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Abstract: This study aims to investigate the impact of the presence of buildings on the radiation
characteristics of MF broadcast antennas. Two different antennas are considered: a monopole
operating at 1494 kHz and a two-element linear array radiating at 1008 kHz. The buildings were
modeled as wire-grids and the total electric field intensity was calculated as the sum of the scattered
field by the wire-grid and the field radiated from the antenna in free space. The radiation pattern
of the antennas, when one or two buildings were situated in their vicinity, were the end result
of the analysis, and they were compared to the corresponding patterns in free space. The results
demonstrate that the radiation characteristics of antennas are mostly affected by the heights of
buildings. If these heights are less than a critical value, the buildings do not significantly obstruct the
operation of the antenna, despite the value of other parameters, such as the length and the width of
the buildings, as well as their distance from the antenna.

Keywords: AM broadcasting; antenna radiation; building modeling; MF antenna; wave propagation;
wave scattering; wire-grid model

1. Introduction

Although the problem of the propagation of MF (medium-frequency) and HF (high-
frequency) waves in built-up areas has long been considered [1], there is a very limited
number of available studies focusing on the effects one should expect on the radiation
characteristics of MF and HF broadcast antennas due to blockage [2]. Most papers that deal
with antenna blockage focus on frequencies higher than 1 GHz [3–6].

Studies that deal with the propagation of MF and HF waves in the presence of ob-
stacles, such as buildings, concentrate mostly on the prediction and measurements of the
propagation losses [1,7–11]. The propagation along a rounded hill assumed to have a
knife-edge obstruction was analyzed by Wait [7]. MF and HF ground-wave propagation
in urban areas were examined by introducing a new method for the modeling of build-
ings [8]. Propagation in HF, VHF, and UHF bands, in a wide range of environments, was
the subject of [9], including the study of the effect that building blockage has on degrading
the propagation distance at each frequency band. The signal attenuation caused by the
terrain obstruction of path profiles in the MF band was investigated in [10] by modeling
the terrain irregularities as triangular-wedge-shaped obstacles. The impact of buildings on
the far field of a broadcasting antenna was examined in [11] by using a finite-difference
method. Furthermore, the effect of buildings on the radiation characteristics of an antenna
or an antenna array was studied in [12,13].

The impact of local terrain topology on the radiated electric near field of HF broadcast
antennas was examined by [14], in an attempt to assess human exposure to electromagnetic
radiation in close proximity to high-power HF transmitters. The changes in the antenna
response associated with the geometry of the buildings and the effect of the latter on the
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HF direction was analyzed by using the method of moments (MoM) and the physical
optics (PO) technique [15]. Recently, blockage effects on HF antennas were studied; their
influence on the radiation characteristics was analyzed and a relationship between the
antenna and the size of the blockage was determined [2]. Furthermore, the modeling
and simulation of the influence of buildings on the signals of navigation devices for
aviation were presented in [16–18]. Recently, the wireless performance of buildings has
been extensively studied [19–23]; interference-signal blockage is examined in [19], the
interference gain and the power gain are adopted to assess the impact of buildings on the
power of signals in [20,21], the building wireless performance (BWP) when the building
materials are integrated with antenna arrays is evaluated in [22], while an overview of
the BWP is offered in [23]. Moreover, the performance of concrete-embedded antennas is
investigated in [24] by using artificial neural networks.

In this study, we present an investigation of the antenna blockage by buildings in MF
broadcasting; our literature survey revealed that similar studies are particularly lacking
and there is a lack of models that address pertinent problems. The aim of this study is to
estimate the distance from a broadcast antenna at which buildings have negligible effects
on its radiation characteristics by taking into account the size/height of these buildings.
Since broadcast antennas may be found near residential areas, it is essential to determine
how far from the antenna we may construct buildings and the maximum number of stories
that permit the unimpeded operation of the antenna. The main contribution of our work is
a solution to the aforementioned “real-life” problem by combining existing methods and
techniques. The buildings are modeled as wire-grid bodies, considering their steel frame
construction; the presence of these bodies in the vicinity of a radiating antenna is taken
into account in order to determine the change in the antenna’s free-space radiation pattern.
Evidently, buildings are far more complex bodies and contain a variety of components
with different electrical and mechanical characteristics. However, the accurate modeling
of buildings is beyond the scope of this paper. The wire-grid model used herein implies a
perfectly conductive body; thus, it may be considered as the worst-case scenario regarding
the effect of buildings on the radiation characteristics of the antenna.

A description of the models used herein for the antenna and the buildings is given
in Section 2. Two types of MF antenna are considered, and the buildings are assumed to
consist of wire segments that form a rectangular parallelepiped mesh. Both components
of the electric field intensity, i.e., the field radiated by the antenna and the scattered field
by the building-model, are taken into account. The indicative results concerning the
antenna radiation pattern in the presence of buildings, are provided in Section 3, while
the discussion in Section 4 focuses on establishing a quantitative relationship between the
size of the building and its effect on the antenna radiation. Finally, Section 5 comprises the
conclusions of our study.

2. Materials and Methods
2.1. Antenna and Ground Modeling

Two types of antenna were considered: (a) a vertical, linear antenna named, hereafter,
monopole, and (b) a two-element array consisting of two vertical monopoles, simply
termed array.

The monopole was assumed to operate at 1494 kHz; its length was h = 84 m, i.e.,
h = 0.418λ, with λ standing for the wavelength. The antenna was fed at its end point and
the transmitted power was assumed to be P = 50 kW. Since the diameter of the (cylindrical)
wire was D = 1.94 m, D/h = 0.023 and D/λ = 0.0097. Thus, the monopole may be
considered to have a negligible diameter [25].

The two monopoles that constitute the array were assumed to operate at 1008 kHz;
their length was 149 m (h = 0.501λ) and their distance was d = 75 m. They were fed at their
end point and the transmitted power by each element was P1 = 33 kW and P2 = 17 kW,
respectively. The diameter of each (cylindrical) element was assumed to be D = 1.94 m.
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Therefore, the monopoles may be considered of negligible diameter, since D/h = 0.013 and
D/λ = 0.0065.

The antennas were assumed to be mounted on the ground, which, generally, is not a
perfect electric conductor (PEC) since its usual conductivity does not exceed 10−1 mho/m.
However, since the radiation characteristics of an antenna depend on the ground conduc-
tivity, it is convenient to “create” an artificial PEC ground. The latter may be formed by
mounting the antenna above a metal surface much greater than the antenna dimensions,
which is prohibitive for MF antennas. Alternatively, the PEC surface may be replaced by
metal strips or wires arranged on the ground, radially, around the antenna. As regards the
monopole, 180 metal wires, 50 m long with a 2-mm diameter, were placed radially (every
2 deg) on the ground. A similar artificial PEC ground was assumed for the array; 120 metal
wires, 75 m long, were arranged radially (every 3 deg) on the ground, around the antenna.

It is well known that a monopole of length h sitting on a PEC ground plane is equivalent
to a center-fed, linear dipole of length 2h, in free space [26]. Thus, the monopole on the
PEC ground plane, as described above, may be modeled as a dipole of length 2h = 0.836λ
(Figure 1a), whereas the monopoles that constitute the aforementioned two-element array
are equivalent to dipoles of length 2h = 1.002λ (Figure 1b) in free space.
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two-dipole array.

2.2. Current Distribution

For a very thin dipole, such as the model described in the previous section, a good
approximation for the current distribution is [25]

I
(

x′, y′, z′
)
=

{
ẑImsin[k(h− z′)], 0 ≤ z′ ≤ h
ẑImsin[k(h + z′)], h ≤ z′ ≤ 0

(1)

where k = 2π/λ stands for the wavenumber and Im sin(kh) =
√

2P/Re{Zin} is the current
at the feed point (for negligible losses); Zin represents the input impedance of the antenna.

As regards the dipole in Figure 1a, we assume that P = 50 kW and Zin = 300− j217.5,
thus, the amplitude is readily calculated: Im = 37.306 A. For the dipole array in Figure 1b,
Im1 = 26.87 A and Im2 = −j 11.31 A, where Im1 refers to the antenna that emits 33 kW and
Im2 to the dipole that emits 17 kW.

2.3. Building Modeling

A building may be modeled as a rectangular parallelepiped with façade length L,
width W, and height H. It is assumed to comprise from 2 up to 16 stories, each story being
at least 50 m2 and about 5 m high; thus L, W, and H may span the range 10 ≤ L ≤ 50 m,



Appl. Sci. 2022, 12, 6525 4 of 14

10 ≤W ≤ 50 m, and 10 ≤ H ≤ 80 m, respectively. An issue that arises when modeling a
building is its orientation. As shown in Figure 2, the antenna is placed along z-axis, whereas
the length L is assumed to be parallel to the x-axis, i.e., the façade of the building faces the
antenna; W is taken parallel to the y-axis and H is parallel to the z-axis.
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Figure 2. The orientation of a building with reference to the antenna. The building is modeled as a
wire-grid rectangular parallelepiped.

The materials of buildings are, obviously, not uniform and difficult to model. They
comprise several conductive (steel frame, copper cables, metal pipes, etc.) and dielectric
(bricks, glass, concrete, marble, etc.) parts that may or may not exhibit a certain conductivity.
Herein, the buildings are modeled as wire-grid bodies [27], for the sake of simplicity. It
should be noted that, since the wires were taken as PEC, the aforementioned model
constitutes the worst-case scenario in terms of the effect on the radiation characteristics of
the antenna. The grid consists of similar wires at a distance ∆; the radius of each wire is
a = ∆/10 [28]. Thus, the whole building comprises (L/∆ + 1)× (W/∆ + 1)× (H/∆ + 1)
wire segments arranged in a mesh, as shown in Figure 2.

2.4. Scattering from a Wire Grid

A point-matching solution to the problem of scattering by a wire-grid model has
already been developed by Richmond [27]. A brief outline of this solution is given below.

The elementary scatterer is a short, thin wire segment of length ∆. By assuming that
∆ � λ, the current density may be taken as uniform over the surface of each segment.
The electric field intensity of this source, i.e., the scattered field of each segment, may be
expressed as a surface integral over the surface of the wire. Subsequently, we enforce the
boundary conditions: the tangential electric field intensity should vanish everywhere on
the surface of each PEC segment. However, if the wire is thin, it is sufficient to zero the
tangential electric field at just one point at the center of each segment. The end result of
the analysis described above is a set of N linear equations, where N is the total number
of segments:

N

∑
j=1

Sij Ij = −Einc
i , i = 1, 2, . . . , N (2)

In Equation (2), Sij represents the scattering coefficient, i.e., the tangential component
of the electric field intensity radiated by segment j (with unit current) when the observation
point is at the center of segment i, Ij stands for the (unknown) current induced on segment
j, and Einc

i is the tangential component of the incident electric field intensity at the center of
segment i. The scattering coefficients Sij are calculated in the Appendix of [27]; the explicit
expression for Sij is given by Equation (24) in [27] and is omitted for the sake of brevity.

The system (2) may be solved numerically in order to obtain the unknown currents,
provided that Einc

i is known. Herein, the latter is actually the field intensity radiated by
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an antenna, and it is discussed in Section 2.5. Subsequently, the vector potential Ai is
calculated from:

Ai = Ai î =
µsi Ii
4πr

exp[−jkr + jk(xi sin θ cos ϕ + yi sin θ sin ϕ + zi cos θ)]î (3)

The unit vector î in Equation (3) denotes the direction parallel to segment i, si is the
length of segment i, which is equal to ∆ for the case examined herein, and (xi,yi, zi) are the
Cartesian coordinates of the center of segment i. Finally, the distant scattered field is found
as follows:

Esca
θ = −jω

N

∑
i=1

[cos θ cos ai(cos ϕ cos bi + sin ϕ sin bi) + sin θ sin ai]Ai (4a)

Esca
ϕ = jω

N

∑
i=1

(sin ϕ cos bi − cos ϕ sin bi)Ai cos ai (4b)

The angles ai and bi, in Equation (4), denote the orientation of segment i according to:
î = x̂ cos ai cos bi + ŷ cos ai sin bi − ẑ sin ai.

2.5. Radiation of the Antennas in the Presence of Buildings

Let us consider an antenna that radiates in free space. It is well known [13] that
the space surrounding the antenna is subdivided into three regions: (a) the reactive near-

field, where 0 < r < 0.62
√
(2h)3/λ; (b) the radiating near-field, where 0.62

√
(2h)3/λ ≤

r < 2(2h)2/λ; and (c) the far-field, where r ≥ 2(2h)2/λ. In terms of the monopole
that radiates at 1494 kHz, 2h = 0.836λ with λ = 200.803 m. Thus, the boundaries for
the reactive and radiating near-field are 0 < r < 95.16 m and 95.16 ≤ r < 280.68 m,
respectively, while the far-field is at a distance r ≥ 280.68 m. For the array operating at
1008 kHz, 2h ≈ λ = 297.619 m and the boundaries for the reactive and radiating near-field
are 0 < r < 184.88 m and 184.88 ≤ r < 596.76 m, respectively. For r ≥ 596.76 m, the space
may be considered as far-field.

Explicit expressions for the electric field intensity at the aforementioned distinct
regions, for both antennas, may be found in [25] and are given below.

The non-zero components of the far field of the monopole are:

Eθ,mon
∼= jζ

Ime−jkr

2πr

[
cos(kh cos θ)− cos(kh)

sin θ

]
, Hϕ,mon =

Eθ,mon

ζ
(5)

where ζ = 120π (Ω) stands for the free-space impedance. The non-zero components of the
radiating near-field of the monopole are given by:

Eρ,mon = jζ
Im

2πρ

[
(z− h)

e−jkR1

R1
+ (z + h)

e−jkR2

R2
− 2z cos(kh)

e−jkr

r

]
(6a)

Ez,mon = −jζ
Im

4π

[
e−jkR1

R1
+

e−jkR2

R2
− 2 cos(kh)

e−jkr

r

]
(6b)

Hϕ,mon = j
Im

4πρ

[
e−jkR1 + e−jkR2 − 2 cos(kh)e−jkr

]
(6c)

with ρ2 = x2 + y2; R1 =
√

ρ2 + (z− h)2, R2 =
√

ρ2 + (z + h)2, and r =
√

ρ2 + z2 are
depicted in Figure 1a.

For the array, the corresponding non-zero components of the far field are:

Eθ,ar = Eθ,monS(θ, ϕ), Hϕ,ar =
Eθ,ar

ζ
(7)
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whereas the non-zero components of the radiating near-field are written as follows:

Eρ,ar = Eρ,monS(θ, ϕ), Ez,ar = Ez,monS(θ, ϕ), Hϕ,ar = Hϕ,monS(θ, ϕ) (8)

S(θ, ϕ) in Equation (8) stands for the array factor and is given by:

S(θ, ϕ) = 1− j
Im1

Im2
ejkd sin θ cos ϕ (9)

The appropriate Equations (5)–(8), should substitute Einc
i in Equation (2) in order

to formulate the linear set of equations for the unknown currents Ij. Obviously, it is the
distance R between the antenna and the building that determines the appropriate equations,
depending on the region of space. R is defined as the length of the perpendicular bisector
from the antenna to the façade of the building, and it is shown in Figure 3. All results
presented in Section 3 were produced by assuming that the buildings are in the radiating
near-field region of the antenna. Thus, the unknown currents Ij for the monopole are
calculated from the linear set of equations obtained by substituting Einc

i in Equation (2) by
Equation (6), whereas, for the array, Einc

i in Equation (2) is substituted by the electric-field
intensity given by Equation (8).
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The set of linear equations resulting from Equation (2) is solved numerically by 
truncation and matrix inversion after checking the convergence of the solution. For this 
purpose, a custom computer code was developed in Fortran 90. The wire-grid method 
used herein, together with the associated computer code, may be considered as a 
semi-analytical solution to the problem, since it involves the numerical handling of the 
final set of equations. Thus, it possesses the pros and cons of any such solution. On one 
hand, it is time- and memory-efficient, whereas its complexity is only related to certain 
analytical manipulations (carried out once). On the other hand, it may not simulate the 
shape or material of the buildings in detail. However, since the accurate modeling of the 
latter is not our main purpose (as explained in the Introduction) the method provides an 
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The set of linear equations resulting from Equation (2) is solved numerically by
truncation and matrix inversion after checking the convergence of the solution. For this
purpose, a custom computer code was developed in Fortran 90. The wire-grid method
used herein, together with the associated computer code, may be considered as a semi-
analytical solution to the problem, since it involves the numerical handling of the final set
of equations. Thus, it possesses the pros and cons of any such solution. On one hand, it
is time- and memory-efficient, whereas its complexity is only related to certain analytical
manipulations (carried out once). On the other hand, it may not simulate the shape or
material of the buildings in detail. However, since the accurate modeling of the latter is not
our main purpose (as explained in the Introduction) the method provides an acceptably
accurate solution to the “real-life” problem. It should be noted that this method was chosen
in conjunction with the frequency band considered herein and, evidently, it may not be
suitable for higher frequencies.

3. Results

The results presented herein focus on the radiation patterns of the monopole and the
array in the presence of buildings; all the diagrams include the radiation pattern of the
corresponding antenna in free space, for the sake of comparison. It was found that the
radiation pattern, among other antenna characteristics, such as the gain and the voltage
standing wave ratio (VSWR), were particularly influenced by antenna blockages, not only
at the HF band [2], but also at much higher frequencies [3–5].
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The radiation patterns plotted herein are actually a graphical representation of the
magnitude of the far electric-field intensity of the antenna in polar coordinates. The
magnitude of the far electric-field intensity in the presence of buildings resulted from the
sum of the far-field in free space (i.e., Equation (5) for the monopole or (7) for the array)
and the scattered field given by Equation (4). It should be noted that the corresponding
radiation patterns in free space were plotted by using (only) Equation (5) or Equation (7)
for the monopole and the array, respectively.

3.1. Radiation Patterns of the Monopole

Indicative radiation patterns of the monopole in the presence of one or two buildings
are plotted, herein, for different values of the parameters L, W, H, and R. The distance ∆
between two adjacent wire segments was taken to be equal to 2.5 m ≈ 0.0125λ.

The patterns in Figures 4a and 5a refer to the ϕ-plane (at a specific value of θ, i.e.,
θ = 89o), while Figures 4b and 5b depict the θ-plane for ϕ = 90o. The length L and the
width W of the building (given in the inset) were kept constant in order to investigate
the effect of the height H on the radiation pattern of the antenna; three different values
of H were considered (given in the inset). Moreover, the impact of the distance between
the antenna and the building on the radiation pattern was examined by considering two
values of R, i.e., R = 100 m (Figure 4) and R = 200 m (Figure 5). Both values indicate that the
building was in the radiating near-field region of the antenna.
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Figure 4. Radiation patterns of the monopole in free space (black, solid curve) and in the presence of
a building with L = 10 m ≈ 0.05λ and W = 10 m ≈ 0.05λ. Three different heights H are considered
(dashed and dotted curves, as indicated in the upper right corner). The distance between the antenna
and the building is R = 100 m ≈ 0.5λ. (a) ϕ-plane and (b) θ-plane.
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Figure 5. The same as Figure 4, except for the distance between the antenna and the building
(R = 200 m ≈ λ). (a) ϕ-plane and (b) θ-plane.

The influence of the building size on the radiation characteristics of the antenna was
investigated through Figures 6 and 7. Figure 6 refers to a building 60× 10× H m3, i.e., it
has the same width as the building considered in Figure 4, albeit it is six times longer. In
Figure 7, the building is 10× 20× H m3, i.e., its length is kept the same as the building in
Figure 4, albeit its width is six times greater.
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Figure 6. Radiation patterns of the monopole in free space (black, solid curve) and in the presence of
a building with L = 60 m ≈ 0.3λ and W = 10 m ≈ 0.05λ. Three different heights H are considered
(dashed and dotted curves, as indicated at the upper right corner). The distance between the antenna
and the building is R = 100 m ≈ 0.5λ. (a) ϕ-plane and (b) θ-plane.
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Figure 7. The same as Figure 6, except for the building size (L = 10 m ≈ 0.05λ and W = 60 m ≈ 0.3λ).
(a) ϕ-plane and (b) θ-plane.

Subsequently, two identical buildings were considered in the vicinity of the radiating
antenna. The first was placed along the x-axis, whereas the second was along the y-axis.
Each building was assumed to be 100 m (Figure 8a) or 200 m (Figure 8b) from the antenna.
The patterns refer to the θ-plane for ϕ = 90o, while the ϕ-plane was omitted for the sake of
brevity. The effect of the height H on the radiation pattern of the antenna was investigated
by considering three different values of H (given in the inset).
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3.2. Radiation Patterns of the Array

The indicative radiation patterns of the array radiating at 1008 kHz in the presence of
one or two buildings (including the corresponding curves in free space) are plotted herein.
The patterns in Figure 9a,b refer to the ϕ-plane (at a specific value of θ, i.e., θ = 90o) and
the θ-plane (for ϕ = 90o), respectively. The length L and the width W of the building were
constant (given in the inset), whereas three different values of H were considered. The
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distance between the antenna and the building (R = 100 m ≈ 0.34λ) indicates that the
latter was in the reactive near-field region of the antenna.
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Figure 9. Radiation patterns of the array in free space (black, solid curve) and in the presence of a
building with L = 50 m ≈ 0.168λ and W = 10 m ≈ 0.034λ. Three different heights H are considered
(dashed and dotted curves, as indicated at the upper right corner). The distance between the antenna
and the building is R = 100 m ≈ 0.336λ. (a) ϕ-plane and (b) θ-plane.

4. Discussion

By examining the patterns in Figures 4 and 5, one may conclude that the height of a
building situated in the vicinity of a radiating monopole may affect the radiation pattern
of the antenna significantly for H ≥ 0.3λ, i.e., H ≥ 60 m for f = 1494 kHz, a height that
corresponds to a building with 12 stories, provided that each story is 5 m high. It may be
readily verified that the blue dotted curve (H ≈ 0.2λ) almost coincides with the black solid
curve (the pattern in the absence of the building), whereas the patterns in the presence
of a building with H ≈ 0.3λ or H ≈ 0.4λ deviate considerably from the omnidirectional
pattern. The same remark holds for both distances (R ≈ 0.5λ = 100 m and R ≈ λ = 200 m)
between the building and the antenna. Moreover, a comparison between Figures 4a and 5a
may lead to the conclusion that the distance between the antenna and the building may
affect the radiation pattern only when the height exceeds the critical value of 0.3λ.

The impact of the length and width of the buildings on the antenna’s radiation pattern
was examined by comparing Figures 6 and 7, respectively, with Figure 4. The parameters
used to produce Figure 6 were the same as those in Figure 4, except for the length of the
building (L ≈ 0.05λ = 10 m in Figure 4, L ≈ 0.3λ = 60 m in Figure 6), whereas the
parameters that appear in Figure 7 are the same as those in Figure 4, albeit the width of the
building is six times greater (W ≈ 0.05λ = 10 m in Figure 4, whereas W ≈ 0.3λ = 60 m in
Figure 7). Figures 6 and 7 indicate that the length and the width of the building do not seem
to have a significant impact on the radiation pattern of the antenna, as long as the height
of the building is kept below a critical value; the blue dotted curves in Figures 4, 6 and 7
(all of which correspond to H = 20 m ≈ 0.1λ, whereas L and W differ according to the
captions) are all the same, and they practically coincide with the omnidirectional shape. As
the height increases (red dashed curve of Figures 4, 6 and 7, i.e., H = 50 m ≈ 0.25λ), the
pattern deviates slightly from the omnidirectional pattern; however, L (W) has a negligible
effect on the pattern, as may be readily verified by comparing the red dashed curve in
Figure 6 or Figure 7 with the curve in Figure 4. However, for H ≥ 0.3λ, the radiation of
the antenna deviates considerably from the omnidirectional behavior, as indicated by the
blue dashed–dotted curves in Figures 4, 6 and 7. In this case, the effects of the length and
the width of the building are more pronounced. For the width in particular, a comparison
between the blue dashed–dotted curves in Figures 4a and 7a shows that the two patterns
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differ slightly from each other, apart from the deviation of the omnidirectional shape. It
should be noted that several patterns were produced by varying the parameters of the
configuration in order to ensure that the above remark held in a vast number of cases.
All the results support the aforementioned conclusion and they are omitted for the sake
of brevity.

The effect of the presence of two (identical) buildings on the radiation pattern of the
monopole is examined in Figure 8. Even a casual glance at the plots in Figure 8 suggests
that they follow roughly the same trend as those obtained in the presence of a single
building, i.e., the height is the most important parameter that determines whether the other
parameters (such as the distance between the antenna and the buildings or the relative
position of the buildings) affect the radiation pattern significantly. Indeed, when the two
buildings are 20 m high, the pattern for R = 100 m ≈ 0.5λ (blue dotted curve in Figure 8a)
almost coincides with the black circle denoting omnidirectional behavior. In Figure 8b, the
distance between the antenna and each building is doubled (i.e., R = 200 m ≈ λ). The
latter implies that the distance between the two buildings also changed. However, the
blue dotted curve in Figure 8b suggests that the pattern is still almost omnidirectional.
As the heights of the buildings increase, the patterns tend to differ significantly from the
omnidirectional shape, and the impact of R on the radiation of the antenna becomes more
significant. For example, the blue dashed–dotted curves I Figure 8a,b, which correspond to
relatively high buildings (i.e., H = 60 m ≈ 0.3λ), deviate considerably from the circular
shape. In this case, the distances between the two buildings and their relative positions
become important because the shape of the radiation pattern is altered. This may be readily
verified by comparing the shape of the two blue dashed–dotted curves in Figure 8a,b.
Moreover, a comparison between Figure 8a,b, Figures 4a and 5a, respectively, indicates
that the deviation of the omnidirectional shape occurs at slightly smaller values of H when
there are two buildings near the antenna (i.e., H ≈ 0.2λ) than in the presence of a single
building (H ≈ 0.3λ).

The remarks reported above for the monopole also hold, more or less, for the two-element
array The radiation patterns presented in Figure 9 suggest that a building 50× 10× H m3, at
a distance 100 m from the antenna, may affect its radiation pattern only for H ≥ 0.2λ. The
other results (including radiation patterns in the presence of two buildings), not shown
herein for the sake of brevity, indicate that the radiation characteristics of the array may
depend on the parameters L, W, and R only if the height of the building exceeds the
aforementioned critical value (i.e., 0.2λ). The latter was found to be slightly greater for the
monopole (i.e., 0.3λ), but the trend was roughly the same.

Table 1 offers a comparison of the study presented herein and pertinent works found
in the literature. The first three lines in Table 1 comprise three studies [2,11,12], respectively,
which, together with the current study, deal with the impact of buildings either on the
radiation characteristics of antennas or, more generally, on the far field at MF or HF
frequencies. However, ref. [15] deals with the HF band, albeit it focuses on the influence
of buildings on direction finding. The familiar result of the present study, i.e., that the
height of the buildings is the most important parameter in the distortion of the radiation
pattern, was also obtained by other researchers [2,12]. In addition, the conclusion that the
impact on the antenna pattern is greater if the size or height of the blockage is larger than
λ/2 [2] is not very far from the finding of our study that the effect on the radiation pattern
is significant if the height of the buildings is greater than 0.3λ. The rest of the studies cited
in Table 1 [4,6,13,29] refer to higher-frequency bands. Thus, a direct comparison between
these works and the present study is not possible; the works are included for the sake of
completeness. Moreover, it is interesting to note that, even at such high frequencies, the
presence of buildings may distort the radiation patterns and produce side lobes [4,6,13].
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Table 1. Comparative synopsis of studies dealing with the effect of buildings on antenna radiation.

Study Frequency Range Antenna Model Building Model Method Purpose Main Results-Conclusions

[12] MF (990 kHz) T-type, 60 m in
height

λ/4 parasitic
monopole or

infinite-long PEC
cylinder

Reciprocity or
dyadic Green’s

function technique

Impact of building
on radiation pattern
and field intensity

Decrease in field intensity up
to 2.3 dB.

The radiation pattern is
mostly affected by the height

of the building.

[11] MF (990 kHz) λ/2 dipole PEC, three different
heights considered

Finite difference
method

Impact of buildings
on the far field

The reduction in field
intensity around a building

may be up to 8.4 dB (building
30 m high, 100 m from the
antenna), while the field

variation becomes negligible
400 m from the antenna.

[2] HF (2–30 MHz)
Logical periodic
dipole antenna

(LPDA)

Rectangular
parallelepiped

(mesh of metallic
wire segments and

triangles)

Full-wave
simulation software

package (FEKO)

Impact of buildings
on radiation pattern,

gain, VSWR.

Only the radiation pattern
(among gain, VSWR,

impedance) is affected by
building blockage. The

impact on patterns is greater
if the size or height of the

blockage is larger than λ/2.

[15] HF
12-element

(cross-loop antenna)
circular array

Actual buildings
(bodies of concrete

or wood of
appropriate
size/shape)

Commercially
available software

(FEKO)

Impact of buildings
on direction finding

(DF)

The antenna response
changes due to the presence

of buildings, resulting in
estimation error of the DF

system (up to 1◦ for the
azimuth and 7◦ for the

elevation).

[13] - 2-element broadside
or endfire array

Infinite-long
conductive or

dielectric,
rectangular cylinder

MoM and
unimoment method

Impact of building
on radiation pattern
and field intensity

Deviation of the direction of
the principal radiation lobe

and production of side lobes,
depending on the distance

between the antenna and the
building and the permittivity

and size of the building.

[6] 2.45 GHz Rectangular patch
antenna

Complex wall
structures

Commercially
available software
(CST Microwave

Studio)

Impact of walls on
the radiation

characteristics of
access-point

antennas

The radiation pattern is
distorted (compared to the

free-space pattern) when the
antenna is mounted on

complex wall structures,
especially corners.

[29] 30 MHz–1 GHz Electric dipole
inside the building Wire-grid body MoM

Derivation of EM
field distribution in

and around
buildings

The calculated results were
validated through

measurements and the
resonant characteristics of the

building were determined.

[4] 0.75–5 GHz Horn antenna
Single solid-metal
cylinder or a set of

such cylinders

Numerical
simulation (by
using the tool
Ansoft HFSS)

Design of the
appropriate cloak to
reduce the blockage

The (uncloaked) objects
produce strong sidelobes to

the antenna’s radiation
pattern (compared to free

space) and decrease its
directivity.

Current
study

MF (1494 kHz &
1008 kHz)

Monopole and
2-element array

Rectangular
parallelepiped

(wire-grid body)

Point-matching
solution and custom

computer code

Impact of buildings
on radiation pattern

The height is the most
important parameter that
determines whether other

parameters of the buildings
affect the radiation pattern

considerably. The impact on
the radiation pattern is

significant if the height of the
building is greater than 0.3λ.

For the modeling of buildings, it is common practice to assume that they are con-
ductive bodies (as in the present study) not only at the MF/HF bands [2,11,12], but even
at higher frequencies [4,13,29]. The preferred shapes are either cylindrical [4,12,13] or
rectangular [2,13,29]; the latter is also assumed herein. The wire-grid method, adopted
in our study to model the buildings, has also been used by other researchers [29], albeit
in conjunction with the MoM. Recently, Zhu et al. [2] adopted a mesh of metallic wire
segments for the simulation of buildings combined with a completely numerical method
based on a commercially available software package (FEKO).
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5. Conclusions

The influence of the presence of buildings on the radiation pattern of a monopole and
a two-element linear antenna array, operating at the MF band, was examined in this paper,
in an attempt to assess the distance from a broadcast antenna at which we may construct
buildings without obstructing its operation. The buildings were modeled as wire-grid
bodies; this assumption constitutes the worst case in terms of their impact on the radiation
characteristics of the antenna, although it may not ensure accurate modeling. Our results
indicate that the height of the buildings is the most important parameter that may alter the
free-space radiation characteristics of antennas. The length and the width of buildings, as
well as their distance from the antenna, may only have an impact on the radiation pattern
if the height exceeds a critical value; the latter was found to be roughly equal to 0.2λ when
the radiation of the monopole was obstructed by two buildings, as well as when one or two
buildings were situated in the vicinity of the two-element array, whereas it was slightly
greater (about 0.3λ) when the monopole radiated with one building nearby. Thus, the
worst-case scenario suggests that buildings may be constructed as close as 0.5λ from a
radiating broadcast MF antenna without obstructing its operation, provided that they have
less than eight stories (each about 5 m high). Our future work may include the examination
of other shapes (such as cylinders) and materials for building modeling, in conjunction
with different methods for the calculation of EM fields around radiating antennas.
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