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Abstract
Direction finding using a cylindrical array of dipoles has been implemented in presence of large cylindrical scatterers. A different number of scatterers in the simulations are used. The effect of the large cylindrical scatterers is considered by cylindrical
harmonic expansion of the scattered field. These fields are computed analytically. The
direction finding process is verified by a comparison with phase difference direction
finding method implemented in HFSS simulator environment. The error induced in the
direction finding mechanism by the scattered fields is estimated through Monte-Carlo
simulations. Interfering signals are introduced and a beamforming process is implemented to evaluate the corresponding signal to interference ratios. The method alleviates the use of high computational cost simulations for scatterer effect estimation. The
method could be used in wireless communication and smart antenna applications.
Keywords: Scattering, Far-field, Direction finding, MUSIC algorithm, Beamforming,
Mutual coupling, 3D dipole array, Monte-Carlo simulation

1 Introduction
The smart antennas are widely established in different wireless systems to enhance
the spectrum efficiency by increasing the signal to noise ratio. The interest in smart
antennas for airplane and aerospace applications such as localization, tracking, navigation and surveillance systems is growing increasingly [1]. For this purpose, the
radio direction finding and the beamforming methods were studied to improve the
capabilities of antenna arrays in different airplane and airport services [2–4]. In
a more realistic situation such as airports, the effects of the scatterer in the presence of the mutual coupling between the antenna elements are not negligible and it
should be considered in the corresponding models [5]. A maximum likelihood DOA
(direction of arrival) estimator was established in the presence of a local scatterer
without considering the mutual coupling effects in [6]. The studies in [7] and [8]
proposed an iterative algorithms based on the self-calibration methods for direction
finding to remove the effects of the mutual coupling and the 3D scatterer. These
iterative methods had a limited application where the time delay/computation time

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

Poormohammad et al. J Wireless Com Network

(2022) 2022:88

is important. As the electrical size or the number of scatterers is increased, the efficiency of the algorithms in [7] and [8] is decreased. The issue of the far-field large
scatterer has not been addressed in [7] or [8]. In [8] the authors established a calibration method to mitigate the multipath signal components in presence of scatterer for
direction finding and localization. The method in [8] was a time-consuming method
due to its numerical electromagnetic tools, especially when the number of scatterers
was increased. In addition, the authors in [9] simulated the problem to localize its
near-field multi-paths without any far-field scattering components. The effects of
large far-field scatterer in DOA estimation for antenna arrays have not been studied
as well.
The effects of the coherent local scattering in adaptive beamforming were considered as a mismatch in construction of the IPN (interference-plus-noise) covariance matrix in [10]. The proposed IPN covariance matrix in the algorithm of [10]
consisted of the two parts. The first part was obtained by Capon spectrum estimator
integrated over a region separated from the direction of the desired signal and the
second part was acquired by removing the desired signal component from the sample covariance matrix [10]. The approach to combine the two parts to obtain a good
performance in different situations is also an open topic for the researchers. In [11]
the authors conducted a cost-effective low rank algorithm for designing a robust
adaptive beamforming and the presence of local scatterer was modeled by steering
vector mismatches.
The effect of a cylindrical reflector/scatterer at the proximity of three-dimensional
cylindrical array was formulated for direction finding and beamforming algorithms in
the presence of mutual coupling effects [12].
In this paper, the effect of large far-field scatterers at the proximity of the antenna
array in presence of mutual coupling is presented. In this model the scattered field
is analytically formulated in terms of the cylindrical harmonics and then the total
field is computed for direction finding and beamforming purpose. In an earlier study,
the scatterer problem was approximated as a cylinder and the cylindrical harmonic
expansion was used for modeling the scattered signal [7]. As mentioned above the
algorithm in [7] was iterative and did not guarantee the convergence. It also required
a large number of antennas and examined only for near-field scatterers.
In this paper, a number of large cylindrical scatterers are considered and using an
array with a limited number of elements the problem of direction finding and beamforming is addressed using the standard MUSIC algorithm in presence of mutual
coupling. Finally, the direction finding error and the signal to interference ratio is
estimated.
In the following section, we present the algorithms of direction finding and beamforming in presence of large cylindrical scatterers and we compare the direction
finding results with the HFSS (high frequency simulation software) simulations. For
this purpose, we have implemented a direction finding process using two orthogonal dipole arrays within the HFSS simulator. In Sect. 3 the RMSE (root-mean-square
error) values of the direction finding and the SIR (signal to interference ratio) values
of the beamforming in the presence of the scatterers and mutual coupling effects are
computed for a 3D geometry. Section 4 draws the conclusion.

Page 2 of 15

Poormohammad et al. J Wireless Com Network

(2022) 2022:88

Page 3 of 15

2 Methods to implement the direction finding and the beamforming
algorithms in presence of large cylindrical scatterers
In this section, we first consider the model for scattering of a plane wave by a number of
parallel large circular cylinders. Each cylinder is defined by its radius and axis coordinate
′
′
(ρi , ϕi) with respect to the global cylindrical system (ρ, ϕ) as shown in Fig. 1. Let consider a
number of M cylindrical scatterers [13] and the receiving array is considered at the origin of
the coordinates.
Considering the TMz incident field (TMz stands for transverse magnetic with respect to
the propagation direction z), the incident electric field of a plane wave on the c ylinder “i” is
expressed as an expansion of Bessel functions in the (ρi , ϕi) cylindrical coordinate system as
[13]:
′

Ezinc (ρi , ϕi ) = E0 e

′

jk0 ρi cos ϕi −ϕ0

′

ejk0 ρi cos (ϕi −ϕ0 ) = E0 e

′

jk0 ρi cos ϕi −ϕ0

n=+∞

j −n Jn (k0 ρi )ejn(ϕi −ϕ0 )
n=−∞

(1)

where k0 is the free space wave number and ϕ0 is the angle of incidence of the plane
wave. The expression of the scattered field for perfectly conducting cylinder “i” is given
by [13, 14].
s
Ez,i
(ρi , ϕi )

= E0 e

 ′

′
jk0 ρi cos ϕi −ϕ0

×

n=+∞

n=−∞



−n
−j
Jn (k0 a) 2
Hn (k0 ρi )ejn(ϕi −ϕ0 )
Hn2 (k0 a)

(2)

where a is the radius of a large cylindrical scatterer in the far-field of the antenna array
and it is considered to be small with respect to the wavelength.Hn2 (k0 ρi ) is Hankel function of the second kind. After computing the scattered field by each of the cylinders one
can replace the local coordinate (ρi , ϕi ) by global coordinate (ρ, ϕ) using the following
equations,
 ′
′
x = ρ cos (ϕ) − ρi cos ϕi

 ′
′
y = ρsin (ϕ) − ρi sin ϕi

Fig. 1 The cross section of circular cylinder “i” upon which the plane wave is incident
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x2 + y2

ϕi = tan−1

y
x

(3)

Considering M scatterers, at any point the total electric field is

Ez (ρ, ϕ) = Ezinc (ρ, ϕ) +

M


s
Ez,i
(ρ, ϕ)

(4)

i=1

Now, for considering the effect of scatterers in direction finding and beamforming
processes we should use Eq. (4) for the total incident field on the antenna array.
2.1 Direction finding in presence of large cylindrical scatterers

For direction finding purpose a cylindrical array of 6 half-wave dipole antennas is considered in presence of a few large cylindrical scatterers in the far-field region. The distance between the antenna elements is 2 and thus the radius of the cylindrical array (rc)
is 2 according to (5). This formula is calculated by trigonometric relationships for the
proposed geometry.



2  
rc =
2sin π 6

(5)

As we desire to have the scatterers in the far-field of the array and the scatterers to be
adequately large, here the distance between the cylindrical scatterer and the center of
the cylindrical array is considered to be 10 and the height of the cylindrical scatterer
is considered to be 10. The geometry of the cylindrical array including one cylindrical
scatterer is shown in Fig. 2.
The search function (pseudospectrum) of the modified MUSIC method (to perform
the direction finding algorithm) as a function of the array steering vector a(θ , ϕ) can be
expressed as (6), to include the mutual coupling effect [15].

1

P MUSIC (θ, ϕ) = 

−1 H
−1
H
Z
a(θ
,
ϕ)

a (θ, ϕ)(Z 0 ) E n E H
n 0

(6)

In general, the steering vector a(θ , ϕ) with wavenumber of kc is defined as (7), where
rm is the position vector of each array element m and ri is the unit vector in the direction
of the field point [15].

a(θ, ϕ) = e−jkc (r i .r m )

(7)

Here, the direction finding algorithm is performed in presence of the incident field
and the scattered field. In order to validate our model including the scatterer effect we
compare our results with those in an HFSS simulation environment. For this purpose,
we use the geometry of Fig. 2 for direction finding with modified MUSIC algorithm. As
an example the azimuth and elevation angles of the incident signal are considered to be
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Fig. 2 The geometry of the cylindrical array with a single cylindrical scatterer in this work

Fig. 3 The magnitude of pseudospectrum function of MUSIC DOA algorithm as a function of azimuth angle
with a single cylindrical scatterer

◦

◦

ϕ = 140 in horizontal plane (θ = 90 ). The number of snapshots is 100 and the value of
SNR is 10 dB in the simulation. The modified MUSIC Pseudospectrum as a function of
azimuth angle for the defined geometry is shown in Fig. 3.
As shown in Fig. 3 the proposed model estimates the azimuth direction of arrival
angle properly in the presence of the far-field cylindrical scatterer. To verify this
model, we implement two orthogonal array of dipoles and we estimate the angle of
arrival by HFSS simulation, through phase comparison DF (Direction Finding) as
described in the following. For this purpose, we consider the geometry of the array
with four half-wave dipole antennas in presence of the large far-field scatterer as in
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Fig. 4. Here, the center frequency in HFSS simulations is equal to 1 GHz and the elements’ distances in each pair (for avoiding phase ambiguity) are considered to be 0.35
 . The height and the position of the far-field scatterer are the same as before.
To estimate the direction of arrival (by phase comparison DF method) using the
geometry of Fig. 4 we first calculate the phase difference of the received signal for
◦
each dipole pair in the horizontal lane ( θ = 90 ). For this array the phase difference
between the received signal of the elements �ϕ13 and �ϕ24 is given by (8) and (9),

�ϕ13 = ϕ1 − ϕ3 = kds cos(ϕ0 )

(8)

�ϕ24 = ϕ2 − ϕ4 = kds sin(ϕ0 )

(9)

where k is the wave-number of the incident signal, ds is the dipoles baseline distance and
the ϕ0 is the estimated azimuth angle. Using HFSS simulation results in Eqs. (8) and (9),
◦
the azimuth angle of arrival is estimated about ϕ0 = 137.12 where the incident angle
◦
was at ϕ = 140 .
To certify more our verifications we consider a number of incident angles ϕ0 ∈ (0, π)
for direction finding with proposed method compared to the phase difference method
(implemented by HFSS). The estimated angle in each case was computed through
both methods and the results of the estimated angles are depicted in Fig. 5.
The simulations show that the proposed method follows the HFSS simulations quite
adequately. Now, we consider a scenario with 3 far-field cylindrical scatterers as in
Fig. 6 and compare the angle of arrivals estimated by the proposed method with those
of the phase difference method for a number of incident angles. The estimated angles
are depicted in Fig. 7.
As a scenario including an interfering signal, we consider the geometry of Fig. 6 for
direction finding with the modified MUSIC algorithm including the effects of far-field
scatterers for azimuth and elevation angles of the signal and the interference as listed
in Table 1.

Fig. 4 The geometry of the array with a single cylindrical scatterer and two orthogonal dipole arrays used for
HFSS simulations
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Fig. 5 Estimated angle of arrivals versus the true incident angle with proposed method compared to the
phase difference method (implemented by HFSS) with a single scatterer

Fig. 6 The geometry of cylindrical array with three cylindrical scatterers

For these simulations the number of snapshot is considered as 100 and the value of
the SNR is considered to be 10 dB. The scattered field by three cylindrical scatterers is
combined in (4) to achieve the total electric field impinging on the array and the twodimensional MUSIC Pseudospectrum as a function of azimuth and elevation angles is
shown in Fig. 8.
As shown in Fig. 8, the proposed method can determine the angle of arrival for the
signal and the interference in presence of the far-field scatterers and mutual coupling
effects with minor errors.
2.2 Beamforming in presence of large cylindrical scatterers

In this research, the sub-optimal beamforming method of [16] was modified for
considering the effects of scatterers by changing the form of the received signals
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Fig. 7 Estimated angle of arrivals versus the true incident angle with proposed method compared to the
phase difference method (implemented by HFSS) with three far-field scatterers

Table 1 The sample azimuth and elevation angles of the signal and the interference for direction
finding
Angle

Azimuth

Elevation

Signal

140

65

50

15

Interference

Fig. 8 MUSIC Pseudospectrum function in presence of three far-field scatterers for one incident signal and
one interference
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Fig. 9 Normalized radiation pattern of beamforming in presence of three far-field scatterers (linear scale)

Fig. 10 Normalized radiation pattern of beamforming in presence of three far-field scatterers in dB scale to
demonstrate the null depth at the direction of the interference

as described by Eq. (4). The calculations of the optimum weights were conducted
through the analytical method based on the active element pattern and the mutual
impedance matrix [16]. To evaluate the efficiency of the proposed method in beamforming process, we consider the geometry of dipoles as in Fig. 6 and the scenario
of angle of arrivals as in Table 1. After the calculation of the optimum weights, the
normalized radiation pattern as a function of the azimuth and elevation angles is
depicted in Fig. 9. The radiation pattern, in dB scale, is shown again in Fig. 10 to better demonstrate of the null depth (the direction of interference).
As it is evident in Figs. 9 and 10 the beamforming process has quite satisfactorily
optimized the direction of the main beam and the main null.
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Instead of a particular scenario, to examine the efficiency of the proposed method
in direction finding and beamforming, we have performed a number of Monte-Carlo
simulations for different direction of arrivals. The comparison of these Monte-Carlo
simulations with and without scatterers is conducted in Sect. 3.

3 Results and discussion: direction finding RMSE and received SIRs
estimations
In this section, we compare the two different 3D geometries with and without the
scatterers to examine the effects of the scatterers on the RMSE (Root-Mean-Square
error) values of the proposed direction finding algorithm. In addition, we consider the
two cases with three scatterers and six scatterers and the RMSE values of the arrival
angle are computed as follows [15].
RMSE =

T N
2
2 
1   n
n − ϕ n
θi − θin + ϕ
i
i
2TN

(10)

n=1 i=1



where, ϕin , θin are the random angles of incidence signal and interferences and the
n , θn ) are the corresponding estimated angle of arrivals. In (10) T and N are the num(ϕ
i i
ber of random scenarios and the number of sources. The Monte-Carlo simulations are
conducted for 3D array geometry of cylindrical dipoles as in Fig. 11a, b with and without
scatterers. We use a cylindrical array including 6 elements in each plane separated by 2
distance. The distance between consecutive planes is . The distance between the cylindrical scatterer and the axis of the cylindrical array is considered to be of order of 10
and the height of the each cylindrical scatterer is quite large (several 10’s).
To sketch the RMSE values versus the number of snapshots we consider N = 5 uncorrelated signal sources with 10,000 random scenarios for azimuth and elevation angles


with the incidence angles θin ∈ − π2 , π2 and ϕin ∈ [0, 2π ]. The signal to noise ratio is fixed
at SNR = 7 dB and the simulations are conducted for the number of snapshots between
20 and 200. These simulations are conducted for different distances d = 10,15,20,
40 between the cylindrical scatterers and the axis of the cylindrical array for the cases
with three scatterers and six scatterers. The results are shown in Fig. 12a, b.
The comparison of RMSE values with and without the scatterers as a function of the
SNR is sketched in Fig. 13a, b at fixed number of snapshots (L = 100) for 10,000 random scenarios for azimuth and elevation angles.
As it is shown in Fig. 12 the RMS error is decreased with increasing the number
of snapshots while it is increased by reducing the distance of the scatterers. Furthermore, in Fig. 13 it is shown that the RMS error is decreased with increasing the SNR
and it is increased by reducing the scatterers distance. The RMS error is increased
with increasing the number of large cylindrical scatterers as well. An 80% increase in
the RMS Error is observed in Fig. 13b for 6 scatterers at shorter distance.
In this section, we use a modified sub-optimal beamforming method [16] to evaluate the efficiency of the proposed method with three and six far-field scatterers. The
beamforming process is conducted using estimated angle of arrivals and the mean
values of SIR versus the number of interferences are shown in Fig. 14a, b.
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(a)

(b)
Fig. 11 Three-dimensional cylindrical array of half-wave dipole antennas in presence of a three large
cylindrical scatterers, b six large cylindrical scatterers (three more scatterers are added with red color)

As it is seen in Fig. 14b with three scatterers at a distance of 10 about 8 dB decrease in
SIR is observed compared to no scatterer case while increasing the distances of the scatterers to 40 about 1.5 dB decrease in the SIR is observed compared to the no scatterer case.
In all cases the SIR is monotonically decreasedwith the number of interferences.

4 Conclusion
In this work, the effect of a limited number of large far-field cylindrical scatterers on the process of direction finding and beamforming by an array of cylindrical
dipoles was studied. For verification purpose, we have compared the direction finding
results with those of phase comparison method implemented by HFSS in full wave
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(a)

(b)
Fig. 12 RMSE values versus the number of snapshots using the geometries of Fig. 11 in presence of
scatterers at d = 10, 15, 20, 40 distances compared to no scatterer case, at fixed SNR = 7 dB a three large
cylindrical scatterers, b six large cylindrical scatterers

electromagnetic simulation environment. The comparison results were quite satisfactory. Through our calculations, we have considered the forward scattered fields by the
cylindrical scatterers analytically to estimate the angle of arrivals of both the signal
and the interferences to perform the beamforming process consequently.
We performed Monte-Carlo simulations to estimate the RMSE values in direction finding and the SIR in beamforming. Here, the computations showed up to 80%
increase in RMS Error values in direction finding, and the consequently up to 8 dB’s
decrease in SIR, depending on the number of scatterers and their distances.
Given the fact that we have used an analytical cylindrical harmonic expansion for
the scattered fields, in the problem of direction finding in presence of far-field scatterers, we have greatly reduced the computational cost (compared to the HFSS or other
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(a)

(b)
Fig. 13 RMSE values versus the SNR using the geometry of Fig. 11 in presence of far-field scatterers at
d = 10, 15, 20, 40 distances compared to no scatterer case, at fixed number of snapshots(L = 100) a three
large cylindrical scatterers, b six large cylindrical scatterers

full wave numerical electromagnetic simulator). As such, we were able to perform
thousands of simulation cases needed in a Monte-Carlo evaluation of errors. By this
method, one can increase the number of the scatterers as desired without increasing
the computational burden as much. As analytical formulation is used for the scattered
fields, it is possible to consider more complex scatterers using several number of conducting cylinders.
Our study showed that the effect of large scatterers can become insignificant for
large distances of order of several 10 ’s.
The cylindrical scatterer method could be used in wireless communications, for
smart antennas and eventually for the field test of direction finders at the airports or
large field test areas.
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(a)

(b)
Fig. 14 Mean values of the SIR versus the number of interferences in presence of the scatterers at
d = 10, 15, 20, 40 compared to no scatterer case a three large cylindrical scatterers, b six large cylindrical
scatterers
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