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Abstract—Most of beamforming methods rely on the proper
estimation of the steering vectors of the incoming signals in order
to calculate appropriate array feeding weights. However, this
estimation is often performed on a theoretical basis, since most
methods assume that the array elements radiate like isotropic
sources and consider only the phase differences between them
due to their different spatial positions. This is a rough estimation
as it ignores both the non-isotropic radiation pattern of the array
elements and the mutual coupling between them. To overcome
these limitations, we use a different approach for the construction
of steering vectors based on the embedded patterns of the array
elements, extracted through full-wave analysis. This approach
is used in this paper to modify two well-known beamforming
methods, namely the null steering beamforming and the min-
imum variance distortionless response method. Both modified
methods are applied to a realistic model of a microstrip planar
antenna array, and thus, both the azimuth and polar angles of
the main lobe and nulls directions are controlled (beamforming
in 3D space). Extensive statistical analyses are performed by
implementing several scenarios of escalating difficulty, in order
to examine the performance and temporal response of the
modified beamforming methods in comparison to the respective
conventional methods and also in comparison to beamforming
methods based on evolutionary techniques.

Index Terms—Beamforming, embedded element pattern, min-
imum variance distortionless response (MVDR), null steering
beamforming (NSB), planar antenna arrays.
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I. INTRODUCTION

ADAPTIVE beamforming (ABF) refers to a real time pro-
cedure that calculates the appropriate complex feeding

weights (amplitudes and phases) of an antenna array in order
to concurrently steer the main lobe towards the direction of
arrival (DOA) of a desired incoming signal (DIS), and place
nulls towards DOAs of undesired incoming signals (UISs),
as shown in Fig. 1 [1]–[15]. The ABF process performed
when the antenna array operates in reception mode is quite
different from the ABF process in transmission mode. In
reception mode, the process is much simpler, because the
feeding weights are calculated and implemented through algo-
rithmic procedures. Practically, in reception mode, only signal
processing takes place, in order to remove the effect of UISs
at the beamformer output. On the contrary, when the antenna
array operates in transmission mode, the ABF process becomes
more complex. In this case, the feeding weights must be
implemented in a hardware-based manner (i.e., represented by
currents with certain amplitudes and phases) by using complex
active electronic circuits.

So far, beamforming methods have been used in many
applications in practice [16]–[26]. In general, three main types
of ABF algorithms can be found in the literature depending
on how the feeding weights are calculated:

1) Deterministic ABF algorithms [1]–[9], which provide an
instant calculation of the feeding weights,

2) iterative ABF algorithms [10]–[15], [27], that provide an
optimal solution after a number of iterations, and

3) neural network (NN) based ABF algorithms [28]–[31],
which also provide an instant response, but need ex-
tensive training before they can be employed, and are
applicable only in the area where the training data were
collected.

So far, iterative ABF algorithms have been based on either
optimization algorithms [10], [12]–[14] or successive fast
Fourier transformations [11], [15]. In real-world applications,
DOA of DIS or DOA of a UIS may change in real time,
and thus the feeding weights need to be recalculated, when
such a change occurs. Therefore, iterative ABF algorithms
are not an efficient choice, if a large number of iterations
is required to obtain an optimal solution, because in such
cases the beamformer needs a considerable amount of time to
respond properly. This will become evident by the statistical
analysis shown in section IX. Thus, much faster computational
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hardware (CPUs or GPUs) must be employed to compensate
somewhat for the delayed response of such beamformers. On
the other hand, NN-based beamformers are able to provide
instant response due to the nature of NNs, but need a lot of
data and time in order to be effectively trained, and therefore
their good performance can be ensured only in stable or
slowly-changing electromagnetic (EM) environments. Unlike
iterative ABF algorithms, a deterministic ABF algorithm is
capable of providing immediate response because it has either
non-iterative structure or a structure with a small number
of iterations. In addition, unlike NN-based beamformers, a
deterministic ABF algorithm is capable of providing accurate
response in ever-changing environments without the need for
prior training. From all the above, it is evident that deter-
ministic ABF algorithms are the most suitable candidates for
ever-changing environments.

To calculate the appropriate feeding weights, many ABF
methods rely on the estimation of the steering vectors of
the incoming signals. Most of them construct the steering
vectors by treating the array elements as isotropic sources, thus
ignoring the non-isotropic radiation pattern of each element
and the mutual coupling between them. As a result, they
assume that the radiation pattern is only expressed by the array
factor (AF). Under this consideration, the steering vectors
are constructed by simply taking into account the phase
differences between the electric fields of the array elements
(treated as point sources) due to their relative spatial positions.
Many methods [32]–[39] have been proposed to estimate
and incorporate the effects of mutual coupling in antenna
arrays. Among them, some perform the calculation of the
mutual coupling coefficients and construct the corresponding
mutual coupling matrix (MCM) [34]–[37], [39], while other
methods use orthogonal expressions [33] or virtual active ele-
ment pattern expansions [38]. Such methods rely on complex
calculations and estimations, which may slow down the weight
calculation process. There are also studies that focus on a
hardware-based reduction of mutual coupling by proposing
new antenna designs [40] that mitigate this coupling.

In this paper, a different approach is employed to construct
the steering vectors [41]. In particular, these vectors are built
by using the embedded patterns of the array elements [42],
[43]. The so-called “embedded element pattern” (EEP) refers
to the radiation pattern of an M -element antenna array, when
only one element is driven by a source and all the other
elements (M − 1) are non-driven. By driving a different
element each time and keeping the rest of the elements non-
driven, a separate EEP is produced. In this way, M separate
EEPs can be produced in total.

Depending on the type of the source considered for driving
the elements, a different type of EEP can be produced:

1) If an ideal current source is considered (meaning that the
source has no internal impedance connected in parallel),
then the non-driven elements will have their feeding
terminals open-circuited, and therefore a set of M open-
circuited EEPs (OCEEPs) will be produced [43].

2) If an ideal voltage source is considered (meaning that the
source has no internal impedance connected in series),
then the non-driven elements will have their feeding
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Fig. 1. A base station antenna in reception mode, serving a single user (DIS)
at a given time, while reducing interference from several UISs at the same
time by placing radiation pattern nulls towards their DOAs.

terminals short-circuited, and therefore a set of M short-
circuited EEPs (SCEEPs) will be produced.

3) If a practical (non-ideal) current source is considered
(meaning that there is an internal impedance connected
to the source in parallel), then the non-driven elements
will have their feeding terminals connected to loads
equal to the internal source impedance. In this way, a
set of M loaded EEPs (LEEPs) will be produced.

4) If a practical (non-ideal) voltage source is considered
(meaning that there is an internal impedance connected
to the source in series), then the non-driven elements will
have their feeding terminals connected to loads equal to
the internal source impedance. In this way, a set of M
loaded EEPs (LEEPs) will be produced again.

In this paper, the CST software package [44] has been em-
ployed to perform full-wave analysis of the antenna array, and
thus to produce the set of M EEPs. These EEPs are actually
LEEPs, due to the use of practical (non-ideal) current sources
in the CST environment. The internal source impedance con-
sidered in the CST calculations is equal to the usual reference
impedance of 50 Ω. It has to be pointed out that EEPs
have already been used in beamformers based on evolutionary
algorithms such as the particle swarm optimization (PSO) [45],
[46]. However, as previously explained, beamformers based
on evolutionary algorithms are not so suitable for real-time
applications, because they need a considerable amount of time
to provide an optimal solution, as shown in section IX.

In order to produce LEEPs using CST, we extract M distri-
butions in 3D space of M respective electric field components
(Eϕ or Eθ) through full-wave analysis, all produced by the
whole antenna array, but for each distribution only one of
the M elements is driven with a unitary weight (i.e., 1 + j0)
by a practical (non-ideal) current source, while all the other
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elements are non-driven (connected to 50 Ω loads). For an
M -element array, this process can be comprehended as a
decomposition of the total electric field component (i.e., the
electric field component Eϕ or Eθ produced by the array
when all its elements are driven) to M LEEPs, each one
corresponding to the excitation of a specific array element.
LEEPs have complex values as they represent electric field
components. Once the values of LEEPs are defined for every
pair of angles of interest (θ, ϕ), in a spherical sector, according
to a desired stepsize, they are permanently saved into matrices,
and then every steering vector can be instantly constructed
from the complex values of LEEPs at DOA (θ, ϕ) of the
respective incoming signal.

With this approach, it is expected that the feeding weights
will lead to a more precise main lobe and nulls placement,
because both the non-isotropic radiation pattern of the array
elements and the mutual coupling between them are now taken
into account. The distribution in 3D space of the total electric
field component Eϕ or Eθ produced by the whole array, when
all of its elements are driven using a set of feeding weights, can
be easily calculated as a linear combination of LEEPs using
these weights. Consequently, the radiation pattern calculated in
this way is much closer to reality as both the mutual coupling
and the actual radiation pattern of each array element are taken
into account. Based on all the above, it is expected that, by
using this approach for steering vector construction, much
more accurate feeding weights will be calculated and more
precise main lobe and nulls placement will be achieved. It
must also be clarified that this approach can be applied to any
antenna array type or geometry, as long as LEEPs of the array
in use are available.

For the purpose of this study, we use the above-mentioned
methodology to modify two well-known ABF methods,
namely the null steering beamforming (NSB) and the min-
imum variance distortionless response (MVDR) methods,
which will be used to achieve high precision beamforming.
A 64-element (8×8) microstrip planar antenna array (MPAA)
has been modeled and simulated in the CST environment in
order to derive, through full-wave analysis, 64 LEEPs. The
antenna array is designed for operation at 800 MHz, i.e., for
operation in the n20 band of 5G wireless communications. In
practice, the antenna array is usually located at a certain height
above the ground (see Fig. 2). Due to its position and its planar
geometry, the array may receive incoming signals only within
a certain spherical sector, which is defined here by values of
the polar angle θ within the angular sector [90◦, 150◦] and
values of the azimuth angle ϕ within [−45◦, 45◦].

The validity of the new approach is tested by simulating
the antenna array in the CST environment using feeding
weights calculated by the modified ABF methods, and by
verifying that the radiation pattern produced by this simulation
is in good agreement with the radiation pattern produced by
the linear combination of LEEPs using these weights. Also,
extensive statistical analyses have been performed for both
modified methods in order to prove the effectiveness of the
new approach in terms of the divergences of the main lobe
and nulls directions from their respective expected directions,
and the signal to interference-plus-noise ratio (SINR). The new
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Fig. 2. Realistic beamforming system incorporating a planar antenna array
located at a certain height above the ground and serving any user equipment
within a certain spherical sector.

approach shows excellent accuracy in the placement of nulls
with near-zero divergences, minor main lobe divergences and
excellent SINR values in all test scenarios.

The contribution of this paper is the replacement of the
theoretical steering vectors, used in conventional beamforming
methods, with LEEP-based steering vectors. These new steer-
ing vectors are realistic, because they incorporate information
about the antenna array in use, such as the mutual coupling
between the array elements and the individual radiation pattern
of each array element. Therefore, the use of LEEP-based
steering vectors improves the accuracy of the beamforming
methods, because the realistic behavior of the antenna array in
use is taken into account. Also, since the LEEP-based steering
vectors depend on the type or geometry of the antenna array,
it is evident that the modified beamforming methods can be
applied to any type or geometry of antenna array, as long
as LEEPs of the array in use are available. Moreover, the
modified beamforming methods provide the same immediate
response as the conventional methods, because once the M
LEEPs have been calculated by full-wave analysis, their values
can be saved for permanent use in the beamformer storage,
and then the feeding weights can instantly be calculated by
the modified methods by constructing the steering vectors of
any incoming signals from LEEPs. Finally, we gain both in
computational speed and storage, since only one electric field
component is used, as shown in section III.
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II. CONVENTIONAL BEAMFORMING APPROACH

According to the conventional ABF problem, N signals sn
(n = 1, 2, . . . , N) are received by an M -element antenna array
(with M > N ) at frequency f (wavelength λ). From them,
s1 is DIS and the rest N − 1 are UISs. The DOA of the
nth signal (n = 1, 2, . . . , N ) is defined by a pair of angles
(θn, ϕn). Most beamforming methods in literature are based
on a simplified model that treats the array elements as isotropic
sources and ignores the mutual coupling between them. Thus,
they consider that the radiation pattern of the antenna array is
expressed by the array factor:

AF(θ, ϕ) =

M∑
m=1

w∗
m exp

(
jβr⃗m · v⃗(θ, ϕ)

)
, (1)

where wm (m = 1, 2, . . . ,M) is the feeding weight of
the mth array element (actually, it represents the conjugate
complex value of the respective excitation current at the input
port of this element), β is the propagation phase constant
(β = 2π/λ), r⃗m is the position vector of the mth array element
(its expression depends on the array geometry),

v⃗(θ, ϕ) = cosϕ sin θ x⃗0 + sinϕ sin θ y⃗0 + cos θ z⃗0 (2)

is the direction unit vector, and finally x⃗0, y⃗0 and z⃗0 are the
respective unit vectors of x, y and z-axes. According to most
ABF methods, the theoretical steering vector that corresponds
to an incoming signal received by an M -element array at DOA
(θ, ϕ) is given by:

a(θ, ϕ) =


exp

(
jβr⃗1 · v⃗(θ, ϕ)

)
exp

(
jβr⃗2 · v⃗(θ, ϕ)

)
...

exp
(
jβr⃗M · v⃗(θ, ϕ)

)
 . (3)

By taking into account (3), we can rewrite (1) in terms of
matrix notation as:

AF(θ, ϕ) = wHa(θ, ϕ), (4)

where
w =

[
w1 w2 · · · wM

]T
(5)

is the excitation weight vector, while superscripts T and H
denote the transpose operation and the Hermitian transpose
operation, respectively.

It is evident from (3) that the theoretical steering vector
treats the array elements as isotropic sources, and therefore it
ignores the non-isotropic radiation pattern produced by these
elements as well as the mutual coupling between them. Actu-
ally, the theoretical steering vector contains only information
about the phase differences developed by an incoming signal at
the inputs of the M isotropic sources due to the different spa-
tial positions of these sources. Many beamforming methods,
such as [34]–[37], have been proposed so far for the estimation
of the mutual coupling coefficients and the construction of the
MCM, but they still ignore the non-isotropic pattern of the
array elements. At the same time, the estimation of coupling
coefficients requires complex calculations that slow down the
beamformer response.
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Fig. 3. Realistic M -element planar antenna array employed for beamforming.

III. REALISTIC ANTENNA ARRAY BEAMFORMING

Let us consider the general case of a D × D MPAA
composed of rectangular microstrip elements placed parallel
to the yz-plane, with element spacings dy along the y-axis and
dz along the z-axis, as shown in Fig. 3. Due to the position of
the feeding ports (see Fig. 3), there is a spherical sector where
the theta-component Eθ of the total electric field produced by
the MPAA is significantly smaller in amplitude compared to
the phi-component Eϕ (axial ratio greater than 20 dB) [47],
[48]. Therefore, the total electric field of this array can be
expressed only by Eϕ. Thus, Eϕ can be written as:

Eϕ(θ, ϕ) =

M∑
m=1

w∗
meϕm(θ, ϕ), (6)

where M = D2 and eϕm(θ, ϕ) (m = 1, 2, . . . ,M ) is the
electric phi-component produced by the MPAA, when only
the mth array element is driven with a unitary feeding weight
by a practical current source, while all the other elements are
non-driven. Practically, (6) shows that Eϕ can be expressed
as a superposition of M phi-components of LEEPs eϕm.
To obtain realistic values of eϕm(θ, ϕ), a full-wave analysis
must be performed on the MPAA, and this can be achieved
by employing any full-wave analysis software package. As
a realistic term, eϕm incorporates information related to the
non-isotropic radiation pattern of the array elements and the
mutual coupling between them. As previously mentioned, CST
has been selected as EM-solver. By using matrix notation, (6)
can be written as:

Eϕ(θ, ϕ) = wHeϕ(θ, ϕ), (7)

where

eϕ(θ, ϕ) =
[
eϕ1(θ, ϕ) eϕ2(θ, ϕ) · · · eϕM (θ, ϕ)

]T
(8)

is a vector composed of all electric phi-components eϕm that
correspond to DOA (θ, ϕ), and therefore is called the “electric
phi-vector”.

Equations (4) and (7) represent, respectively, the theoretical
and the realistic radiation pattern produced by the whole array,
and due to their resemblance in formulation, we realize that
eϕ(θ, ϕ) represents the realistic steering vector (LEEP-based
steering vector). Consequently, if we replace a(θ, ϕ) with
eϕ(θ, ϕ) in any equation that applies to a theoretical antenna
array, then the modified equation will apply to the realistic case
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of this array. The replacement of a(θ, ϕ) with eϕ(θ, ϕ) can be
performed for any realistic antenna array type or geometry, as
long as LEEPs of the array in use are available.

We denote as xm(k) (m = 1, 2, . . . ,M ) the signal induced
at the input of the mth array element due to N incoming
signals sn(k) plus a zero-mean additive Gaussian noise signal
nm(k) (m = 1, 2, ...,M ), with k indicating the kth time
sample. The realistic values of xm can be extracted by the
expression

xm(k) =

N∑
n=1

sn(k)eϕm(θn, ϕn) + nm(k), (9)

which is a modification of the respective theoretical well-
known expression, where all components of a(θ, ϕ) have been
replaced with the respective components of eϕ(θ, ϕ). Then, the
total input vector, defined as

x(k) =
[
x1(k) x2(k) · · · xM (k)

]T
, (10)

can be estimated by the expression:

x(k) = Eϕs(k) + n(k), (11)

where

Eϕ =
[
eϕ(θ1, ϕ1) eϕ(θ2, ϕ2) · · · eϕ(θN , ϕN )

]
(12)

is an M×N matrix, which represents the total realistic steering
matrix according to our proposed approach, and therefore is
called the “total electric phi-matrix”,

s(k) =
[
s1(k) s2(k) · · · sN (k)

]T
(13)

is the incoming signal vector, and

n(k) =
[
n1(k) n2(k) · · · nM (k)

]T
(14)

is the noise vector. The output of the beamformer is given as:

y(k) = wHx(k). (15)

Since realistic signal samples were not available in this study,
the following reasonable assumptions were made to estimate
the correlation matrices:

1) There is no correlation between any two incoming sig-
nals, and therefore the correlation matrix of the incoming
signals Rss can be approximated by a diagonal matrix.
Furthermore, by assuming that all incoming signals have
mean power equal to unity, i.e., P̂sn = E[sn(k)s

∗
n(k)] =

1, n = 1, . . . , N , (E[·] denotes the expected value), Rss

can be further simplified into an N ×N identity matrix,
i.e., Rss = E[s(k)sH(k)] = IN .

2) There is no correlation between any two noise signals,
and therefore the noise correlation matrix Rnn (M×M
matrix) can be approximated as:

Rnn = P̂nIM , (16)

where P̂n = 10−SNR/10 is the mean noise power, IM is
the M × M identity matrix, and SNR is the signal to
noise ratio in dB.

3) Finally, the incoming signals have no correlation with
the noise signals.

By taking into account all the aforementioned assumptions,
the input correlation matrix of the beamformer is defined as:

Rxx = E[x(k)xH(k)]

= Eϕ E[s(k)s
H(k)]EH

ϕ + E[n(k)nH(k)]

= EϕE
H
ϕ +Rnn . (17)

Due to the first of the above three assumptions, the correlation
matrix of the interfering incoming signals is defined as:

Rii = E[si(k)s
H
i (k)] = IN−1, (18)

where
si(k) =

[
s2(k) s3(k) · · · sN (k)

]T
(19)

is a column vector containing the kth samples of the interfering
signals and IN−1 is the (N − 1) × (N − 1) identity matrix.
By using (11), (12), and (19), (15) can further be analyzed as
follows:

y(k) =yd(k) + yu(k) = wHeϕ(θ1, ϕ1)s1(k)

+wH
[
Eϕisi(k) + n(k)

]
, (20)

where yd(k) is the desired component of the beamformer
output that corresponds to DIS s1, yu(k) is the undesired
component that corresponds to all UISs plus noise, and Eϕi is
an M×(N−1) matrix similar to Eϕ in structure but composed
only of the electric phi-vectors that correspond to UISs. The
mean power of yd(k) is given as:

P̂yd =E
[
yd(k)y

∗
d(k)

]
=wHeϕ(θ1, ϕ1)e

H
ϕ (θ1, ϕ1)w. (21)

On the other hand, the mean power of yu(k) is given as:

P̂yu = E[yu(k)y
∗
u(k)]

= wHEϕiRiiE
H
ϕiw +wHRnnw

= wHEϕiE
H
ϕiw +wHRnnw. (22)

Finally, by dividing (21) by (22), we obtain the value of SINR
in dB:

SINR = 10 log
P̂yd

P̂yu

. (23)

IV. MODIFIED NULL STEERING BEAMFORMING

NSB [1] is a beamforming method, whose purpose is to
keep DIS undistorted and eliminate all UISs received at known
DOAs by the antenna array. To achieve this, the algorithm cre-
ates radiation pattern nulls at DOAs of UISs, thus maximizing
the signal to interference ratio (SIR), and for that reason the
NSB is also known in the literature as the maximum SIR
beamformer. The weight calculation for M > N according
to the conventional NSB method is performed by using the
expression:

wNSB = A(AHA)−1e1, (24)

where

A =
[
a(θ1, ϕ1) a(θ2, ϕ2) · · · a(θN , ϕN )

]
(25)

is the total theoretical steering matrix, and

e1 =
[
1 0 · · · 0

]T
(26)
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is a unit vector of size N × 1. As explained in section III,
by replacing the theoretical steering vector of every incoming
signal with the respective realistic steering vector in any
equation that applies to a theoretical antenna array, then the
modified equation will apply to the realistic case of this array.
In this way, A is replaced with Eϕ, and therefore (24) is
modified as follows:

wNSB = Eϕ(E
H
ϕEϕ)

−1e1, (27)

The last expression is the modified NSB formula.

V. MODIFIED MINIMUM VARIANCE DISTORTIONLESS
RESPONSE

Contrary to NSB, which maximizes SIR, MVDR [1] is a
beamforming method that aims to find the optimum feeding
weights, which keep DIS undistorted at the output of the
beamformer and minimize P̂yu (interference-plus-noise mean
power at the beamformer output), thus maximizing SINR.
The MVDR solution is identical to the maximum likelihood
solution, while providing the advantage that it does not re-
quire UISs and noise signals to follow a circularly-symmetric
complex normal distribution, as demanded by the maximum
likelihood method [2]. This advantage makes the MVDR
solution more general. The weight calculation according to
the conventional MVDR method is performed by using the
expression:

wMV = R−1
xxa(θ1, ϕ1) (28)

By replacing a(θ1, ϕ1) with eϕ(θ1, ϕ1) and using (17), we
extract the modified MVDR expression as follows:

wMV = (EϕE
H
ϕ +Rnn)

−1eϕ(θ1, ϕ1) (29)

VI. OPTIMIZATION OF MICROSTRIP PLANAR ANTENNA
ARRAY

In this study, a 64-element (D = 8, M = 64) MPAA
has been designed for operation at f = 800 MHz (n20
band of 5G wireless communications) and simulated in CST.
The microstrip elements are considered to be rectangular and
constructed according to the inset-feeding method, because
they can easily be matched to a 50 Ω characteristic impedance
without using any matching networks [49]–[52]. The whole
structure is considered to be constructed on a Rogers RT5880
substrate [53], which has a thickness h = 1.575 mm and an
electric permittivity ϵr = 2.2. For the sake of consistency,
the MPAA geometry is optimized by employing an effective
PSO variant called “PSO with velocity mutation” [54]. The
geometry parameters under optimization are: (i) the length L
of the microstrip patches, (ii) the width W of the microstrip
patches, (iii) the length t of the input transmission line, (iv) the
inset depth td, and (v) the inset width tw. The transmission line
width is set equal to 5 mm, which results in a characteristic
impedance of 50 Ω at 800 MHz. The goals of the optimization
process are the highest possible forward gain and standing
wave ratio values at the inputs of all the array elements below
1.2 (i.e., S-parameters Sm,m ≤ −20.8 dB). The array elements
are considered to be parallel to the yz-plane (see Fig. 3),

with spacings dz = dy = λ/2, where λ is the free space
wavelength at 800 MHz. Their input transmission lines are
parallel to the y-axis, while the excitation sources are placed
at the endpoints of these lines (the endpoints are represented
by the “feed point” of Fig. 3). During the optimization process,
all the feeding weights are considered to be equal to unity. The
final dimensions of the optimized MPAA are L = 124.6 mm,
W = 152.4 mm, t = 5 mm, td = 39 mm, and tw = 3.3 mm.
The gain of the optimized MPAA, when uniformly excited, is
derived equal to 21 dBi.

In order to extract the values of eϕm(θ, ϕ), m =
1, 2, . . . ,M(M = 64), the MPAA is simulated 64 times. Each
time, only one element is considered to be driven with a
unitary weight (active element), while all the other elements
are considered to be non-driven. The values of eϕm(θ, ϕ),
m = 1, 2, . . . ,M , are recorded with a stepsize of 0.1◦ for
both θ and ϕ. As mentioned in section III, the feeding ports
position ensures that Eθ is significantly lower compared to Eϕ

(Eθ << Eϕ) inside a certain spherical sector, which means
that the total radiation pattern of the antenna array can be well-
approximated in this sector only by Eϕ. This was validated
with CST inside a spherical sector defined by θ ∈ [30◦, 150◦]
and ϕ ∈ [−60◦, 60◦], and the outcome of this validation is
presented in the next section. Our simulations are applied to
an internal part of the above sector (i.e., a sector confined
by θ ∈ [90◦, 150◦] and ϕ ∈ [−45◦, 45◦] as shown in Fig.
2), and therefore both the condition Eθ << Eϕ and the
approximation of the total radiation pattern by Eϕ apply to this
internal sector as well. The reason for selecting this sector for
our simulations has already been explained in section I. The
storage required to save the electric field data for this spherical
sector was measured approximately equal to 520 MB, which is
a relatively small storage requirement according to the current
technology standards, and thus it would not noticeably affect
the cost of the beamformer in real-world use cases. Finally, due
to the symmetry of the MPAA with respect to the xy-plane,
the simulations needed to extract the values of eϕm(θ, ϕ) can
be reduced to half (i.e., 32 simulations).

VII. VALIDATION OF THE PROPOSED APPROACH

To validate our proposed approach, we have implemented
numerous tests, where we compare radiation patterns produced
by the linear combination (6) of the phi-components eϕm(θ, ϕ)
(m = 1, 2, . . . ,M ) of LEEPs using feeding weights derived
from the modified ABF methods, versus radiation patterns of
the total electric phi-component Eϕ produced by a full-wave
analysis of the MPAA in CST when applying the same feeding
weights. The comparisons exhibit absolute resemblance. An
example of these comparisons is shown in Fig. 4, where
the radiation pattern extracted by the linear combination of
eϕm(θ, ϕ) (m = 1, 2, . . . ,M ) using weights derived from
the modified NSB method is compared with the radiation
pattern of Eϕ produced from CST simulation of the MPAA
using the same feeding weights. In this example, a DIS
with DOA (θ1, ϕ1) = (130◦, 30◦) and a UIS with DOA
(θ2, ϕ2) = (120◦, 20◦) are considered to be received by the
MPAA. The illustration of Eϕ, when using weights derived
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Fig. 4. Normalized radiation patterns of Eϕ. In each graph two radiation patterns are depicted; One produced by the linear combination of LEEPs using weights
derived by the modified NSB method, and the other by analyzing the whole array with CST using the same weights. One DIS at DOA (θ1, ϕ1) = (130◦, 30◦)
and one UIS at DOA (θ2, ϕ2) = (120◦, 20◦) are received by the MPAA. In (a) and (b), the main lobe is depicted for constant values of ϕ = 30◦ and
θ = 130◦, respectively. In (c) and (d), the null is depicted for constant values of ϕ = 20◦ and θ = 120◦, respectively.
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Fig. 5. Normalized radiation patterns. In each graph two radiation patterns are depicted; One illustrates Eϕ, which is produced by the linear combination of
LEEPs using weights derived by the modified NSB method, and the other illustrates the total electric field (i.e., considers both Eθ and Eϕ) obtained through
CST full-wave analysis. One DIS at DOA (θ1, ϕ1) = (130◦, 30◦) and one UISs at DOA (θ2, ϕ2) = (120◦, 20◦) are received by the MPAA. In (a), the
null is depicted for constant ϕ = 20◦, while in (b), the null is depicted for constant θ = 120◦.

from the modified MVDR method, has been deemed by the
authors as unnecessary because the weights derived from both
modified methods are very close in magnitude and phase and

therefore the respective radiation patterns are nearly identical.

Furthermore, we have verified that the theta-component Eθ

of the total electric field is negligible compared with Eϕ
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(Eθ << Eϕ), as claimed in the first paragraph of section III
and the last paragraph of section VI. To do so, we compare
Eϕ extracted by the linear combination of eϕm(θ, ϕ) (m =
1, 2, . . . ,M ) using weights derived from the modified ABF
methods, with the total electric field (which takes into account
both Eθ and Eϕ) extracted through full-wave analysis of the
MPAA in CST when applying the same feeding weights. The
comparisons exhibit excellent resemblance inside the spherical
sector defined by θ ∈ [30◦, 150◦] and ϕ ∈ [−60◦, 60◦]. An
example of these comparisons is illustrated in Fig. 5, where
a DIS with DOA (θ1, ϕ1) = (130◦, 30◦) and a UIS with
DOA (θ2, ϕ2) = (120◦, 20◦) are considered to be received by
the MPAA, while the weights are derived from the modified
NSB method. The difference in the null depth displayed in
the graphs of this figure is due to the fact that, despite the
condition Eθ << Eϕ, the electric component Eϕ decreases
so much at null positions that it becomes considerably lower
than the typically negligible Eθ. Therefore, the nulls of the
total field cannot be as deep as the nulls of Eϕ. However,
this cannot be considered as a critical degradation of the null
depth, because the nulls of the total electric field are still deep
and they really do not affect the SINR value.

VIII. PERFORMANCE AND TEMPORAL RESPONSE OF THE
PROPOSED APPROACH

In order to examine the performance and temporal response
of the proposed approach, we have performed two extensive
statistical analyses. Both analyses are conducted for both
modified NSB and MVDR methods and for two different
SNR values, that is 0 dB and 10 dB. In the first statistical
analysis, we evaluate how the performance of the modified
ABF algorithms is affected by the angular distance between
DOAs of the incoming signals. This analysis is performed for
a fixed number of three incoming signals (N = 3), i.e., one
DIS and two UISs. The angular distances ∆θ and ∆ϕ between
any two adjacent DOAs of incoming signals are considered
to be equal to 8◦, 10◦ or 12◦ (three different scenarios). In
the second statistical analysis, we evaluate the performance of
the modified ABF methods in terms of the number of UISs,
so we consider constant values of ∆θ and ∆ϕ, specifically
∆θ = ∆ϕ = 8◦. The performance is evaluated starting with
one UIS and up to six UISs (six different scenarios). In every
scenario, a large set of different DOA combinations is defined
according to the following scheme:

1) Starting from the lower boundaries of both angular sec-
tors (θ = 90◦, ϕ = −45◦), we define a set of N DOAs:
{(90◦,−45◦), (90◦+∆θ,−45◦+∆ϕ), . . . , (90◦+(N−
1)∆θ,−45◦+(N − 1)∆ϕ)}, where ∆θ, ∆ϕ and N are
defined according to the scenario under study.

2) We define N combinations of DOAs considering each
time that DOA of DIS (θ1, ϕ1) is represented by a differ-
ent pair of angles of the above set and all the other pairs
are DOAs of UISs, i.e., (θ1, ϕ1) = (90◦,−45◦) in the 1st
combination, (θ1, ϕ1) = (90◦ +∆θ,−45◦ +∆ϕ) in the
2nd, and finally (θ1, ϕ1) = (90◦ + (N − 1)∆θ,−45◦ +
(N − 1)∆ϕ) in the N th.

3) We increase all the values of angle θ of the above
set by 5◦ and we create a new set of N DOAs, i.e.,

{(95◦,−45◦), (95◦+∆θ,−45◦+∆ϕ), . . . , (95◦+(N−
1)∆θ,−45◦ + (N − 1)∆ϕ)}.

4) We additionally define N combinations of DOAs consid-
ering each time that DOA of DIS (θ1, ϕ1) is represented
by a different pair of angles of the above set and the
other pairs are DOAs of UISs (similarly to step 2).

5) We repeat steps 3 and 4 until any value of angle θ of
the set exceeds 150◦ (upper boundary of the θ-sector).

6) We start again from the lower boundary of angle θ (θ =
90◦), but increase the value of angle ϕ by 5◦, thus
creating a new set of N DOAs, i.e., {(90◦,−40◦), (90◦+
∆θ,−40◦ +∆ϕ), . . . , (90◦ +(N − 1)∆θ,−40◦ +(N −
1)∆ϕ)}.

7) We repeat steps 2-6 until any value of angle ϕ of the set
exceeds 45◦ (upper boundary of the ϕ-sector).

In fact, the above-defined scheme generates all the possible
DOA combinations, inside any spherical sector, with a stepsize
of 5◦ for both angles θ and ϕ. The computer used for all the
simulations performed in this paper is equipped with an Intel
i7 5960X (eightcore) CPU and a 64 GB DDR4 RAM.

For each one of the above-described scenarios, we define
a set of DOA combinations according to the previously-
described scheme. Each DOA combination consists of N
pairs of angles, i.e., one pair (θ1, ϕ1) that represents DOA
of DIS and N − 1 pairs (θ2, ϕ2) . . . (θN , ϕN ) that represent
DOAs of UISs. For each DOA combination, we calculate the
divergence of the actual main lobe direction from (θ1, ϕ1), the
divergences of the nulls directions from the respective DOAs
(θ2, ϕ2) . . . (θN , ϕN ) of UISs, and the SINR value. After all
DOA combinations of the scenario are processed, we calculate
the mean value and the standard deviation (std) of the main
lobe divergence, the mean value and the standard deviation
of the nulls divergences, the mean value and the standard
deviation of the SINR, and the mean computational time per
DOA combination. The divergences of the main lobe and the
nulls are expressed by two separate angular divergences, one
for θ and one for ϕ.

The results of the first statistical analysis are shown in Ta-
bles I and II for SNR = 0 dB and SNR = 10 dB, respectively.
They reveal that, in all scenarios, both modified ABF methods
are able to place nulls with exceptional accuracy, and therefore
the SINR values are high. This is helped by the fact that a
radiation pattern always has strong changes around a null,
so the direction of a null can be determined by the ABF
methods with great precision. On the other hand, the change
in a radiation pattern around the peak of the main lobe is not
as strong as in the case of a null. This does not help the ABF
methods to determine the direction of the peak of the main lobe
as accurately as in the case of a null, and this is verified by a
small deviation of the main lobe from its expected direction
(DOA of DIS).

The angular distance of DOAs of the incoming signals
seems to have a noticeable effect only on the main lobe di-
vergence, which improves (decreases) as this angular distance
increases. An explanation for this is as follows: In fact, the
angular distance of DOAs of two adjacent incoming signals is
the expected distance between two adjacent nulls or between
the main lobe and its nearest null. According to the number
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TABLE I
1ST STATISTICAL ANALYSIS OF THE MODIFIED BEAMFORMING METHODS: SNR = 0 dB, ∆θ = ∆ϕ = 8◦, 10◦, 12◦ AND N = 3 (1 DIS & 2 UISS)

∆θ = ∆ϕ Method
Main lobe

θ-divergence (deg)
[mean/std]

Main lobe
ϕ-divergence (deg)

[mean/std]

Nulls
θ-divergence (deg)

[mean/std]

Nulls
ϕ-divergence (deg)

[mean/std]

SINR (dB)
[mean/std]

Mean Time
(µs)

8◦
NSB 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 31.58/3.20 15

MVDR 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 31.58/3.20 109

10◦
NSB 0.97/1.02 1.66/1.37 0.00/0.00 0.00/0.00 31.79/3.24 15

MVDR 0.97/1.02 1.66/1.37 0.00/0.02 0.00/0.03 31.79/3.24 108

12◦
NSB 0.57/0.52 1.61/1.21 0.00/0.00 0.00/0.00 32.27/2.91 15

MVDR 0.57/0.52 1.61/1.21 0.01/0.10 0.00/0.03 32.27/2.91 110

TABLE II
1ST STATISTICAL ANALYSIS OF THE MODIFIED BEAMFORMING METHODS: SNR = 10 dB, ∆θ = ∆ϕ = 8◦, 10◦, 12◦ AND N = 3 (1 DIS & 2 UISS)

∆θ = ∆ϕ Method
Main lobe

θ-divergence (deg)
[mean/std]

Main lobe
ϕ-divergence (deg)

[mean/std]

Nulls
θ-divergence (deg)

[mean/std]

Nulls
ϕ-divergence (deg)

[mean/std]

SINR (dB)
[mean/std]

Mean Time
(µs)

8◦
NSB 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 41.58/3.20 15

MVDR 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 41.58/3.20 108

10◦
NSB 0.97/1.02 1.66/1.37 0.00/0.00 0.00/0.00 41.79/3.24 15

MVDR 0.97/1.02 1.66/1.37 0.00/0.02 0.00/0.03 41.79/3.24 108

12◦
NSB 0.57/0.52 1.61/1.21 0.00/0.00 0.00/0.00 42.27/2.91 15

MVDR 0.57/0.52 1.61/1.21 0.01/0.10 0.00/0.03 42.27/2.91 110

TABLE III
2ND STATISTICAL ANALYSIS OF THE MODIFIED BEAMFORMING METHODS: SNR = 0 dB, ∆θ = ∆ϕ = 8◦ FOR 1 DIS & VARIOUS NUMBERS OF UISS

N Method
Main lobe

θ-divergence (deg)
[mean/std]

Main lobe
ϕ-divergence (deg)

[mean/std]

Nulls
θ-divergence (deg)

[mean/std]

Nulls
ϕ-divergence (deg)

[mean/std]

SINR (dB)
[mean/std]

Mean Time
(µs)

2 (1 UIS) NSB 2.07/1.18 1.91/1.57 0.00/0.00 0.00/0.00 31.11/3.54 10
MVDR 2.07/1.18 1.91/1.57 0.00/0.00 0.00/0.00 31.11/3.54 105

3 (2 UISs) NSB 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 31.58/3.20 15
MVDR 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 31.58/3.20 109

4 (3 UISs) NSB 1.87/1.46 2.06/1.43 0.00/0.00 0.00/0.00 30.63/3.79 16
MVDR 1.87/1.46 2.06/1.43 0.02/0.07 0.01/0.05 30.64/3.78 136

5 (4 UISs) NSB 1.82/1.48 1.95/1.31 0.00/0.00 0.00/0.00 30.77/3.64 20
MVDR 1.82/1.48 1.95/1.31 0.01/0.04 0.01/0.05 30.78/3.63 147

6 (5 UISs) NSB 2.01/1.56 2.23/1.28 0.00/0.00 0.00/0.00 29.61/4.45 21
MVDR 2.00/1.56 2.22/1.28 0.04/0.08 0.03/0.07 29.63/4.42 149

7 (6 UISs) NSB 1.96/1.56 2.17/1.22 0.00/0.00 0.00/0.00 29.53/4.54 25
MVDR 1.96/1.56 2.17/1.22 0.00/0.02 0.00/0.02 29.53/4.54 152

of the array elements along each axis (y-axis or z-axis in our
paper, see Fig. 3), this distance has a respective lower limit
along each axis. So, when the distance becomes less than any
of the above lower limits, the beamformer will face difficulty
in placing the main lobe toward the expected direction (DOA
of DIS), which results in a divergence of the main lobe from
this direction. This also applies to nulls, but to a much lesser
extent, because, as explained above, the strong changes of
the radiation pattern around nulls help to place nulls toward
the expected directions (DOAs of UISs) with much greater
accuracy. However, if the number of the array elements along
each axis increases, then the divergence of the main lobe
will be kept at low values, even in cases when the angular
distance of DOAs of the incoming signals is reduced (e.g.,
when ∆θ = ∆ϕ = 8◦). In this paper, only eight array elements

per axis (D = 8) are used for practical reasons, because the
use of a greater number of elements would only make the
statistical analysis more time-consuming and yet would result
in similar conclusions.

The SINR values exhibit only a slight improvement when
∆θ and ∆ϕ are increased (i.e., improvement of 0.7 dB when
increasing angular distances from 8◦ to 12◦). This is an
expected behavior, because the accurate placement of nulls
plays a major role in the SINR value, provided of course that
the divergence of the main lobe is not excessive.

The results of the second statistical analysis are shown in
Tables III and IV for SNR = 0 dB and SNR = 10 dB,
respectively. The modified ABF methods exhibit a remarkable
performance, even when increasing the number of UISs, only
a slight change of the main lobe divergence is observed.
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TABLE IV
2ND STATISTICAL ANALYSIS OF THE MODIFIED BEAMFORMING METHODS: SNR = 10 dB, ∆θ = ∆ϕ = 8◦ FOR 1 DIS & VARIOUS NUMBERS OF UISS

N Method
Main lobe

θ-divergence (deg)
[mean/std]

Main lobe
ϕ-divergence (deg)

[mean/std]

Nulls
θ-divergence (deg)

[mean/std]

Nulls
ϕ-divergence (deg)

[mean/std]

SINR (dB)
[mean/std]

Mean Time
(µs)

2 (1 UIS) NSB 2.07/1.18 1.91/1.57 0.00/0.00 0.00/0.00 41.11/3.54 10
MVDR 2.07/1.18 1.91/1.57 0.00/0.00 0.00/0.00 41.11/3.54 105

3 (2 UISs) NSB 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 41.58/3.20 15
MVDR 1.78/1.38 1.79/1.41 0.00/0.00 0.00/0.00 41.58/3.20 108

4 (3 UISs) NSB 1.87/1.46 2.06/1.43 0.00/0.00 0.00/0.00 40.63/3.79 16
MVDR 1.87/1.46 2.06/1.43 0.02/0.07 0.01/0.05 40.64/3.78 134

5 (4 UISs) NSB 1.82/1.48 1.95/1.31 0.00/0.00 0.00/0.00 40.77/3.64 20
MVDR 1.82/1.48 1.95/1.31 0.01/0.04 0.01/0.05 40.78/3.63 147

6 (5 UISs) NSB 2.01/1.56 2.23/1.29 0.00/0.00 0.00/0.00 39.61/4.45 21
MVDR 2.01/1.56 2.23/1.28 0.00/0.01 0.00/0.01 39.61/4.44 148

7 (6 UISs) NSB 1.96/1.56 2.17/1.22 0.00/0.00 0.00/0.00 39.53/4.54 25
MVDR 1.96/1.56 2.17/1.22 0.00/0.02 0.00/0.02 39.53/4.54 154

TABLE V
1ST STATISTICAL ANALYSIS OF THE CONVENTIONAL BEAMFORMING METHODS: SNR = 0 dB, ∆θ = ∆ϕ = 8◦, 10◦, 12◦ AND N = 3 (1 DIS & 2

UISS)

∆θ = ∆ϕ Method
Main lobe

θ-divergence (deg)
[mean/std]

Main lobe
ϕ-divergence (deg)

[mean/std]

Nulls
θ-divergence (deg)

[mean/std]

Nulls
ϕ-divergence (deg)

[mean/std]

SINR (dB)
[mean/std]

Mean Time
(µs)

8◦
NSB 53.57/27.09 2.26/2.95 3.96/1.22 3.42/1.22 1.28/9.11 14

MVDR 53.66/27.20 2.17/2.68 3.96/1.22 3.42/1.22 1.33/9.04 110

10◦
NSB 57.39/28.45 1.67/2.55 4.15/1.10 3.52/1.28 2.36/9.55 16

MVDR 57.40/28.46 1.64/2.50 4.15/1.11 3.52/1.28 2.38/9.59 109

12◦
NSB 56.85/28.44 1.16/1.85 3.90/0.99 3.44/1.07 4.65/10.28 16

MVDR 56.85/28.44 1.16/1.85 3.89/1.00 3.43/1.07 4.67/10.27 109

Once again, the radiation pattern nulls are placed with high
precision, with near-zero divergence, even when the number
of UISs is increased (from 1 UIS to 6 UISs).

In both statistical analyses, the SNR value does not seem
to affect the performance of the beamformers at all. Both
statistical analyses reveal that the performance of the modified
beamformers is excellent throughout all scenarios of escalating
difficulty.

In terms of computational time, both statistical analyses
show that the modified NSB method runs a lot faster compared
to the modified MVDR method. This is expected because, as
shown in (27), the modified NSB method calculates the inverse
of EH

ϕEϕ, which is an N × N matrix. On the other hand,
as shown in (29), the modified MVDR method calculates the
inverse of Rxx, which is an M×M matrix. Since the antenna
array consists of 64 elements, the modified MVDR method
has to invert a 64 × 64 matrix, which is significantly larger
compared to an N ×N matrix, where N = 2, 3, . . . , 7.

Finally, four 3D radiation patterns are given in Fig. 6 as
examples, in order to visualize the precise radiation shaping
achieved by the modified ABF methods. In all the examples,
the scenario with the highest difficulty is visualized (1 DIS
and 6 UISs). In Figs. 6a and 6b, the 3D radiation patterns
of the MPAA are illustrated, respectively for SNR = 0 dB
and SNR = 10 dB, when the array elements are driven
with feeding weights derived from the modified NSB method.

Similarly, in Figs. 6c and 6d, the 3D radiation patterns of
the MPAA are depicted, respectively for SNR = 0 dB and
SNR = 10 dB, when the array elements are driven with
feeding weights derived from the modified MVDR method.

IX. COMPARISON WITH THE CONVENTIONAL NSB AND
MVDR METHODS AND A PSO-BASED BEAMFORMER

In order to demonstrate the improvement achieved by the
modified NSB and MVDR methods over their conventional
counterparts, we repeat the 1st statistical analysis for SNR = 0
dB using the conventional NSB and MVDR methods. In fact,
instead of using the electric phi-vector expression given in (8),
we use the theoretical steering vector expression given in (3),
and therefore we treat the MPAA as a planar array composed
of isotropic sources. The excitation weights extracted by the
conventional methods are used to produce the radiation pattern
of the MPAA through full-analysis in the CST environment.
The results of the statistical analysis are presented in Table
V. It seems that the conventional methods are incapable of
steering the main lobe towards DOA of DIS, while introducing
considerable divergences on the nulls directions. Consequently,
the SINR value is really low. Moreover, not only do the
modified methods perform significantly better, but they also
require the same computational time compared to their con-
ventional counterparts (see Table I in comparison with Table
V). Therefore, the modified methods demonstrate a significant
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Fig. 6. 3D radiation patterns of the 64-element MPAA, simulated in CST, when the main lobe is steered towards DOA of DIS and six nulls are placed towards
respective DOAs of UISs. In (a) and (b), the radiation patterns are derived using feeding weights calculated by the modified NSB method for SNR = 0
dB and SNR = 10 dB, respectively. In (c) and (d), the radiation patterns are derived using feeding weights calculated by the modified MVDR method for
SNR = 0 dB and SNR = 10 dB, respectively.

improvement in terms of accuracy, while maintaining the same
temporal response.

Furthermore, we compare the modified NSB and MVDR
methods with a PSO-based beamforming algorithm, which
has been chosen as an example of beamforming methods
based on evolutionary optimization techniques. We select the
first scenario of the first statistical analysis, i.e., SNR = 0
dB, ∆θ = ∆ϕ = 8◦, N = 3 (1 DIS & 2 UISs), and

we perform 100 trials. To help the PSO technique find the
optimal solution as quickly as possible, the fitness function
must be expressed through a single parameter that includes all
the beamforming requirements. This parameter is chosen to
be the SINR, because its maximization implies that the main
lobe is steered toward DOA of DIS, while, at the same time,
radiation pattern nulls are placed toward DOAs of respective
UISs. Given that the PSO technique employed here is based
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on the minimization of the fitness function, the fitness function
will be defined as:

F = −SINR (30)

where the SINR is expressed in dB. By minimizing F , the PSO
technique reaches the maximum value of the SINR. The PSO-
based beamformer requires 170 ms per DOA combination
(5000 fitness evaluations) on average to achieve the desired
beamforming requirements. However, the modified NSB and
MVDR methods achieve similar results within microseconds
(see Table I). Consequently, due to the significant difference
in computational time, deterministic beamformers, like the
modified NSB and MVDR methods, are more preferable
for real-time processes compared to beamformers based on
evolutionary optimization techniques.

Finally, it should be noted that, in order to have a fair
comparison, the computer used in the statistical analysis of
the conventional NSB and MVDR methods as well as in all
the trials of the PSO-based beamformer is the same as the one
used in all the statistical analyses of the modified NSB and
MVDR methods (Intel i7 5960X (eightcore) CPU and a 64
GB DDR4 RAM).

X. CONCLUSION

By applying our proposed approach, both the particular
non-isotropic radiation pattern of the array elements and the
mutual coupling between them can effectively be incorporated
as information into the steering vectors to accurately control
the reception of incoming signals by a realistic planar antenna
array. The validity of the proposed approach was confirmed
through numerous comparisons between radiation patterns
produced by applying the proposed approach and radiation
patterns extracted by full-wave analysis of the planar antenna
array using CST.

By employing our approach, the NSB and MVDR methods
can properly be modified to perform beamforming in 3D
space. As shown by the two statistical analyses carried out
in this paper, the modified beamformers exhibit remarkable
performance with near-zero divergences of nulls from DOAs
of UISs, minor divergence of the main lobe from DOA
of DIS, and high SINR values. Furthermore, the modified
beamformers are robust, since there is almost no degradation
in their performance, even when increasing the number of the
incoming signals. It was also shown that the modified beam-
formers outperform their conventional counterparts regarding
the accuracy of the main lobe direction and the accuracy
of nulls placement, while maintaining the same temporal
response. In addition, the utilization of the modified ABF
methods is not limited to the realistic planar antenna array
used as an example in this paper, but can also be extended to
any type or geometry of antenna array, as long as LEEPs of the
array in use are available. Finally, the modified ABF methods
work really fast, their temporal response is much higher than
that of evolutionary optimization based beamformers, and they
require little memory space. All these advantages make the
new approach suitable for real-world applications.
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