contains K non-zero
Eigen-values and M-K zero Eigen-values, where
the non-zero Eigen-values represent the number of
actual impinging signals and the zero Eigen-values
represented the noises signals. Then, the
mathematical model can be derived as

Rpie= EfXp(1 f)xwa( O]=3"" Xp(t) xﬁtH( Y/N (6)
=R+ Iy
(7)

Rs‘c =E [ Xsed (t) x‘&‘cdH(l,] = ZNFI Xsed (t) xxcdH(t) /N (8)

R.=Ry. - 0’Iy

The expectation mathematical operation is
represented by E [.], and ™ represents the transpose
conjugate (Hermitian) expression. Ry and Ry are
the auto-covariance matrix and cross-covariance
matrix respectively. Rc matrix is comprises of K
non-zero Eigen-values and M-K zero Eigen-value.
Thus, the number of impinging signal can be
calculated according to the number of non- zero
Eigen-values (n) and corresponding eigenvectors
(v). According to these non-zero Eigen-values and
related eigenvectors the pseudo inverse matrix is
extracted as
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According to this equation the MVDR
R, = SEos (Vv ) beamformer gives more attention to SOI direction

Then, all actual data of the impinging signals on the
array’s elements are collected in R, matrix
directly. Construction of the actual DOA in actual
mode becomes easy to calculate from the
combination of R, matrix and R, matrix, as in
eqn.(10)

RD :Rscva ( 1 0)

DOA matrix contains all the actual information of
the incident signals K, then Eigen-decompensating
processes is done to extract the largest K Eigen-
values (e;) in Ry matrix and its corresponding
eigenvectors (u;).

In this context, the estimation process is
done under actual signal mode by using the K
largest eigenvectors of the actual DOA matrix. The
estimating angle is represents the angle which
maximized the search result as

E(09)= |”iHa(9)|
i=1,2 .., M; 6=1, 2, ..360

(11

DOA estimation problem is represented by the
number of elements in the array that must be
greater than number of incident signals. The
proposed beamformer overcomes this problem by
using the actual information of the incident signals
and using the first column in Rp matrix as actual
steering vector. DOA estimation results in (11) are
compared with the spectrum estimation results and
corrected according it as in the next section.

2.3 Adaptive Beamforming and Interference
Cancellation

Output beam radiation of each element in
the array is moved toward a specific direction
according to the beamformer complex weight,
while array output beam pattern is produced by the
intersection of these elements’ beams. Therefore,
the beamformer weight must be able to ensure that
the intersections points are constructs the main lobe
with distortionless power in the desired signal
direction and deconstructed the radiation with
minimum power (null) in the direction of
interference and noise. Thus, the optimization
problem in MVDR beamformer expressed under
minimizing the radiation power as

Wope = min W Rw s.t wa@y)=1 (12)
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than the direction of interferences. Conversely,
another beamforming algorithm called Null
Steering algorithm which gives more attention to
block the direction of interferences as in[18],[19].
The optimization problem in this algorithm solved
by

minW:| |wHAd| | s.t wa(0,)=0
Where
Wotiop =[1;~Ai(A"4)" 471 4,4

(13)
(14)

To satisfy the proposed method’s goal and
to increase the attention to the interferences
direction, the proposed beamforming model
constructed according to the combination between
two constraints.

Wope =MiIN w’Rw
s.t wla(@,)=1 and wa(0,)=0 (15)

Where, o(6y) and o(;) are represent the
desired signal (SOI) steering vector and
interference signal steering vector respectively.
Inspired by NS beamforming algorithm and
according to its weight vector in eqn. (14), the
actual steering vector which contains the actual
information of the SOI and interferences can be
constructed as

a.(0) = [1;- A(A"4) 4T a4 (0)  (16)
Where, the 04(0) is represents the first column in
actual DOA matrix. Actual steering vector in (16) is
able to satisfy the optimization problem of MVDR
to minimize the power of radiation. Then, the
expression in (12) can be modified as

W(,,,t:mianRw st wa, @)=1 (17)

Thus, the proposed complex weight is
produced according to the actual data collection as

me:RD O (9)/ acH (H)RD Qe (9) (1 8)

Due to the combination between the actual
steering vector and actual DOA matrix the main
lobe is oriented accurately at SOI direction and the
interference is blocked with deep negative power.
Estimation processes in (11) is corrected according
to the spatial spectral power and the proposed
MVDR capable to estimate the spatial location of
the incident signals according to the relative power
as
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pO)=[a (OR) a. (0)]" (19) SNR becomes more than -35 dB then, the mismatch

Therefore, spatial direction of the inter-
ference is appeared with very high sharp peak and
the SOI direction is appeared with minimum power.

Therefore, spatial direction of the
interference is appeared with very high sharp peak
and the SOI direction is appeared with minimum

power.

3. RESULTS AND DISCUSION

Simulation results are verified by using
MATLAB software, a uniform linear array is used
in simulations. SOI is impinging on the array’s
elements from 0°. The distance between elements of
the array is selects to be half wavelength. The
interference to noise ratio is INR= 15 dB. The
number of snapshots is 1000.
3.1 DOA Estimation

First evaluation scenario verifies
DOA estimation, where the proposed MVDR is
firstly estimated according to the search process in
(11). Constantly, if any mismatch is occurred in
DOA estimation, especially when number of
array’s elements and number of incident signals are
equal, the proposed MVDR corrects this mismatch
according to (15).
According to (11), Figure (2) shows DOA
estimation results of the proposed MVDR
beamforming algorithm with respects to changing
the array’s elements number. Three signal sources
presumed at -60°, 0° and 45°. It can be seen that the
proposed beamformer has the exact estimation to
all signal sources when the number of ULA
elements M equal to K+1. A small mismatch for
estimating two signal sources (at -60° and 45°)
occurs when the number of antenna equal to the
number of signal sources (M=K=3).

Figure (3) demonstrates the effect of
varying the value of Signal to Noise Ratio (SNR)
and changing the array’s elements number on the
ability of the proposed MVDR beamformer to
estimates the signal sources. This figure exposed
that the signal estimation of the proposed MVDR
has exactly DOA estimation even the SNR =-40
dB, when the number of elements in the ULA equal
to M+1. The mismatch in two DOAs only occurs
when the number of elements in the array is equal
to the number of signal sources. The mismatch in
DOA estimation occurs when the number of ULA
element equal to 3 and SNR equal to (-40 dB to -38
dB) at signal sources (0° and 45) and when the
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occurs at the signal sources (-60° and 45°).
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+ |+ Sig.2est.

h 49 3
£ 12 + Sig.3 est.
] .
E 10 '
[)
5 8
£
E '
Z 4

: . .

80 60 40 20 0 20 40 60 80
DOA ( Degree)

Figure (2): Proposed MVDR Estimation Performance
For Three Signals With Different Number Of Elements In
ULA

Figure (2) and figure (3) show that
DOA mismatch which occurs in MVDR with
respect to signal SNR metric has less effect on the
proposed MVDR estimation, but the elements
number in the array still effects in DOA estimation
process. Thus, the proposed MVDR adds the sub-
space method to overcome the estimation error and
classify the impinging signal accurately.
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Figure (3): The Effect Of SNR In Estimation Process For
Three Signals

Figure (4) shows the performance of the
proposed MVDR with accurate DOA estimation
even the number of incident signals equal to the
number of array’s elements. This figure also shows
that the proposed MVDR beamformer estimated the
incident signals with high resolution, since very
sharp peak is appear in the angle of DOA. The
resolution of the proposed beamformer is increased
when the number of ULA elements increased,
where the peaks become sharper. In contrast, the
traditional MVDR  characterized as wide
classification peak, which leads the beamformer to
produce error in the radiation beam orientation.
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Figure (4): The Power Spectral Classification For Three
Impinging Signals According To Equation (19)

3.2 Output Beamforming Pattern

Beamforming pattern shown in Figure (5),
illustrates a comparison between traditional and the
proposed MVDR output performance with
SNR=10. This figure shows the ability of proposed
beamformer for tracking SOI and null the
interferences is very clear even the ULA elements’
number equals the incident signals. According to
the addition constraint in the proposed method the
interference is blocked with very sharp -200 dB.
Conversely, MVDR shows lower response in
canceling the interferences even when number of
elements in ULA increased to 6.

7 'R.,’\ ! = MVDR 3ant.
/ W R g8 MVDR4ant,

s MYDR S ant,

—Propose 3 ant.
== Propose dant.
=== Propose S ant.

Beamforming pattern (dB)

20 80 60 40 -20 0 20 40 60 8

DOA (Degree)
Figure (5): Comparison Between The Output
Beamforming Pattern Of MVDR And The Proposed With
Changing The Number Of Elements To Be 3, 4 And 5

Figure (6) is presents the performance of MVDR
and the proposed beamformer, where SOI is located
at 0° and the interference sources are increased to
be four at -30°, -50°, 30° and 60°. ULA elements is
selected to be 8, INR=10 dB and SNR=10 dB. This
figure shows that the proposed beamformer has the
accurate performance even the number of
interferences is increased. In contrast, MVDR
beamformer produces a weak performance when
three interferences (at -50°, 30° and 60°) not
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canceled exactly even the ULA elements more than
the incident signals.
Figure (6): The Output Performance Of MVDR And The

= 20 P /"\/ \ P
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Proposed Beamformer According To Increase The
Impinging Signals

To explain the effects of the distance
between the signal sources on the behavior of
MVDR and the proposed method, consequently, the
location of the interference at 30° in previous
scenario has been changed to be at 50° which is
close to the interference at 60°. Figure (7) shows
that MVDR still has a weakness performance in
cancellation of the interferences, but the case
become worse in the direction of the closer sources
(at 50° and 60°).

" AN e
& ¥
5 -60
§ -80
o-100
£
£ -120
2 -140
5-160
Q
.18
-200

80 60 40 20 0 20 40 60 80
DOA (Degree)

Figure (7): The Comparison Between The MVDR And
The Proposed Beamformer Output Performance, When
The Signals Become Close Together With 10°

Figure (8) shows the effect of increasing
the SNR to be 20 dB, where the signal strength is
enhanced trying to increase the sensitivity of
MVDR beamformer. Unfortunately, Figure (8)
result demonstrates that the MVDR still has weak
performance in interferences cancelation when
these interferences become close together even with
10°.

In other hand, the proposed beamfofmer
shows a robust response in cancelation all
interferences, even they are close together. Since,
the two figures (Figure (7) and Figure (8)) are show
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that the proposed beamformer exactly blocked the
all interferences with -200 dB.

0
. — MVDR
| = Propose|

ey A

20 TN /‘\/ \ 2%
: YY1V
-60 '
-80)
-100
-120
-140
-160)
-180
-200

Beamforming pattern (dB)

80 60 40 -20 0 20 40 60 80

DOA (Degree)
Figure (8): The Effect Of Changing SNR To Be 20 Db On
The Performance Of MVDR And The Proposed
Beamformer Output

4. CONCULOSION

This paper presents a new beam forming
model that is improving the performance of MVDR
in two branches; overcome the DOA estimation
mismatch and cancellation the interference effect.
Based on two reference elements in a single ULA
and due to dividing the receiving space into two
orthogonal sub-spaces the proposed beamformer
extracts DOA matrix directly. Thus, the
beamformer estimates the direction of radiation
sources accurately, with very sharp peak; even the
number of elements on the array is equal to the
number of radiation sources. Two constraints are
applied to optimize the output radiation pattern,
where the main lobe orients to SOI direction with
distortionless power and the interference direction
is blocked with very deep negative power. The
evaluation results demonstrate that the proposed
beamformer capable to classify the impinging
signals accurately with wide range of SNR even the
number of interference sources are increased and
close each other. The proposed model has a perfect
output radiation performance since the unity gain is
directed to the SOI and the interference directions
are blocked with -200 dB.
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