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Abstract

Power-poles are one of the common massive conducting structures in cities and countryside.
To fulfill the remarkable increased electric power demand nowadays, the number and the size
of power-poles are also growing over the past few decades. The influence of power-pole on
electromagnetic wave propagation is a potential noise source for nearby radio devices like
radars. This master thesis project is aiming to analysis the interference of a case where an
Amplitude Modulated (AM) signal emitted. We consider here the Stockholm Arlanda Airport’s
Very High Frequency (VHF) Omnidirectional Range (VOR) radar scattering by a power-pole
2.6km away.

A Method of Moment technique is used to solve the scattering problem. We modeled the
power-pole on a blueprint from Svenska Kraftnät. It is meshed in small triangles by AutoCAD
and GMSH software, and on that mesh the Rao-Wilton-Glisson (RWG) basis function are
formed. A MoM code developed by Makarov determines the bi-static scattering pattern of the
power-pole. Four main models have been considered, a one-side power-pole model and the
same model with the ground plane, as well as two sides power-pole model and the model with
the ground plane. We have assumed that the incident field on the power-pole is a plane wave
and that the ground is an infinite PEC surface. The result is presented by the Interference to
Signal ratio (ISR) of an airplane receiver when it is flying toward the airport for landing.

By the end of the project, we have shown for the considered model that a −50±15dB level
of interference is estimated for the interference to signal ratio. This result then suggests that a
power-pole may have a little signal interference towards the VOR system radar wave emit away
from 2.6km.

Keywords

Power-pole, VOR System, Airplane, EFIE, MOM, RWG, Scattering.

i



Abstrakt

Kraftstolpar är vanligt förekommande stora ledande strukturerna i stadsnära regioner. Städer
och regioner uppvisar idag en kraftigt ökad efterfrågan på elektricitet, vilket ställer krav på ett
kraftnät som klarar av större effekt. Ett sätt att öka effekten är att introducera fler kraftledningar,
och där med också öka antalet kraftledningsstolpar. Kraftledningsstolparna kan påverka den
elektromagnetiska vågutbredning och är en potentiell bruskälla för närliggande radioenheter
som t.ex. radar/signal-anläggningar. Detta examensarbete syftar till att analysera eventuella
störningar vid användandet av en amplitudmodulerad (AM) signal. Vi betraktar här Stockholm
Arlanda Airport’s Very High Frequency (VHF) Omnidirectional Range (VOR) radarspridning
med en kraftstolpe 2,6 km bort.

I detta fall används Method of Moment (MoM)-tekniken för att lösa spridningsproblemet.
Vi modellerade kraftstolpen baserad på data från Svenska Kraftnät. Stolpen modelleras med
små sammankopplade trianglar med hjälp av programvaran AutoCAD och GMSH, och på
det nätverket bildas Rao-Wilton-Glisson (RWG) -basisfunktionen. En MoM-kod utvecklad av
Makarov bestämmer det bi-statiska spridningsmönstret för kraftstolpen. Fyra huvudmodeller
har beaktats, en en-sidig modell av en kraftstolpe med och utan jordplan, liksom en två-sidig
modell med och utan jordplan. Vi har antagit att det mot kraftstoplen infallande fältet är en plan
våg och att marken är en oändlig prefekt ledande-yta. Resultatet presenteras som en kvot mellan
störning i förhållande till signalen (ISR) hos en flygmottagare när den flyger mot flygplatsen för
landning.

Beräkningarna i projektet visar att för de betraktade modellerna har vi en ISR på -50±15dB.
Detta resultat antyder att en kraftstolpe på ett avstånd 2,6 km från VOR-systemet har en låg
störning på VOR-systemets amplitudmodulerade signal.
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Abbreviation List

ARN Stockholm Arlanda Airport
VHF Very-Hight-Frequency
VOR VHF Omnidirectional Range
AN Audible Noise

ENEL Ente nazinale per l’energia elettrica
HVdc High Voltage direct current
AEP American Electric Power
AM Amplitude Modulate
NEC Numerical Electromagnetics Code
RWG Rao-Wilton-Glisson

LP-RWG Linear Phase-RWG
LE-PO Large Element Physical Optics
UTD Uniform Theory of Diffraction
GPS Global Positioning System
EFIE Electric Field Integral Equation
MFIE Magnetic Field Intergral Equation
MoM Method of Moments
RRE Radar Range Equation
SNR Signal to Noise Ratio
SIR Signal to Interference Ratio
ISR Interference to Signal Ratio
RCS Radar Cross Section
ICAO International Civil Aviation Organization
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1 Introduction

The electrical power supply to large cities is essential for their further growth and development
[1]. The power supply network has been an indispensable part of the power supply infrastructure,
and power-poles are one important component of this network. It is already known that power-
poles can impact transmitted and scattered fields, hence the decision of where to implement
overhead lines and power-poles is a constant challenge. In this master thesis project, we
investigate possible disturbances that nearby power-poles may cause to the usage of a radar and
communication system. In the model of the communication system and power-poles, we will
use Arlanda Airport (ARN) as our primary example, here the investigated system is Very-High-
Frequency (VHF) omnidirectional range (VOR) system. This model will give us a concrete
example in which we can estimate system parameters as well as their dependence on geometry
parameters (see Figure 1.1). Our model will be a simplification in several ways that we will
discuss in detail in Section 1.2 and 3.4.

The Google-map provided geometry parameters on the distance between the radar station
and a 400kV power line is 2.6km. An investigation is here made on what extent the power-poles
impact the airport short-range radar system. We are also interested in finding and developing a
tool kit to determine such an interaction.

1.1 Previous Work

In the literature we note the following related results. In 1974, Gary and co-workers investigated
the interference caused by corona effect on electrical systems [2]. Corona effect is an unwanted
discharging phenomena that usually see around high voltage power transmission line. Positive
and negative impulse generates an interference from about 3MHz up until 10MHz. There
already exist some empirical and semi-empirical methods to predict the radio Audible Noise
(AN) caused by corona effect, e.g. Ente nazionale per l’energia elettrica (ENEL) test line method
(Italy), Shiobara High Voltage direct current (HVdc) test line method (Japan), American Electric
Power (AEP) test line method (USA), this radio wave interference is difficult to be determined
since it depends on several variables such as humidification, refraction index and pollution and
so on. These methods Gary introduced are intuitive examples on how to start with and solve the
EM interference of a high power pulse on an Amplitude Modulated (AM) wave. In 1996, IEEE
provided a standard procedures [3] to be followed to cope with re-radiation of AM broadcast
signals from power lines and other large metallic structures. This guide becomes a benchmark
for researchers who is interested in analyzing the electromagnetic field of a power line system.
Recently, Edmond and Henri and Willy in 2008 used a transmitting antenna and a receiving
antenna to investigate the impact of the HV tower on the radio coverage performances (around
420MHz) [4]. The electrical size (ka = 2π

λ a) in their case is about 80 to 90. They set the
transmitted antenna in a distance about 170m from the tower and the receiving one 35m away
from tower and 6m from ground. By measuring the antenna power path loss in horizontal and
vertical polarization, they claim the worst case is when transmitting a vertical polarized wave to
the diagonal direction of the tower, where a 3.75dB signal power loss is found. In the conclusion
they gave an empirical model to predict this loss. The model is developed in an empirical
equation, Like the result of Gary, it should be sensitive to environment variables. Their effort
to do the field experiment for interference in AM wave made a firm example in discussing the
real case in a power-pole effect on EM waves.

Besides the AM wave interference study, there are also related results in steel tower and
power line study. In 1983, Tilston and Balmain announced their findings on computing re-
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radiation field of a power-pole model [5]. By using a moment method called Numerical
Electromagnetics Code (NEC) developed by Burke and Poggio [6]. They compared near-field
and far-field results of a detailed model with two simplified models of a 50m high tower for the
AM radio frequency band (600-1600kHz). The electrical size they investigate is of 0.10 to 0.27.
On this range they measured the radial and azimuthal component of magnetic field strength and
concluded that simplified model doesn’t affect the field pattern to a great extent. The method
they used to simplify the structure and modelled the interested structure are impressive. The paid
effort is to save memories and to accelerate the code. Immediately after this work, they turned to
research on the scattering field of a 274.3m long high voltage overhead lines [7]. The electrical
size is thus become larger from approximately 0.5 to 1.35. Here they measured the vertical
component, elevation from the ground, of electric field and compare the results of NEC method
with transmission line method and found good agreement between them. In the meantime,
another group of researchers, Trueman and Kubina, also used this NEC moment method to
investigate the resonance behavior of a thin wire model [8]. The antenna they are interested of
is about 500m away from the lines, where the lines have an equivalent radius of 0.71m. They
measured the theta component of electric field and presented the analyzed result and the field
measured result. These results suggest that using the NEC moment method, predicting this
kind of omnidirectional broadcast antenna’s pattern is possible. They also claimed that it is
possible to do the same analysis to an array of towers. But due to lack of computer memory to
store the surface currents phase information at the time, the side lobe of the pattern is difficult
to compute. Currently the memory of the computer has become larger and developed faster,
there is possibility in saving the phase data and surface current, which has been done in Section
4.1.

The method chosen in this project is the Method of Moment, which will be discussed in
Section 2.2. There are also good examples as followed on applying same or different methods.
In 2010, Nazo developed a Linearly Phased Rao-Wilton-Glisson (LP-RWG) basis functions to
solve electrically large object [9], this method is later called Large Element Physical Optics
(LE-PO) method. In 2018, Bo Tang and fellows compared this hybrid method to the traditional
uniform theory of diffraction (UTD) method and Physical Optics (PO) method [10] by solving
the scattering field of a transmission line and 5 steel towers. The frequency they applied to the
code is from 0.2GHz to 3GHz, which leads to an electrical size reaching 600. On this large scale
of data, they found LE-PO is more accurate and consuming less computation time than others,
which they concluded that this method is possibly the most efficient method to solve the field for
electrically large structures nowadays. After this work Bo’s fellow Liu turned to use this finding
to investigate the safe distance between an AM station and transmission lines [11]. The electrical
size is smaller than before (about 5 to 10) since the AM frequency is about 500kHz to 26MHz
and tower is 63m in height. The main scenario they are interested in is the fields interference
felt by AM station which is caused by the reflection of the power lines. They concluded the
power-poles should be at least 2km away from station to keep the maximum interference power
below -0.4dB.

The frequency band in this M.Sc. thesis work is based on the airport radar system. The
VOR system was developed in 1946 in United States and has been the international standard
navigation system since 1960s [12]. Today several airports move over to Global Positioning
System (GPS), which has a more stable and accurate performance than VOR. It is however
known that the VOR system is still popular for most of airports including Arlanda since the GPS
system is not generally implemented in all aircraft especially in some small planes. This system
has been adopted for both voice communication and navigation purpose. The frequency band it
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operates is on 108- to 118-MHz. Between each channel there is an interval of 100kHz, presently
with optimized channel arrangement the available channels can be doubled by spacing them in
50kHz. The operation principle of this system is straight forward. The ground station radiating
two types of signal, one is horizontal polarized signal with cardioid pattern that rotates 30rps
clock-wisely, results in a 30Hz sine wave received on the aircraft. Another is an omnidirectional
signal in a 30Hz fixed reference tone, this omnidirectional signal also carries a continuous
wave which can be modulated with voice communication. Since the signal VOR transmitting
is amplitude modulated (AM), and it is known that the amplitude of the wave is easily changed
along with the variation of environment, it is sensitive and not recommended to use AM in a high
frequency band. If the AM signal from a VOR radar system impact on a power-pole, the aircraft
receiver will see two phases that appears to be at the phase center of the original signal and the
reflected signal. This phase center will move as the beam rotates. According to 2001 Federal
Radio Navigation Plan [13], test data indicates 99.94% of the time a VOR system should has
an error no greater than ±0.35◦. But the test is done on a rather ideal circumstance, where no
bouncing signal or large interfering objects residents nearby. In this work we shall investigate
to what extent the nearby power-poles affect this AM signal.

1.2 Problem Description

This M.Sc thesis shall apply a moment method, but different with NEC, the code is using RWG
[14] basis function combined with electric field integral equation (EFIE) as implemented by
Makarov [15]. Since the electrical size is large (ka ≈ 135), the computing time in Matlab is
long. Makarov’s code will return the far-field pattern. The pattern will be analyzed in a time
domain signal analysis, in which we will apply Friis transmission Equation [16] and find the
Interference to Signal Ratio (ISR). The work flow is as follow:
(a) To determine the scattering electromagnetic field against a power-poles supporting 400kV
overhead lines.
(b) Analytic estimation on the impact of the communication and radar based on the result of
far-field pattern of a power-poles, which requires detailed information on VOR system.
(c) Validating and ensuring the simulation results in a method of moment codes.

In this project we have made several assumptions to simplify the models. Firstly we assume
the incident field at power-pole is a 118MHz plane wave, because the distance between power-
pole and VOR radar is obviously larger than 2D2

λ , which means the power-pole locate out of
the near-field zone of the VOR radar thus plane wave model is justified. The power-pole is
about 60m in height and the distance between the power-pole and VOR is about 2.6km, so the
incident field can be seen as incoming at right angle to the power-pole. For the 118MHz, it is
the center frequency of VOR operating frequency range which shall be discuss in Section 2.4.
Next, we assume the ground of the power-pole is an infinite PEC ground and the atmosphere
is uniform. Hence there is no dielectric in these models, which will simplify the calculation
and coding. If a dielectric ground and atmospheric propagation is taking place, there should
be a signal attenuation phenomenon due to environmental EM power absorption [17]. Third,
we assume there is only one power-pole in front of the VOR radar, where in real situation the
power-poles usually show up in a row with overhead lines. If one simulate an array of power-
pole, the interference level should raise a bit due to the scattering of the flank power-pole on the
two sides of the power-pole showing in this project.

In Chapter 2, we recall the background theories related to EFIE and their implementation
in MoM. Also, a short explanation of Friis Transmission Equation, Radar Range Equation and
working principle of VOR radar system will be introduced. In Chapter 3, a specific procedure
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Figure 1.1: The VOR system and Power-poles on Arlanda Airport (taken from Google Map
Arlanda Fligplats)

of how to solve the far-field behavior from the meshing is presented. We also present a
comprehensive model of the VOR system and the Power-pole. We also validate the MoM code.
Considering that this master thesis is strong relate to a real scenario, several scenario studies
are presented. In Chapter 4, a detailed investigation on the electromagnetic signal type emitted
by VOR radar system is made and taken into a model based on Friis Transmission Equation
and Radar Range Equation. Next, we will present how we combined the model in Chapter 3
to investigate to what extent the geometry impacts the ratio of the signal and the interference.
Lastly in Chapter 4, an overall conclusion and discussion will be performed to give a summary
to the project and propose possible solution.
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2 Theory

In this section, we assembled related work from former researchers and indispensable theories.
For PEC scattering problems of arbitrary open objects, the key method is solving the Electric
field integral equation (EFIE). EFIE reveal the relation between the electric field and its source
[18], which in our case is the current density. The MoM is a method to solve the EFIE and it
will be reviewed in Section 2.2. We will use the Moment Method to solve the surface current
distribution concerning the source term in EFIE. During this process, there is an interesting
concept called the RWG basis function. This triangular meshing based function help to describe
and solve the current concerning the electrical size of the wave [14], and we will discuss it
in Section 2.2 along with MoM. Finally, we will include the Introduction of the Radar Range
Equation (RRE) in Section 2.3, which we will apply to solve the signal power comparison and
determine the interference level. We will present the VOR radar system working principle
in Section 2.4 in order to specify the case of this project is heading. To simulate the ground
interaction, we add an infinite conducting surface. The method of images in electromagnetic is
applied, which Section 2.5 describe it.

Since this work is mainly basing on the assumption that the power-poles surface is purely
PEC. This is a simplification since the over headline is using dielectric surfaces and the
ground is lossy. Thus, some degree of inaccuracy should be expected in implementing the
following theories. This chapter focuses on the theory part, but later the approximation will
be discussed.

2.1 Electric-Field Integral Equation

The Electric-Field Integral Equation (EFIE), is a equation reveals the relation between the
current on a surface and the electric field. It was Fredholm in 1903 [19] who proved and
presented that the integral equation can be solved by a discretization approach. The EFIE is
a relationship that allows the calculation of an electric field generated by an electric current
distribution.

The steps below validating the justification of EFIE is following the formulation in [20].
Considering solving a boundary field value problem, commonly it is done by using an integral
representation [21]. This method is based on the field evaluation in an exterior domain while
a→ 0, see notation in Figure 2.1.

lim
a→0

ˆ
S′
a

(n̂ ·E(r))∇G−(r, r′) + (n̂×E(r))×∇G−(r, r′)dS = −1

2
E(r′) (2.1)

Here G− refers to the outward homogeneous Helmholtz three-dimensional Green’s function,
that is:

G(r, r′) =
1

4π

e−jk|r−r′|

|r − r′|
(2.2)

With the relation between E-field and H-field that = jwµH = ∇×E, and the jump condition
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S2

S2,a

S′
a

r′

Figure 2.1: An interior point on the surface of S2 [20]

Green’s function implies, the following relation is obtained.

E(r′)

1

2
E(r′)

0

 = Ei(r′) + lim
a→0

ˆ
S2−S2,a

n̂× (∇×E(r))G−(r, r′) + (n̂ ·E(r))∇G−(r, r′)

+ (n̂×E(r))×∇G−(r, r′)dS for


r′ outside S2
r′ on S2
r′ inside S2

(2.3)

In (2.3), the middle term 1
2E(r′) comes from the limits when a → 0. This special 1/2

coefficient is only valid while r′ ∈ S2 and S2 surface is smooth. The presence of the coefficient
means that if there exists a corner or edges, the factor will change along locally. For the power-
pole cases, this is a minor problem. Equation (2.3) holds in most of the situations presented. If
one should be interested in this part, [21, 22] are good references.

To reach the EFIE, we need to eliminate the normal part of the field. One then has an integral
representation where only tangential components survive. [20] then introduces the method using
the vector potential under Lorentz Gauge Condition. For an arbitrary vector potential F , one
can have the following vector calculation

∇ · (n̂× F ) = F · (∇× n̂)− n̂ · (∇× F ) = −n̂ · (∇× F ), (2.4)

besides, a definition of new nabla operator ∇S start as

∇ = n̂(n̂ · ∇) +∇S , (2.5)

where ∇S can only effect the tangential part of the fields, and hence it yields

−n̂ · (∇× F ) = ∇ · (n̂× F ) = ∇S · (n̂× F ). (2.6)

If one uses this result to the case when F = ∇×E, it will give that

∇S · (n̂× (∇×E)) = −n̂ · (∇× (∇×E)) = [E source free] = −k2n̂ ·E. (2.7)

In the equation (2.3), when a→ 0, the principal value integral is:

lim
a→0

ˆ
S2−S2,a

... =:

 
S2

... (2.8)
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Expressing this principal value integral using this sign afterwards, and write S2 to S in order to
simplified the equation.

 
S
(n̂ ·E)∇G−(r, r′)dS = −k−2

 
S
[∇S · (n̂× (∇×E))]∇G−(r, r′)dS

= k−2

 
S
[∇S · (n̂× (∇×E))]∇′G−(r, r′)dS

(2.9)

Accordingly, the outcome of equation (2.3) for r′ ∈ S becomes:

1

2
E(r′) = Ei(r′) +

 
S
n̂× (∇×E(r))G−(r, r′)+

k−2 (∇S · [n̂× (∇×E(r))])∇′G−(r, r′) + [n̂×E(r)]×∇G−(r, r′)dS.

(2.10)

One could observe that the above equation (2.10) is derived from an eigenvalue function of the
form ∇× (∇×E) = k2E. For the same routine, one can also derive the equation for H-field
analogously.

1

2
H(r′) = H i(r′) +

 
S
n̂× (∇×H(r))G−(r, r′)+

k−2 (∇S · [n̂× (∇×H(r))])∇′G−(r, r′) + [n̂×H(r)]×∇G−(r, r′)dS.
(2.11)

Naming a surface normal unit vector n̂′ at r′ on the surface S. Since boundary condition is
interested, this unit vector is applied by n̂′× (2.10) and n̂′× (2.11), yields

1

2
n̂′ ×E(r′) = n̂′ ×Ei(r′) + n̂′ ×

 
S
n̂× (∇×E(r))G−(r, r′)+

k−2∇′G−(r, r′) (∇S · [n̂× (∇×E(r))]) + [n̂×E(r)]×∇G−(r, r′)dS.
(2.12)

simultaneously,

1

2
n̂′ ×H(r′) = n̂′ ×H i(r′) + n̂′ ×

 
S
n̂× (∇×H(r))G−(r, r′)+

k−2∇′G−(r, r′) (∇S · [n̂× (∇×H(r))]) + [n̂×H(r)]×∇G−(r, r′)dS.
(2.13)

valid as long as r′ ∈ S.

In power-poles cases, the surface material is mainly PEC, that is, a boundary condition
n̂ × E = 0 and n̂ × (∇ ×H) = 0 is expected on S. Recognizing that n̂ ×H = K, where
K is the surface current density. Hence one can see the relation between the surface source
term and the radiating fields. Similarly, n̂ × (∇ × E) = −jωµ(n̂ × H) = −jkηK, where
η =

√
µ/ϵ is the wave impedance in the propagating outer space. Therefore, equation (2.12)

and (2.13) become

n̂′ ×Ei(r′) = jkηn̂′ ×
 
S
K(r)G−(r, r′) + k−2 (∇S ·K(r))∇′G−(r, r′)dS, r′ ∈ S,

(2.14)
analogously,

1

2
K(r′) = n̂′ ×H i(r′) + n̂′ ×

 
S
K(r)×∇G−(r, r′)dS, r′ ∈ S. (2.15)
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The integral representation in equation (2.14) is called the Electric Field Integral Equation, EFIE,
and (2.15) is called the Magnetic Field Integral Equation, MFIE. In the EFIE equation, there
is a way to interpret the relation between two terms. The first term in the integral is linear
to the magnetic vector potential, and the second term is to the gradient of the electric scalar
potential. For the cases in this thesis project work, this EFIE equation is adequate in formulating
the problem of a homogeneous time-harmonic field. There are more research on this problem
for more complex situations [21, 23, 24]. Since the tangential component on the boundary
connected to the scattered field, there is a common expression on the scattering field that

n̂×E = n̂×Ei − n̂× (jωA+∇ψ)

n̂×H = n̂×H i +
1

µ
n̂×∇×A,

(2.16)

where A represent the magnetic vector potential while ψ denoting the electric scalar potential.
That is

A = µ

ˆ ˆ
S
J(r′)G−(r, r′)dS′ (2.17)

ψ =
1

ϵ

ˆ ˆ
S
σ(r′)G−(r, r′)dS′, (2.18)

The σ here is the surface charge density element on the boundary, one can look up to charge
continuity relation or conservation law and find its relation with J as follow

σ = − 1

jω
∇ · J . (2.19)

Once again, G− here denoting the outward propagating Green’s Function,

G−(r, r′) =
e−jk|r−r′|

4π|r − r′|
. (2.20)

Hence, we can find the scattering field if the source term K is known and vise-Versa. Now
the challenge becomes the question of how can one convert these formulations into numerical
calculations.

2.2 Method of Moments

Although EFIE is a somewhat simplified equation, one would need a numerical way to solve
it, which is the Method of Moments. Relying on the RWG sub-domain basis function, we here
made an introduction of Makarov’s way to tackle this problem [15]. We also made a presentation
on the fundamental concepts of MoM [18].

For starting the MoM, let’s take E-field solution at the beginning. The enforcing boundary
condition for E-field telling that n̂×Es = −n̂×Ei. From equation (2.16) and (2.17) (2.18),
it is obvious that n̂ ×Es is a linear integral operation on the vector J , which in mathematical
sense

n̂×L(J) = n̂×Ei. (2.21)

Here, L denotes the linear operator and has the following relation that

L(J) = −jωA−∇ψ (2.22)
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The current density J , from view of moments method, can be expanded into one set of basis
functions in the form {Jn, n = 1, 2, 3, 4, ..., N}. Therefore one can write formally

J =
∑
n

InJn, (2.23)

where In is the unknown coefficients for the nth basis function using for J . If we define a
notation that of a symmetric product of tangential vector as

⟨A,B⟩ =
ˆ ˆ

S
A ·BdS. (2.24)

Now can one apply a testing function {Wm},m = 1, 2, 3, 4, ..., N on (2.21), by applying the
linearity of the symmetric product∑

n

In⟨Wm,L(Jn)⟩ = ⟨Wm,E
i⟩. (2.25)

This set of functions yields a testing process that can be simplified as

[Z]I = V
i
, (2.26)

where Z here is representing the impedance matrix. Calculating this matrix is the most time
consuming part of the MoM code. I denoting the vector of current density weighting coefficients

I = [In]N×1. (2.27)

For V i, it is the voltage excitation of certain testing function Wm

V
i
=
[
⟨Wm, n̂×Ei⟩

]
N×1

. (2.28)

Note that we will invert the matrix [Z]. It directly determines whether equation (2.26) has a
solution to I . Once the current distribution is known, we can find the E-field in the free space
by applying the equation from (2.16) to (2.20).

Given the MoM as presented above, Makarov has already composed an educative and
experienced script to describe this process by using the RWG edge elements model [15]. This
model requires first meshing the interested PEC surface into a significant number of triangles.
These triangles are filling up the whole domain, with each of them consisting of three edges.
Each edge at most will have two triangles sharing them. From the RWG edge element point of
view, it divides the triangles sharing the same edge with the plus triangle and minus triangle,
which we show in Figure 2.2.

Wm(r) =


(lm/(2A+

m))ρ+
m(r), r inT+

m

(lm/(2A−
m))ρ−

m(r), r inT−
m

0, otherwise
(2.29)

In the equation (2.29) above, lm denotes the length of the edge which triangles sharing. A±
m is

the area of triangle T±
m , and vector ρ±

m is a vector connects the vertex that not on the edge with
the center point of triangle T±

m .

Makarov has made a unique and essential assumption in his script when building the
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T1

T2

A+
m

A−
m

ρ+m

ρ−m

Figure 2.2: RWG basis edges and notation demonstration [15]

impedance matrix discussed in Section 2.1. He proposes to approximate the integral value
onto the summation of discrete center values of 9 smaller triangles. Though the analytical
solution in Section 2.1 is more accurate and precise, we expected a fair amount of work for
the computer. While the assumption will violate the calculation of near-diagonal terms that in
the matrix, the method is quite compact and simplified. By the ”one-third” rule, we can divide
an arbitrary triangle into nine smaller triangles with similitude. Assuming any integral on this
mother triangle will have a constant value over each child triangle, one should have the following
conclusion, ˆ

Tm

g(r)dS =
Am

9

9∑
k=1

g(rck). (2.30)

The parameter k here, varying through 1, 2, 3, ..., 9 is the series number of nine smaller triangles.
Hence, rck denoting the center points of nine split triangles. Then, if one reproduce equation
(2.26) in the form of equation (2.30), one can obtain the impedance matrix quantitatively with
the result:

Zmn ≃ lm
[
jω(A+

mn · ρc+
m /2 +A−

mn · ρc−
m /2) + Φ−

mn − Φ+
mn

]
. (2.31)

For two edge elements m and n, the impedance matrix can be found using the equation above.
The vector ρc±

m is denoting the element that connects the vertex point not on the edge ν±
m and

the center point rc±m on the triangle T±
m . That is to say the following relation

ρc+
m = rc+m − ν+

m,ρ
c−
m = −rc−m + ν−

m (2.32)

should be fulfilled. The magnetic vector potential A and electric scalar potential Φ has the form
[14]

A±
mn =

µ

4π

[
ln

2A+
n

ˆ
T+
n

ρ+
n (r

′)g±m(r′)dS′ +
ln

2A−
n

ˆ
T−
n

ρ−
n (r

′)g±m(r′)dS′
]
, (2.33)

Φ±
mn = − 1

4πjωϵ

[
ln

A+
n

ˆ
T+
n

g±m(r′)dS′ − ln

A−
n

ˆ
T−
n

g±m(r′)dS′
]
. (2.34)

In this equation remains one last unspecified term: g±m, which is the outward Green Function in
equation (2.20), but with the r substitute by the center point rc±m for each triangles, respectively.
By applying equation (2.30), one can extract all the coefficients for currents flowing on the PEC
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Isotropic Radiation

Qi =
Pt

4πR2 W/m2

R

Figure 2.3: Demostration of power density at distance R for a isotropic radar [17]

surface. It is also indicated that one can speed up the code more by sacrifice the accuracy using
the one mid point approximation

ˆ
Tm

g(r)dS = Amg(r
c
m). (2.35)

This method can speed up the code two to four times since it makes an even more straightforward
assumption. Since, in this project, the Electromagnetic Engineering (EME) department of KTH
provides a powerful computer, it is not required to have high speed. Thus the equation (2.35)
will not be applied in this work.

2.3 Radar Range Equation

The Radar Range Equation (RRE) is used to solve the maximum functioning distance of a radar
system under different operating modes such as searching, tracking, beacon, imaging, anti-
interference, and clutter suppressing [17]. The RRE is basing on the known radar parameters,
propagation path, object’s feature, and propagation performance. It is a primary mathematical
relational that calculates the furthest place a radar can detect. The radar parameters include such
as transmitting power, receiver noise figure, antenna gain, wavelength. The object’s feature
includes such as Radar Cross Section (RCS), material. The propagation performance relates to
the atmosphere propagation and reflection.

Although we will not derive the RRE from the very original principles of the theory, i.e.,
[16], we will start this chapter by introducing the concept of power density. First, let us consider
a case where radar is transmitting power Pt to space uniformly. In this case, the electromagnetic
(EM) wave has an omnidirectional power distribution in the free space. We can express the
power density resulting at distance R can as followed:

Qi =
Pt

4πR2
, (2.36)

which can be demonstrated in Figure 2.3.

For a radar system in real life, however, it usually equipped with an anisotropic antenna.
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That means the transmitted power often concentrated onto a specific angle range. In this case,
we observe a higher energy concentration at the antenna main beam direction than the same place
as an omnidirectional antenna. The ratio between the power density transmitted by a directional
antenna and omnidirectional one is called directivity. It is more common to use antenna gain
G to express the directivity reduced by the losses. Thus the power density Qi of a directional
antenna resulting at a distance R is:

Qi =
PtGt(R̂)

4πR2
. (2.37)

The transmitting antenna gain Gt(R̂) is related to the observation angle. We defined the
distance R as the distance between the beacon and the receiving antenna on the airplane. Once
the power density is known, we can now calculate the power received by a target receiver. An
antenna gathers the radar wave propagating to the receiver with an effective area Ae. Hence,
the total power Pr entering this receiver is the power density times the effective antenna area.

Pr = QiAe =
PtGt(R̂)Ae

4πR2
. (2.38)

The effective antenna area Ae is, however, not usually used for the transmission expression.
We would like to substitute this term with the receiver antenna gain. As it is explained in the
Chapter 9 of [17] and any standard antenna text, the gain G and antenna effective area Ae has
such relation that:

G(R̂) =
4πηaA

λ2
=

4πAe

λ2
, (2.39)

where ηa is referred to the antenna efficiency and λ is the wavelength of the wave we
interested.

Here one should note that we assumed that the receiving antenna on the airplane has
no directivity, i.e., the receiver gain Gr does not depend on the observation angle. The
independence is because the receiving system of the airplane has a feature of direction-finding,
which means that the airplane receiver can locate the direction of the incoming signal, thus tilt
the antenna towards it. Another point is that the airplane is far from the VOR and the power-
pole which means that R is approximately equals to the distance between the power-pole and
airplane. Thus the receiver gain is almost equal for interference and original signal. Next, by
replacing the effective area Ae with the receiving antenna gain Gr, we end up precisely at Friis
transmission formula [16].

Pr = Pt
Gt(R̂)Grλ

2

(4πR)2
. (2.40)

Up and until here what we are discussing is about how the VOR beacon system send the wave
to the detecting system of the airplanes. We would also like to see how the interference enter in
the receiver. This can be demonstrated in Figure 2.4, where RBP means the distance between
beacon system and power-pole and RPA is the distance between power-pole and airplane. Here
we need to discuss about the Bi-static radar cross section σbi(k̂i, k̂out). It is the ratio between
the square of scattered field |Es|2 and the square of incoming field |Ei|2which can be find as
followed:

σbi(k̂i, k̂out)

R2
PA

=
|Es|2

|Ei|2
.

The factor of 1
R2

PA
is because we are finding the far-field power density. Since the Poynting
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Beacon Antenna

Powerpole

Airplane Antenna

RBP

RPA

Figure 2.4: Demonstration of interference causing by the tower

vector suggest that the power density Q is linear with the cross product of E- and H-field, we
have:

Q =
1

2
E ×H∗ ∼ |E|2

2η
,

where η is the wave impedance. Hence it yields the power density relation between the power
density find at the power-pole and at the airplane that

QA =
σbi(R̂BP , R̂PA)

R2
PA

QP .

Here we need to mention that the pattern of bi-static radar cross section is different from the
radiation pattern. The former one is a scattering pattern, where the power of incoming wave is
not gathered and feed the power-pole as an antenna. In the result part, the bi-static radar cross
section of power-pole will be called scattering pattern. If we plug in the (2.40), we shall find
the interference power as

Pint =
σbi(R̂BP , R̂PA)PtGt(R̂BP )Grλ

2

(4πRBPRPA)2
. (2.41)

In this thesis, we mainly want to discuss how the EM wave scattered from the power-
pole influence the signal quality, so other noises such as transmit noise, thermal noise, and
atmospheric noise will be assumed almost zero. The signal to interference ratio SIR is hence:

SIR =
Pr

Pint
=

Gt(R̂)(RBPRPA)
2

σbi(R̂BP , R̂PA)Gt(R̂BP )R2
. (2.42)

The above equation is the RRE of the model in Figure 2.4. Here please note that R, RBP and
RPA has a relation as followed:

R = RBP +RPA,

it is then possible to use this RRE to analyze the worst scenario of the model.
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F
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Figure 2.5: The omnidirectional antenna Alford Loop overlook [25], the arrows indicate the
relative current direction on the loop

2.4 Very High Frequency Omnidirectional Range

In 1946, the VOR system became the U.S. aviation management standard and, after several
years, was also recommended and selected as an international standard by the International Civil
Aviation Organization (ICAO). Although the VOR system is proved to have a better performance
in thunderstorm interaction and sea surface influence, it suffers from barriers and obstacles that
show up between the receiver and transmitter. In 2000, there is approximately 3000 VOR beacon
over the world. The number has been declining due to the substitution of the GPS navigation
system. Although the VOR system no longer is the best choice of the airport navigation and
positioning system, the basic principle and directional working procedure are still applied in
many radar nowadays [25].

The VOR system is operating at around 100-120 MHz frequency band, with each channel
spacing 50kHz. The beacon radiates 700 watts carrier wave, with four modulating signals: a
9960Hz FM signal, which gradually deviates 480Hz. The rate it deviates is 30Hz. A 1024Hz
FM signal modulated in Morse Code to identify station information. A voice channel providing
the pilot with weather information and airport status, and lastly, an AM signal deviates 30Hz
as reference. The main working principle of VOR is that the receiver compares the 30Hz
reference amplitude modulated signal with the anisotropic 30Hz frequency modulated signal.
The phase difference indicates the relative direction between the airplane and VOR beacon
station [26].

The VOR system provides short-range horizontal position information to an airplane (which
usually covers 200miles range). It uses a set of the loop antenna array to produce a horizontally
polarized pattern, and the choice VOR system made is Alford Loop. Alford Loop antenna is a
special omnidirectional antenna with a pattern ”8” structure, which we show the demonstration
of this type of antenna in Figure 2.5. It has two feed portals with the opposite direction of
current flowing in two separate half of the antenna. The antenna form a square loop, upright
and bottom-left corner of this structure bends inward. The waves radiate from the inner part
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tend to cancel each other due to the opposite current direction. One can detect a few signals at
the top of this radio. The bend-in component of Alford Loop forms a capacitance, and it can be
modified to adjust the resonance of the antenna. There is also a mono-pole antenna sticking out
at the center of the structure. This additional component is used to cancel the vertically polarized
wave further. This loop antenna is unique as it creates horizontally polarised waves, while the
radiation pattern is similar to a vertical dipole. Thus in this thesis work, we substitute the Alford
Loop gain with a dipole gain.

For the basic working principle of VOR, see Figure 2.6, it is common to imagine the VOR
radio as a lighthouse. The lighthouse release two kinds of shiny light over the dark sea. The first
one is an isotropic light that illuminates everywhere in a specified interval. During this interval,
the second one, which is an anisotropic or directional light beam, start from the North rotating
along the horizontal plane. The remote observer needs to compare the two kinds of light and
find the time-space between them. The longer it takes means, the greater azimuthal angle it has
with the reference of the lighthouse. Note that the Alford Loop antenna has a directivity similar
to a vertical dipole, one shall observe a signal drop when flying over the VOR system. This part
of the area where the EM wave can not reach is called the silent cone, and it is widespread in
space navigation systems. According to [27], the pilots will discover a signal destabilization and
data disorder when flying over the VOR beacon, and the equipment will experience a sensitive
variation when close to the beacon. This silent cone causes these special circumstances.

Noting that the amplitude modulated signal is vulnerable to the environment filled with
diffraction and reflected objects, we are interested in to what extent power-pole will affect the
AM signal. As mentioned before in this section, the AM signal mainly responsible for the
isotropic wave, which means power-pole will influence the radio by raising the amplitude of
the omnidirectional wave, thus misleading the airplane at a particular scenario. We focus on the
omnidirectional signal as it is AM modulated.

We made a simplified Alford Loop mesh according to Figure 2.5 and implemented it into
the MoM code to test the radiation features. One can find the mesh in Figure 2.7. We feed the
Alford Loop with two points in the center, where the feeding points also shown in the figure.
We chose the frequency at around 14MHz to eliminate the reactance for better resonance. The
colors in Figure 2.7 also indicate the normalized current density on the structure, where darker
in red indicates higher current, respectively.

One can find the radiation pattern in Figure 2.8, where one observes the radiation pattern is
similar to a y-directed half-wavelength dipole but tilted a little to the +z-axis. We assume the
tilting is because of the coupling between the feed points at the center. In the real situation, the
Alford Loop should have uniform radiation around the Loop. The Alford Loop has a similar
radiation behaviour as a dipole field. We made an investigation comparing the dipole field and
Alford Loop field. The result is shown in Figure 2.9. One can see that the difference is that the
Alford Loop has a wider -3dB angle than dipole field. For a better simulation, in this project,
we will use a half-wavelength dipole field model to substitute the Alford Loop radiation.

2.5 Ground interaction and Method of Image

The ground interaction with the EM wave has been a common problem in scattering research.
Since we can assume the ground as a lossy dielectric layer, there is already some right approach
in solving it. The first calculation method of a vertical Hertzian dipole, which represents a
time-harmonic current oscillating on an infinitesimal length, radiating on a lossy conducting
half-space was formulated in 1909 by Sommerfeld [29]. Later, he also researches on other
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Figure 2.6: Basic working principle of VOR, analog with lighthouse [28]

Figure 2.7: The mesh of current distribution of a fed Alford Loop
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Figure 2.8: The radiation pattern of the Alford Loop with 40dB offset gain

Figure 2.9: The comparison between a dipole radiation and an Alford Loop radiation
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Figure 2.10: Illustration of Method of Image (developed by Lord Kelvin)

placement methods for dipole and in different dielectric space. These calculation methods
locate the dipole in the interface between two half-spaces, thus causing some mathematical
difficulties. Then, some other authors put it above the lossy half-space to investigate the surface
wave, including himself [30]. These methods precisely describe the surface wave and predict
the behavior accurately.

Since the memory of the computer is limited, this project will first assume the ground
as a PEC and investigate the result. A PEC surface is much more simple to investigate than
the Sommerfeld half-space problem. Here the Method of Image can be applied. The Method
of Image, developed by Lord Kelvin in his inversion theory, is a method that substitutes the
conducting surface with the image charges of the original one. This method is explained in
Figure 2.10. The image theory describes that we can substitute the configuration of a charge
and an electrically conducting surface by the charge and the image of itself. A negative charge
substitutes a positive charge, and reversely, a positive charge substitute by a negative charge.
When the charge oscillates, it creates an electrical dipole moment p(t). Respectively, the image
charge is oscillating in a symmetry manner. What need to be noted is that the vertical component
of moment my will have a image moment piy in same direction, i.e. py = piy. The parallel
moment component px will have a image moment pix in opposite direction, i.e. px = −pix.
The reason is that the current direction is opposite for a positive charge and a positive charge.
Besides, the displacement has a feature of symmetry.

For calculating the impedance matrix in (2.31), one should modify the magnetic vector
potential A and electric scalar potential. We can do this by modifying the Green’s function to
add the ground image elements to contribute to the original elements. According to [31], the
magnetic vector potential has the following change if one implement an infinite PEC ground on
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Figure 2.11: Illustration of half-wavelength dipole with ground interaction

xz-plane:

Ax,z(r) =
µ

4π

ˆ
S
Jx,z(r

′)

(
e−jk|r−r′|

|r − r′|
− e−jk|r−r′+2r′·ŷ|

|r − r′ + 2r′ · ŷ|

)
dS′, (2.43)

Ay(r) =
µ

4π

ˆ
S
Jy(r

′)

(
e−jk|r−r′|

|r − r′|
+

e−jk|r−r′+2r′·ŷ|

|r − r′ + 2r′ · ŷ|

)
dS′. (2.44)

The vector potential has a different image contribution for horizontal and vertical currents.
In our case, the ground is xz-plane, so y-component has a summation Green Function instead
of a differential. For the electric scalar potential, the change is as followed:

Φ(r) =
1

−4πjωϵ

ˆ
S
∇S · Jx,z(r

′)

(
e−jk|r−r′|

|r − r′|
− e−jk|r−r′+2r′·ŷ|

|r − r′ + 2r′ · ŷ|

)
dS′, (2.45)

in which the charges in the image is negative, so the Green’s Function has a minus sign
between the two contributions. By implementing these equations in the (2.31), we can re-
calculate the impedance matrix. We examined the impedance matrix code by a vertically placed
dipole and a horizontally placed dipole. Both the dipole are half-wavelength dipole fed from
the center. We examine the input impedance versus the height h to the ground. We show an
illustration of the dipole height in Figure 2.11. One can find the result in Figure 2.12.

In the figure, the red lines represent the impedance of a horizontal dipole illustrated in Figure
2.11(a). The black lines represent the vertical dipole illustrated in Figure 2.11(b). The solid
lines are the resistance, and the dashed lines are the reactances. Due to the strong coupling to
the ground, the input impedance is high when the dipole close to the ground. For instance, if
the h → 0 in Figure 2.11(b), the half-wavelength dipole becomes a full wavelength dipole,
and the input impedance will raise due to mismatch. According to [31], a vertical dipole at
height of 0.02λ above a PEC ground has a input impedance at around 107+j60Ω. The input
impedance in our case will converge around 90+j40Ω when the height rises. This result is close
the results in [15] around 88+j44Ω and NEC’s 90+j50Ω, which has difference to the theoretical
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Figure 2.12: Input impedance measurement of a vertical and horizontal dipole

input impedance 73+42.5Ω. It is a test to the implementation of the method we use to calculate
theZ matrix. One can further test other structures. The variation of the impedance and reactance
has similar trend, in which the difference might because we are using simple PEC surface model
to simulate dipole.

In this project, the radiation field depends on the electrical moment on the power-pole
structure, where every current element is assumed to be a Hertzian dipole. The behavior of
dipole has already known, and the ground interaction can be modeled by imaging these dipoles
on the ground plane.
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3 Model

In this chapter, we will make a description of the detailed modeling work in this degree project.
By introducing and explaining every step presents the practical description of how the theory
was applied. There are mainly three phases of the modeling work, and each of them concentrates
on a different aspect of the model, the works are divided as follow:
1. The description of 1 and 2 sides models.
2. The implementation of power-pole structure and meshing.
3. The implementation and validation of Method of Moment code for power-pole gain.
4. The VOR radar and power-pole model study.

The first part aims to describe the model that this project investigates, what assumptions
we have made, and what simplifications we introduced. In the implementation of the power-
pole structure and meshing, we will show the ways used to reproduce the structure and detail
dimension data. We will also introduce the meshing tool and meshing method, including some
graphs of interfaces of these tools. In the implementation of the MoM code for power-pole gain,
we will present the code of MoM from Makarov [15] and how we implement it with our meshed
structure. In the last part, the VOR radar and power-pole model study, the overall model is
presented. We will illustrate the coordinates relationships in the Section 3.4.

3.1 The Description of 1 and 2 Sides Models

The selection of a model much depends on the calculation time of the computer. We have made
some compromises to trade off the model complexity and occupied memories. As have been
discussed in Section 2.2, the size of impedance matrix Z is linear to the square of the edge
elements number. One power-pole has four sides of conducting surfaces, and in Section 3.2,
we have shown that each of the surfaces contains nearly 25k triangle edges. Hence for one side
of the power-pole, the impedance matrix Z has a size of 25k×25k. This size grows four times
as one takes two sides of the power-pole. The memory it takes can be demonstrated in Figure
3.1.

Since we did most of the calculation for MoM code in creating and inverting the impedance
matrix Z, the increase of the power-pole model side directly affect the calculation time. If
we simulate two sides of the model usually result in a six times calculation time increase. We
will first model a flank surface of the power-pole to see if there is a significant difference in
the results. If the result has an unexpected feature, such as a big difference in directivity or
unmatches the worst scenario, we will try to figure out the two flank surface of the power-
pole.

For the computational memory purpose, we made the following simplification of models.
This project chose the flanking side surface as the one side power-pole model. We choose
the flank side because the power transmitting line is going from the north towards the south.
The surface observed from the VOR system should be the flank side. We further explain the
choice in Section 3.2, where one can find the flank side of the power-pole in the one shown
in Figure 3.2 right-hand side. The surfaces of the two sides power-pole model are the one
chosen in the one side model and the symmetry side of it. In this M.Sc. thesis project, we
will compare two models and their influence by adding a PEC ground. Overall, we use the 1-2-
side approximation model to estimate the 4-side result. We have, in this project, not considered
matrix-compression methods like Adaptive Cross Approximation (ACA). The method uses the
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Figure 3.1: Illustration of impedance matrix Z memory occupation for taking 1 side, 2 sides
and 4 sides of powerpole

feature of the impedance matrix that most of the impedance data are on the diagonal of the
matrix.

For all the coordinates systems treated in the following session, the xz-plane is the ground
plane on which the power-pole stands. The z-axis is on the line connecting the VOR system
and power-pole. The y-axis is pointing towards the sky and vertical to the ground plane. The
demonstration of the coordinate system part is essential since the coordinates system in the code
can be easily changed and might cause misleading when one tries to interpret the plots. In the
next section, we discussed the specific route of how to make the power-pole one side model and
two sides model.

3.2 The Implementation of Power-pole Structure and Meshing

The implementation of the power-pole model structure cannot separate from the real-life power-
pole. The power-pole structure is referring to the Svenska Kraftnät type ”Raklinjestolpe 0-2.5,
Variant A 2x400kV Julgran”, which one can see in Figure 3.2. One can find the real-life picture
of these kinds of towers in Figure 3.3.

The model is a massive structure comparing to the wavenumber with its height at 63.4m and
a width of 16m. If one mesh and implement this structure directly into the MoM code, it will
consume more than 40Gbit data in RAM and spend over one day to yield a result. Our method
is to analyze one side of the power-pole at the beginning and add two sides later. Four sides are
do-able, but much more expensive in memory since the cost in edge elements is proportional to
the square of the number of the edges.

Here one needs to note that we will treat each side of the power-pole structure as a locally
flat surface. This approximation should account for the main scattering contribution since
the thickness of the plates is very small as compared to the height and width of the power-
pole.

There are several problems when one dealing with the simplified structure drawings in
Figure 3.2. First is how to make the lines in the Figure 3.2 to became steel strips, whereas
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Figure 3.2: Power-pole line structure from Svenska Kraftnät.

lines have no width. Second is how to return over 400 coordinates of each point on the one side
of the tower. The third is how to mesh the structure.

To answer the first question, one may use the AutoCAD layout tool. AutoCAD is an easy
software to handle this type of line structures and has the terminal to import PDF file of Figure
3.2. The parallel line tool can extend the line width, so the only thing left is to measure the
width of steel strips on the real structure. We make a field measurement on the dimension of
the tower seen in Figure 3.3. There are two kinds of steel strip, the profile lines of the tower are
about 11cm wide, while other lines inside the structure are about 7cm wide. These two data are
taken and inserted in the AutoCAD by making two parallel lines beside each original line, then
remove the original lines from the structure. Next, carefully remove the extra line segments near
the intersection of each line. The Figure 3.4 shows the tower after adding the width to each line
in Figure 3.2.

AutoCAD returns a 6×n array data, where every row contains the information of one line.
The first three data define the start point of the line, and the last three data define the endpoint.
The number n hence denotes the number of line elements in this structure. Here one needs to be
careful since the structure might not be a closed topology. It might happen at some intersection
that two line-fragments do not join properly, leaving a gap between two lines. This problem will
cause an error when we use the GMSH meshing tool.

GMSH is a tool to mesh a closed topology into many triangles. It can mesh not only 2D
topology but also the 3D ones. Since this GMSH software requires different coordinates coding
method from AutoCAD, one can use MATLAB to re-encode the coordinates return from the
AutoCAD. While in this process, one can tilt the structure by adding the third coordinates (for
my case, the z-coordinates). We do this is because AutoCAD, after import PDF file, can only
show the plane 2D topology. The tower has a different slope from height 0m to 36m and 36m
to 63.4m, whereas the latter one has a smaller tilt angle. The y coordinates can be used to guide
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Figure 3.3: Power-pole real life picture (taken from Bergiusvägen, 104 05 Stockholm, Sweden).

Figure 3.4: The structure with measured width using AutoCAD.
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Figure 3.5: Tower after meshing

the tilting as followed:

zi =

{
5.6− 4

35.9yi for 0 < yi < 36

1.56− (1.56−0.81)
(63.4−36.07)(yi − 36.07) for 36 < yi < 63.4

(3.46)

where i denotes the index of the point, the numbers showing in the equation is the measurement
of a point which is taken to express the slope.

To make a mesh in GMSH, one needs to specify the line elements and the surface elements.
Every point in GMSH has an index, and the line elements are defined by a 1 × 2 row data,
where it store the index of the start point index and endpoint index. Since AutoCAD already
code the file with each line coordinates, MATLAB then can directly extract the index from the
pool of points elements array. GMSH defines the points data and triangle data once the outer
profile of the power-pole is determined. In the GMSH panel, by selecting Geometry, Elementary
entities, add, surface, and choose the surfaces that are closed in lines loop, the GMSH will return
a meshed tower. One can see the meshed structure in Figure 3.5.

The mesh file that is created from the GMSH has a very similar coding method with GMSH
geometry file. The first part stores the coordinates of the points, and the second part use three
points’ index to express triangle vertexes in the mesh. After this step, we successfully create the
mesh model as required by the MoM code. We will next apply the mesh structure into the MoM
code.

3.3 The Implementation and Validation of Method of Moment Code for Power-
pole Gain

We used the MoM code from Makarov [15] in this project to solve for both the current
distribution and the bi-static radar cross-section. The scattering is a process that the incoming
electromagnetic wave induces the current on a surface, and the surface current, in turn, radiates
an electromagnetic field to the free space. Due to this, one can divide the code into two parts.
The first part aims to solve the surface current flowing on the structure, while in this process,
we calculate the impedance matrix and excitation voltage. The second part solves the radiation
of the electromagnetic signal by the given surface current from the first part. For this project,
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Figure 3.6: Illustration of the dipole testing model

we are interested in this far-field pattern in all angles of reflection.

The primary purpose of this phase of the work is to establish the scattering pattern on the
power-pole. In this case, one can assume the power-pole as one kind of antenna. The scattering
pattern is thus the radiation far-field of the power-pole. For the visualization, one should note
the offset added to the original data. Since the decibel far-field gain might have minus values
(linear gain in the range 0 < G < 1) at some observation angle, this may result in a peak in
the opposite direction in a polar plot. The offset is used to avoid this problem. The gain of the
power-pole is an important parameter which we will apply in (2.42).

In the beginning, we test an Alford Loop antenna radiation pattern. We have shown the
results in Section 2.4. The Alford Loop antenna used in the VOR system has a radiation pattern
similar to a dipole field. Hence, we shall implement this model into our VOR system gain. The
radiation pattern of a dipole is well-studied and intuitive for the beginning of the code model.
It is also easy to understand the code and validate if one uses the MoM code correctly. One can
find the radiation pattern of the dipole model in Figure 3.7 and Figure 3.8. The first of which
represents a x-directed dipole with the half-wavelength signal fed and no ground interaction.
The second shows it positioned half wavelength above a PEC ground on the xz-plane. One
can also find the demonstration of the tested model in Figure 3.6. This dipole with a ground
model is only used as validation purpose, while we will implement the dipole without a ground
model into the signal and interference analysis. The choice is because we assume here that the
airport radar has a PEC reflector under the antenna to further adjust the Alford Loop radiation
pattern to act as a dipole. The VOR radar is usually residents on a small hill. For the case in
Arlanda Airport, the hill is about 25m in height, and it is provided by the geographic authority,
Lantmäteriet [32], website.

In Figure 3.7, one may compare to the [31] on p.163 that the maximum gain of this pattern
is numerically close to the theoretical value of a half-wavelength vertical dipole antenna. The
directivity is about 2.15dB, which is close to the theoretical gain value of a half-wavelength
dipole. We created Figure 3.8 by the Method of Image, which we have introduced in Section
2.10. We use this model to test the MoM code and thus proved that the usage of the code is
correct.

We have presented the part of how this master thesis project work applies Makarov’s code
in Appendix A and B for the case if one wants to see how to use these scripts sequence. The
above discussion presented the process where we use Makarov [15] MoM code to calculate the
scattering of the power-pole, thus leading to the VOR radar and power-pole model study.
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(a) 3D perspective (b) yz-plane perspective

Figure 3.7: Scattering pattern of x-directed dipole without ground

(a) 3D perspective (b) yz-plane perspective

Figure 3.8: Scattering pattern of x-directed dipole with PEC ground in xz-plane
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Figure 3.9: An illustration of VOR radar and power-pole model for the 1st Scenario.

3.4 VOR Radar and Power-pole Scenario Study

The VOR radar and power-pole model study established on three scenarios, named Scenario 1st,
Scenario 2nd, and Scenario 3rd, respectively. All of the scenarios are basing on the ordinary
passenger airplane that flies across the VOR coverage airspace, which is a 200 n-miles half-
sphere centered by the VOR system. We make the following simplifying assumption that the
power-pole which residents |RBP |=2.6km away from the VOR is the only reflector and obstacle,
so the power-pole become the only interference source in the model. The data 2.6km is taken
to simulate the Arlanda Airport cases. One can find the model by Figure 3.9. Since the size
of the VOR system and power-pole is rather small (around 50m), the model considers them
as two points locating at z axis with distance |RBP |. The half-sphere indicating the covering
range of the VOR system. One can compare this model with Figure 2.4 to better understand
the relationship of distance from VOR Beacon to power-pole |RBP | and from power-pole to
airplane |RPA|.

The Earth atmosphere is consisting of Nitrogen, Oxygen, and Argon, which has a volume
percentage of approximately 78.1%, 20.9%, and 0.93%, respectively. There is also some Carbon
dioxide, water vapor, and other rare gas that fill up the left 0.07%. The thickness of the Earth’s
atmosphere is around 1000km, which features differently in pressure and temperature as the
height varies. Commonly according to its features, the atmosphere is divided by troposphere,
stratosphere, intermediate layer, warm layer, dissipation layer. Between them, there are no
precise boundaries. The layer that is the closest to the Earth’s surface has a thickness of
12km, which is also the densest layer of their kind. The mass of this layer is about 75% of
the atmosphere. Above this layer, from height 12km to 50km over sea level, is called the
stratosphere. The airflow in the stratosphere mainly performs a horizontal movement. The
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Figure 3.10: An illustration of VOR radar and power-pole model for the 2nd Scenario.

convection phenomenon is weakening in this layer, and there is seldom water vapor. Thus, the
weather hardly changes in this layer, which makes it fit for aircraft to operate. Usually, ordinary
airliners are flying at the upper part of the troposphere, i.e., about 10km over sea level. In this
M.Sc. thesis, we model H = 10km as the airplane flying height across the VOR coverage
area. In order to simplify the calculation and coding, we assume the free space is of the uniform
atmosphere. Hence the permittivity and permeability do not change with the height.

The condition in Scenario 1st is a critical scenario that shows the airplane flying towards
the VOR system, beginning at the extension cord between VOR and power-pole. Due to the
setting of the Matlab coordinate system, the elevation θ is, in our case, the angle between the
R and xz-plane, the azimuths ϕ is the angle starting from the x-axis and clockwise on the xz-
plane. Thus, the range of θ is [−π/2, π/2] and the range of ϕ is [0, 2π). We have solved the
data of the bi-static radar cross-section on the scattering pattern of the power-pole in MoM code
demonstrated in the Section 2.2. This data contains the gain information in dB and respecting to
elevation and azimuths angle. We will show a plot of the interference to signal ratio (ISR) along
with the Plane Cruise 1 in Section 4. Since the definition of θ and ϕ is common in Scenario 2nd,
which we demonstrated in Figure 3.10. The Plane Cruise 1 is parallel to the z-axis and has a
height at 10km.

The Scenario 2nd is also a critical scenario to investigate in the cross flying of Airplane
Cruise 1. We choose this scenario is because this project aims to find the worst condition and
see how bad it is for all the possible angles. What different Plane Cruise 2 made is that the
airplane is passing vertically to the Airplane Cruise 1. Scenario 2nd mainly designed to discuss
the ϕ dependence of the scattering pattern to the airplane receiving equipment. Also, we will
show a plot of the ISR along with the Plane Cruise 2 in Chapter 4. The Plane Cruise 1 will pass
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Figure 3.11: An illustration of VOR radar and power-pole model for the 3rd Scenario.

the overhead area (silent cone) of the VOR system. Due to that, the VOR system has a dipole
like AM signal pattern. Thus the overhead area of the VOR should have a signal drop, which
we have tested in Section 3.3. So the Scenario 2nd is chosen to be a flying route that is parallel
and right above the x-axis.

Scenario 3rd described a flying path that the airplane is landing at the airport, see Figure
3.11. For most of the case when pilot cannot see the runway, airplane is using the Instrument
Landing System (ILS) helping the pilot align the position. The ILS uses an array antenna
(localizer) to send a combination of radio signal guiding the airplane to runway, which is the
most typical way for airplane to make alignment and land automatically. The VOR system is
not the critical equipment in this scenario. We investigate into this scenario to see the if the
interference level is differing too much with the 1st and 2nd Scenarios. In this sense, the Plane
Cruise 3 thus becomes a tilted line that finally will end at the extension cord of Power-pole
and VOR system, which to Arlanda case is the runway for airplane to land. In this model, the
airplane will start to reduce the flying height when it is 200km away from the VOR system. We
will choose the landing cruise under the circumstance that has the highest interference. At last,
the plane shall land at 1km behind the VOR system. In this master thesis project, we assume that
the landing is smooth and uniformly in speed and altitude variation. Though in the real case,
the airplane will suffer turbulence. The pilot may adjust the flying route to overcome the wind
convection. Since both distances between the airplane and VOR system R and the distance
between the airplane and power-pole RPA will be smaller than the case in Scenario 1st and
Scenario 2nd. The signal and interference intensity thus become higher as the Electromagnetic
field strength decay with 1

R2 . The phenomenon makes it interested in finding out to what extent
will the landing process influence the signal in the receiver. We will choose the landing cruise
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to the direction of the highest interference of the scattering pattern to see the receiver exposing
to how much interference.

Among three of the scenarios, the first two cases are similar since they both research on
the interference in the same height. Hence a good approach to Scenario 1st and Scenario 2nd
would be to plot the gain of the interference and original signal on the mesh-grid of the sky
plane at an altitude of 10km. By knowing these two gain matrix and the position matrix, one
can easily calculate the SIR or Interference to Signal Ratio (ISR, later discussed in Chapter
4) using the equation (2.42). Later for Scenario 3rd, there should be note that the height has
a dependence with the z-coordinate, and the gain information should be solved on the correct
relative position between the airplane and power-pole. Note that Makarov can calculate the total
field at a position, we use the bi-static radar cross-section σbi(k̂i, k̂out) to express the scattering
of the power-pole.
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4 Results

In this chapter, the results of this project are presented, discussed, and analyzed. There are three
sections in this chapter. The first one is about the figures that explained the surface current and
scattering pattern, which yielded by MoM. The second section results from the scenario study
discussed in Section 3.4. At last, we will discuss the uncertainty and possible prediction of the
interference level in the real condition.

4.1 Current Distribution and Scattering Pattern

According to the Section 2.2, after we determined the impedance matrix in rwg3.m, the moment
equation (2.26) is applied. An incident electromagnetic field can express the voltage vector.
Thus, the surface current flowing on the power-pole can be calculated using the RWG edge
elements. Since the antenna is a type of an Alford Loop, the polarization of the incident wave is
horizontal. According to the map of Arlanda airport and its surrounding area, the contour line
shows that the VOR system is standing on a hill about 25m high. The power-pole is about 60m
in height. We assume that height difference is about 35m, and the distance between the radar and
power-pole is about 2.6km, which is much larger than the height difference. As we made this
first approximation, one can assume that the incident wave is a plane wave coming at the right
angle to the middle of the tower. Next, we make the visualization of surface current in rwg5.m,
where the current on every mesh triangle is the sum of three edges current on the profile. Figure
4.1 shows the surface current on the flank side of the power-pole. Figure 4.2 shows the current
on two sides of the structure. Both of them are without ground. There is a total of 24955 and
49910 edge elements in one side and two side model, respectively.

In Figure 4.1, the darker in the blue area indicates lower current density and darker in the red
area indicate higher current density. The axis in Figure 4.1 is not equal since it is more clear to see
the current distribution on the power-pole. The resulting picture has a different axis scalar. The
z-axis scalar is approximately five times of x-axis, while the coordinate system is not changed.
As depicted in this plot, the current mainly gathers at the left and right side of the structure,
and the steel on the profile of the structure has little current density. This phenomenon suggests
that under the horizontal polarized plane wave, the steel strips on the profile of the structure is
orthogonal to the polarization. Thus, it is less excited. We find the peak of the current density at
x about 0m and y about 50m. Figure 4.1 shows the front side of the power-pole. The structure
is tilted, which we demonstrate in Figure 4.2, where the perspective is in 45 degrees in both the
elevation and azimuths angle.

Figure 4.2 shows that the current distribution almost mirrored on two sides of the power-
pole, with little difference. Each of the mirror current density also distributed similarly to
the one side model in Figure 4.1. The reason is that the polarization of the incident wave is
horizontal direction, thus vertical to the front side and backside of the power-pole. Another point
is that the power-pole 2 sides model is symmetric. Hence the impedance matrix should also be
symmetric in some direction as it depends on the shape of the conductor and environmental
property (permittivity ϵ and permeability µ). After finding the current density, it is now the
opportunity to apply the EFIE equation, which the MoM code implement in the efield series of
scripts.

We discussed the usage of the efield scripts series in the appendix. The central theme
of these scripts is to find the scattering pattern of the power-pole. This step is the same as
calculating the radiation field of an antenna. One can find the result of the scattering pattern in
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Figure 4.1: Surface current on 1 side, the current is normalised to its amplitude

Figure 4.2: Surface current on 2 sides
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(a) 3D perspective (b) yz-plane perspective

Figure 4.3: Scattering pattern of 1 side power-pole model without ground, −z-directed incoming
field

Figure 4.3 and 4.5. The color bar on the right-hand side of Figure 4.3 and 4.5 is the color scale
of the gain. Note that the scattering pattern coordinate system in respect to the current density
in Figure 4.1 and 4.2, where the power-pole is lying on the xy-plane.

In the Figure 4.3, the maximum gain is found about 20.0 dB (100.0 in linear scale) at
θ = 13.6◦, ϕ ≈ 0◦ . The elevation angle theta θ is the angle between the xz-plane and
the interesting vector and azimuths angle is the angle on the xz-plane starting at positive x-
axis. There is a 40dB offset gain in order to cancel out the negative value in the gain. The
negative value in gain will result in a central-symmetric point in the plot, which is unwanted.
The direction of the gain is in expectation as the power-pole structure is tilted, and from the
optical physics aspect of view, the electromagnetic wave will bouncing towards the sky thus
has directivity in θ ∈ (0◦, 90◦). This result is close to the Physical-Optics theory, as the PEC
surface reflects the EM wave. Another point is that we observe a high gain behind the power-
pole, which directed at +z-axis. We assume that the horizontal polarization causes it. It will
create many horizontal dipoles on the power-pole structure, and their summation creates a +z-
axis high interference region. Besides, we also investigate how a +z-directed incoming field
scattered by the 1 side power-pole model without ground. We show the result scattered pattern
in Figure 4.4. We observe that the scattered signal in our case is depending on the angle it tilts.
Much of the wave is reflected in the ground if the wave is coming in the opposite direction.

For the two sides case in Figure 4.5, the interested parameters are close to the one-sided
case. Applying the same incident wave, the maximum gain found is 20dB (100 in linear) at an
angle of θ = 13.5◦ and ϕ ≈ 0◦. In this case, one may observe that the directivity of the 2-sides
model at −z-direction is even higher. The reason is that both the two sides of the power-pole
has a high interference level on the −z-direction. The interference of two power-pole flank side
models made a summation on the extension cord of the VOR and the power-pole location. The
scattering pattern is similar to the former one but has a higher gain in many other directions and
more symmetry.
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(a) 3D perspective (b) yz-plane perspective

Figure 4.4: Scattering pattern of 1 side power-pole model with PEC ground in xz-plane, +z-
directed incoming field

(a) 3D perspective (b) yz-plane perspective

Figure 4.5: Scattering pattern of 2 sides power-pole model without ground
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(a) 3D perspective (b) yz-plane perspective

Figure 4.6: Scattering pattern of 1 side power-pole model with PEC ground in xz-plane

We applied the Method of Image to simulate the ground interaction. One can find the
scattering pattern of adding a PEC surface in xy-the plane in Figure 4.6. As one can see in
the plot, the difference between Figure 4.3 and Figure 4.6 is small. So do the Figure 4.5 and
Figure 4.7. What there should make a note is that the 2-sides model has a maximum gain of about
22dB (158.5 in linear), which is the highest directivity among the four cases we are discussing
here. However, the shape of the scattering pattern remains similar to the one that does not model
the ground.

One of the main interesting things, scattering patterns, is solved by MoM code. It is in
our case the bi-static radar cross-section σbi(k̂i, k̂out). By knowing the gain on every angle
of the power-pole, one can further investigate the modeled scenario to see how much does the
power-pole interfere with the VOR system following the steps in Section 3.4.

4.2 Results of Modelled Scenario

This section is related to the Section 3.4 to find the Interference to Signal Ratio (ISR). The
reason why this project plot ISR rather than SIR is that at some certain angle, there is almost
0 in gain, which makes it singular in calculating SIR. Another small reason is that the ISR is
more intuitive since the greater the ISR is the worst interference path. Because the VOR system
is considered to be radiation an omnidirectional field, the ISR is then linear to the interference
level where ISR ∝ Interference level. The linearity between the magnitude of ISR and the
disturbance makes the figures easy to interpret and clear to infer the results. We define the ISR
as follow:

ISR =
Interference

Signal
=

1

SIR
. (4.47)

One should note that if determine the height of the plane, one can calculate the ISR data
according to their respective ground position. The respective ground position is defined as the
position on a plane that parallels to the ground plane and has a height in the sky. The ISR
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(a) 3D perspective (b) yz-plane perspective

Figure 4.7: Scattering pattern of 2 sides power-pole model with PEC ground in xz-plane

information on this plane named ISR pattern in this thesis project work. The size of the plane
is chosen to be at the same dimension with the VOR system working range, i.e., a square plane
with 400 n miles (approximately 740 km) side length. This part of the area can cover half of
Sweden. The ISR is the ratio between the interference power Pint and directly received power
Pr. For validation purposes, we may first look into these two parameters in the same zone.
Figure 4.8 and Figure 4.9 shows the distribution of both power in the height of 10km in the
VOR range. In Figure 4.8 (c) and (d), we observe a stronger backward scattering. The reason is
that the backside of the 2-sides model reflects much power in the backward direction. Overall,
in Figure 4.8 (b) and (d), we observe the radiation is stronger on the left and right side. It might
be caused by the ground interaction implemented in the code. The ground reflects much power
toward the left and right of the power-pole.

Figure 4.10 and Figure 4.11 shows the ISR pattern in height 10km upon the ground. In the
ISR pattern, the VOR system is chosen to be at the center of the plot. Since the scale of distance
is large compared to the |RBP |, the power-pole position almost coincides with the VOR. The
joint of position is also why the ISR pattern looks like a radiation source. The difference between
the 1 side model and 2 sides model is small, where the ISR level is similar in the same position
if one compares between the 1 side and 2 sides model. For the ungrounded and ground model,
there is a difference. Although for the ungrounded model, the result also shows that the worst
case is happening RBP . We will further discuss it in Scenario 1st and Scenario 2nd, where
one can observe that the ground model indicates a -50dB unwanted noise. Since the area VOR
covering is vast compared to |RBP |, one may concern about the Earth line-of-sight problem,
which is a common problem for radar on Earth low angle tracking. This problem describes that
the roundness of the Earth’s surface, causing it hard to tract a low flying object. This M.Sc thesis
has not considered it and assumes that the ISR pattern surface is entirely plain. One explanation
is that the VOR system using a rather low frequency of EM wave. It has a better performance
bouncing between the Earth’s ground surface and its Ionosphere than the higher frequency wave
using on other radar.

Scenario 1st is demonstrated in Figure 3.9. It investigates in the condition when airplanes
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(a) Pint of 1 side model without ground (b) Pint of 2 sides model without ground

(c) Pint of 1 side model with ground (d) Pint of 2 sides model with ground

Figure 4.8: The distribution of interference power Pint in (dBm) of four cases, at height of 10km
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Figure 4.9: The distribution of received power Pr in (dBm), at height of 10km

(a) 1 side model without ground (b) 2 sides model without ground

Figure 4.10: ISR intensity in (dB) at height of 10km of 1 side and 2 sides model without ground
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(a) 1 side model with ground (b) 2 sides model with ground

Figure 4.11: ISR intensity in (dB) at height of 10km of 1 side and 2 sides model with ground

are flying towards and from the VOR system at the extension cord of the VOR system and
power-pole. The ISR seen by the airplane along on the airplane cruise is plotted in Figure 4.12.
The x-axis of the plot is the Airplane Cruise 1, and the airplane is flying from the right side of
the figure to the left side. Figure 4.12 describes the interference level received by the airplane
receiver. One can observe that all of the four models we are discussing here have similar behavior
that has a peak value at the center. When passing the overhead area of power-pole, the ISR
changes rapidly with the distance, and the ISR is low. At the edge of the VOR system covering
range, if one uses the radiation pattern directly to calculate the interference, there should be a
rough resolution. That is because we calculate the scattering pattern in elevation and azimuth
angle. This project has overcome this problem by recalculating the scattering information on a
ground place. Overall, the trend of ISR is similar for the two cases. Both of them are below
-50 dB, which is a rather small interference. For the ground interference, there is a raise in ISR
but not significantly. The ISR in Scenario 1 has a maximum value about -52dB. An interesting
point is at -40km of the Airplane Cruise 1. The ISR seems to raise a lot to compare to other
places, which means at the side where the airplane fly passing the VOR. It will experience an
interference rising on the cruise.

For Scenario 2nd, the purpose is to discuss the interference when the airplane is flying
vertically to Airplane Cruise 1 in Scenario 1st. The intersect point between Plane Cruise 2,
and Plane Cruise 1 is the location where VOR radar resident. For four of the cases, the ISR
pattern indicates that the worst cases are at the place above the VOR system. One can find the
demonstration of Scenario 2nd in Figure 3.10, which the red line is the Plane Cruise 2. In this
scenario, one observes that the worst point is not actually on the extension cord of VOR and
power-pole, but slightly shifted to the side (see the yellow line). As two sides case has a more
complex scattering pattern compare to the one side case, the ISR is also vibrating harder. The
ISR for the ungrounded case is overall below -70dB for four of the investigated cases, which is a
small interference. With the PEC ground taken into consideration, the ISR suddenly become as
high as in the Scenario 1st. This phenomenon proves that at the extension cord of the power-pole
and the VOR, the airplane may experience a harsh noise.
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Figure 4.12: ISR along with the Plane Cruise 1 of for the 1st Scenario

Figure 4.13: ISR along with the Plane Cruise 2 of for the 2nd Scenario

42



(a) 1 side model without ground (b) 2 sides model without ground

Figure 4.14: ISR intensity in (dB) in yz-plane of 1 side and 2 sides model without ground

(a) 1 side model with ground (b) 2 sides model with ground

Figure 4.15: ISR intensity in (dB) in yz-plane of 1 side and 2 sides model with ground

Before discussing the Scenario 3rd, we would like to see the interference on the yz-plane in
Figure 3.11. This step can help us better locate the worst Airplane-Cruise 3. About why we are
choosing the yz-plane is that the Scenario 1st and Scenario 2nd has suggested the worst scenario
is on the extension cord of power-pole and VOR system, which is the yz-plane.

Figure 4.14 and Figure 4.15 shows the four model’s ISR patterns in the Scenario 3rd.
Scenario 3rd is aiming to determine the interference on the landing cruise. Thus both the Figure
4.14 and Figure 4.15 is the ISR on the yz-plane. The figure has a range on the z from -1.2km
(the place where runway start) to 20km. A range on the y is from 0 to 10km. We observe that
on the elevation angle of approximately 10◦, the interference influence most of the time, which
has a peak value at -50dB. For four of the models, the worst-case are slightly different. Overall
they are in the angle range of [8◦, 12◦]. Figure 4.16 shows the ISR of four models in Scenario
3rd. We collected and shown all of the data on the white line of the ISR pattern in Figure 4.16.
The results suggest that along the worst landing cruise, an ISR around the level of -50dB will
affect the airplane, which is a small interference in the signal.

The last scenario here needed to be discussed in Scenario 3rd, whose cruise describes the
airplane landing procedure. According to the real case in Arlanda Airport, the landing runway
is located right behind the VOR system and power-pole extension cord, and about 1km away.
Also, on the extension cord, what difference between the Scenario 3rd and Scenario 1st is the
height. The height in Scenario 3rd is decreasing with the airplane approaching the VOR system
while the height in Scenario 1st is a constant at 10km in stratosphere. Figure 4.16 shows the
result as the airplane gets closer to the airport. The x-axis is the distance between the airplane
and VOR system, and the y-axis is the ISR in dB scale. For four of the models investigated,
the simulation shows that about 2.4km away from VOR, where the airplane has just fly over the
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Figure 4.16: ISR along with the Plane Cruise 3 of for the 3rd Scenario

power-pole, there is a worst-case about -50dB, which is also a small interference.

4.3 Prediction and Uncertainties for Power-pole Influence

The rough model has predicted the result about maximumly -50dB of ISR, but it is not the final
conclusion. Several assumptions have been made to describe our model. In this section, we
will discuss the uncertainties these assumptions may bring and predict a possible interference
level.

The first uncertainty is about the plane wave assumption. In the real-life situation, the wave
cannot be the exact right angle to impact on the power-pole. The power-pole is not necessarily
facing the VOR radar exactly at its flank side surface. There is an incident angle in real condition,
which requires to modify the ejk·r to tilt the wave angle. Although the azimuths angle may
change arbitrarily for a different locating place of power-pole in the real case, there must be a
positive elevation angle. By tilting the wave, the power-pole is no longer being an impact in the
right angle would possibly increase or decrease the backward power-pole gain, thus change the
ISR by about ±10dB (according to the peak value in scattering pattern).

Next, we have not considered atmospheric propagation and dielectric ground. We have
assumed that the free space is filled with uniform air and ground is infinite PEC. If one considers
the real condition, the air has a different density and temperature at a different height, which
refracts the EM wave differently. The dielectric ground would also absorb some of the EM
power as it propagates. According to [17], the environmental interaction like rain, fog, and cloud
will cause a signal drop at around 1dB. The absorption of the power is low below 10GHz, where
H2O and O2 molecule does not interfere with the wave too much. Since both the interference
and signal might drop depending on the propagation route, the ISR is a prediction, thus has
another uncertainty about ±1dB.
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The third assumption we have made is the models. We have taken account in the 1 side
model and 2 sides model. 4 sides model should have a more detail description of the real case.
The worst gain in 1 side model and 2 sides model does not differ too much means that the model
is not sensitive to how many sides it has. Thus, the 4 sides model may have the worst gain
difference of about ±2dB. We take this value from the difference gain of scattering pattern of 1
side model and 2 sides model.

Lastly, in this project, we have not taken the receiver gain of the airplane into consideration.
We assumed that the receiving gain for the interference and original signal are the same and
cancel it out. This assumption is precise if the airplane is very far comparing to the distance
of |RBP |. However, if the airplane is landing, the receiving gain may differ for receiving the
interference and the VOR signal. The airplane usually applies a blade antenna. A dual band
blade antenna has a directivity around 8dB, of which the rest of the direction mostly has a gain
around 6dB [31]. If neither the original signal nor the interference signal incoming at the silent
cone of the blade antenna, one should expect a ±2dB uncertainty.

Upon the uncertainties we have discussed above, the prediction of the final ISR will be
a summation of all uncertainties. The maximum value of ISR would be in a range of about
−50± 15dB.
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5 Conclusions

In this thesis project, we have investigated the power-pole and its possible influence on the radar
wave of the VOR system. The MoM is applied to define the scattering of the power-pole. The
RRE is used to determine the relationship between interference and the original signal. We have
simulated four models in three possible worst scenarios, and one can find the results in Chapter
4. The KTH Royal Institute of Technology, Electromagnetic Engineering department, provided
us with the simlin2 computer helped to calculate extensive data throughout the project. The
analysis of the results are presented in the following sections.

5.1 Discussion

There are four models studied in this master thesis project. They are power-pole 1 side model,
power-pole 2 sides model, power-pole 1 side model with ground plane, and power-pole 2 sides
model with ground plane. One can find the specific description of the four models in Section
3.1. Also, for the VOR radar, we use the dipole model to substitute the radiation field of the
original one. The reason is based on the knowledge of the Alford Loop antenna signal is similar
to a vertical dipole but horizontally polarized. We built the current distribution by reversing
the impedance matrix on the power-pole on 1 side model and 2 sides model. We later applied
the current as small Hertzian dipole in order to calculate the far-field of the four models. The
numerical code developed by Makarov for MoM has shown that the scattering pattern of power-
pole in four models have similar behavior. The difference is that 2 sides model and ground model
have a more detailed radiation pattern, which might because they have more edge elements in the
model. For the 1 side model and its ground version, we find a bi-static scattering at a maximum
of 20dB gain. For the 2 sides with the ground case, a maximum of 22dB gain is found. The
radiation pattern has a directivity at θ = 13.6◦, which is under the expectation that the tilted
power-pole has a physical-optics characteristic that reflects the wave in the right angle of the
power-pole surface.

A disturbing finding is the high scattering at the extension cord between the VOR system and
the power-pole RBP . If we look at Figure 4.3-4.7, besides high gain at the reflected direction,
there is another high gain towards the −z-direction. We have assumed that it is caused by
the horizontal polarized wave exciting the horizontal PEC on the power-pole, but we have not
proved it.

Next, for the ISR study, the thesis put forward 3 scenarios named Scenario 1st, 2nd, and
3rd, respectively. The definition of the scenarios are in Section 3.4. At the beginning of Section
4.2, a detailed discussion of why we applied ISR rather than SIR is presented. To investigate the
ISR pattern, we first investigate into the interference power and received power in the dB scale
in order to see which part dominates the ISR configuration. The results indicate that for most
of the significant value in ISR, the shortage of receiving power dominate the ISR, interference
power also modify to the pattern. Scenario 1st and Scenario 2nd are two reference scenarios
that the airplane is at the height of 10km, which is the stratosphere of the Earth. The result
indicates that the numerical simulation of ISR is around -50dB if the airplane does not fly over
the VOR system. If over the center, a peak signal interference takes place due to the dipole
model has a weak gain in this area. For Scenario 1st and Scenario 3rd, the common point lies
in that the Plane Cruise 1 and 3 are both on the yz-plane, where the extension cord of the VOR
system and power-pole (+z-axis) also on this plane. The results show that in four of the models,
the peak value of ISR turns out to be around -50dB. This result then suggests that the power-
pole has a little signal interference towards the VOR system radar wave. A maximum -50dB
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interference does not affect the safety of VOR radar as well as the receiver on the airplane to a
great extent.

Later, we made an uncertainty check and prediction of the ISR in the real condition, where
we estimate the assumption we made, and how do those assumptions affect the result. We
concluded that the interference level ISR should be in a range of −50±15dB in a real situation,
which is a small interference level overall.

5.2 Future Work

The future effort can be taken in the following parts:
1. Build a complete model of power-pole instead of 1 side and 2 sides model to investigate the
field pattern change. For the matrix having large elements, one can try to apply Adaptive Cross
Approximation to simplify the calculation.
2.Using the Sommerfeld half-space theory to research the dielectric ground effect further adding
to the interference. Also, to add the atmosphere propagation effect to the model.
3. Finding the VOR system SNR limitation and do a detailed evaluation of whether the
interference should be concerned.
4. The polarization of the emitting signal of the VOR system is horizontal, the reflected field
from power-pole, however, might change the polarization and thus have vertical components.
One can further try to demonstrate how polarization received by the airplane improve the signal.
5. The frequency of the wave this project was chosen is 118MHz as discussed in the Section
1.2, the interference changing with other frequency or even sweep the frequency range would
be another interesting point.
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A MoM Code RWG Sequence

The meshing of the power-pole has been done in Section 3.2 by AutoCAD and GMSH, this is
because the structure is rather sophisticated and contain numerous of points. The mesh document
is then import into the first part of MoM code, which can be illustrated in the flow chart as in
Figure A.1.

The mesh document has three arrays, which describe three basic geometric relationship. The
first one is p array, where it consists of 3× P elements. The symbol p represent ”point”, hence
each three elements in a row describe the Cartesian coordinates of the RWG triangle vertex. The
number P is the number of these nodes in the mesh. The second array is t, where it consists of
4 ×N elements. The t represent ”triangle” and N is the triangle number. Here each row have
4 elements among which 3 of them are the index of 3 points that make up a triangle, leaving the
last of them, ”domain number”, to characterize different layer of the structure. In this project
there is only one layer of structure so ”domain number” is ignored in the work. The last array is
e which composed by 7×Q elements. The e is ”edge” and composed of 7×Q elements. Q is
the edge number in the mesh, which is not needed because the script rwg1.m will build up the
total edge using p and t array.

The RWG edge elements are prerequisite to the impedance matrix that have mentioned in
Section 2.2. The edge elements are created by every two triangles that neighbouring each other.
The code rwg1.m is used to find these edges, the process is as followed. The code first import
the mesh field that has been created in Section 3.2, and then it counts all the interior edges in the
structure. This means that all of the edges found in the beginning must have two triangles attache
to it sharing this edge together. Then the index of the two triangles are found and returned in
order to access to the information of the leaving one point in the triangle. These two triangles
are named plus and minus in which the sign is not important and the result vice versa. Here
note that the edge element number Q not always equal to the triangle number N, usuallyQ > N
is found in the output of rwg1.m after insert the mesh. For a single interior triangle, it can be
indicated that it has three combination of triangles and Figure A.2 demonstrate this combination
method. The red lines represent the edges and the + and − shows the plus and minus triangle
the system assigned.

The output of the rwg1.m contain 5 arrays, each of them contain a parameter that will be
frequently used in later scripts, which are as followed:
The first node of the edge Edge_(1,x)
The second node of the edge Edge_(2,x)
The index of the plus triangle TrianglePlus(x)
The index of the minus triangle TriangleMinus(x)
The length of the edge EdgeLength(x)
The variable x is the index of edge number when the code sweeping through every triangle in
the mesh.

In the code rwg2.m, each triangle in the mesh is divided into 9 sub-triangle. The division
follow the Barycentric subdivision rule, which can be demonstrated in Figure A.3. The
black points in the figure is the midpoints, whose coordinates are used to refine the integral
approximation. It also calculate every ρ+ and ρ− that are shown in Figure 2.2, and the (2.30)
are used to do this integral approximation. Both the rwg1.m and rwg2.m are applied to track
the basic parameters that are frequently used in MoM code.

The majority of time is cost on solving the impedance matrix, in which the size of the matrix
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rwg1.m rwg2.m rwg3.m rwg4.m rwg5.m

Solve for basic parameters
of RWG basis function

Solve for impedance
matrix Z

Solve for excitation voltage V
and calculate the MoM equation

Determine and Plot the
surface current distribution

Figure A.1: Flowchart for part 1 of the MoM code relating to scattering algorithm [15]

T T T
+

− +

−

+ −

Figure A.2: An illustrative example of RWG edge elements [15]

Figure A.3: Demonstration of Barycentric subdivision rule [15]
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efield1.m efield2.m efield3.m

Solve for the field
strength at a point

Solve for the field
strength over a sphere

Solve for the scattering
pattern of E and H plane

Figure B.1: Flowchart for part2 of the MoM code relating to far-field calculation [15]

is much depend on the length of edge elements. It describes the electromagnetic interaction
between two edge elements. The discussion of the radiation and scattering does not affect
impedance matrix but the frequency of the wave and permittivity ϵ and permeability µ. Another
feature of this matrix is the diagonal dominance which means that large value of impedance can
be found on the diagonal of the structure. The steps solving the impedance matrix has been
mentioned in section 2.2.

Next, the code rwg4.m is used to solve the surface current using the feeding source. The
source, which is also known as the excitation voltage, is a vector that contain the information of
the radiating plane wave. In this project, since the power-pole and VOR system have a distance
at 1.6km, it is valid that we approximate the radiating wave to be a plane wave at power-pole
location. Thus, together with the impedance matrix calculated in rwg3.m, the current is decided
by the vector and matrix equation system ZI = V . The impedance matrix is a square matrix,
and the script is thus solving a LU decomposition. The current distribution can be found in the
result section and one may find that the coefficient of interior edge elements between each pairs
of triangles will have their contribution. The display of the current distribution is also done in
rwg5.m and the first part of the code in MoM is introduced.

B MoM Code Efield Sequence

The second part of the MoM code is used for calculating the field intensity and finding the gain in
all the direction. Makarov’s code gives a very clear example on how to show the dipole far-field
pattern in E- and H- plane. Using the same technique and do a little modification, i.e. a sweeping
from both the azimuths and elevation angle, can one have the 3-dimensional gain pattern. This
shall be discussed later in this section. For the beginning, the Figure B.1 shows the flowchart of
the second part, also known as efield part. This scripts chain derives the field parameters that
are essential for visualization the worst scenario that this project interested.

The function of efield1.m helps readers observe the E-field and H-field at a point far
away from the power-pole. The ingredient input that it need is mesh2.mat file calculated
from rwg2.m and current.mat file calculated from rwg4.m. There is a sub-function named
point.m that is frequently called in efield part. This function used the known dipole field
pattern calculation method to express the field strength felt at arbitrary point. The approaches
this part made is to assume every two neighbour triangles and its distributed surface current
as an electrical dipole with ignorable little size. Since the dipole has a well-studied analytical
solution in electromagnetic field distribution, the calculation speed can be accelerate by doing
a summation of these dipole E- and H-field at distance R.
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The efield2.m and efield3.m use the same strategy that form the dipole group and find
the total field. What different is that the efield2.m solve the field over a sphere and efield3.m
solve it in a plane. The sphere use color bar to indicate the intensity of the field. Usually darker
in red represents harder intensity. The E- and H- plane is visualized in efield3.m.
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