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Abstract

Ultra high energy neutrinos can be detected via radio emission following a neutrino
interaction in ice. The long attenuation length of radio signals in ice allows for a much
sparser instrumentation than required for optical Cherenkov neutrino telescopes, hence
making it possible to survey large volumes. The Radio Neutrino Observatory Greenland
(RNO-G) is a project that will eventually consist of 35 stations (7 already deployed)
with distances of about 1 km between neighbouring stations. Each station consists
of 9 log-periodic dipole array (LPDA) antennas about 1.5 m below the ice surface,
and with up to 100 m deep in-ice strings, equipped with vertically and horizontally
polarised dipole antennas.
Understanding the antenna properties and potential interferences between nearby
antennas is important to operate the experiment, to evaluate the recorded data and
reconstruct neutrino properties. In this thesis, the LPDA setup was simulated with the
second version of the numerical electromagnetics code (NEC2). From the simulation
results the conclusion can be drawn that other antennas in close proximity influence
the radiation properties of the antenna. Complementary experimental tests confirmed
that the e�ect is negligible.
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1 Introduction

Neutrinos are very light, uncharged, abundant particles, barely interacting with matter.
Neutrinos can be produced artificially on earth as a byproduct of nuclear power plants
or at particle accelerators. They are also produced in the atmosphere via hadron decay
in air showers. Other neutrino production sources can be found in outer space, for
example in the sun and other stellar objects. Since they rarely interact with matter
and exclusively via weak interaction, it is certain that neutrinos arriving at earth
point directly back to their source. Because of this importance for multi-messenger
astronomy, huge facilities with large instrumentation volumes, for example Super-
Kamiokande [1] or the Cubic Kilometre Neutrino Telescope (KM3NeT) [2], and many
more, were built to observe just a few events per year.
A very successful way to detect neutrinos is in ice, IceCube [3] is a very good example,
which uses Cherenkov light detection. At the South Pole are also radio detection
experiments for neutrino research located, such as Antarctic Ross Ice-Shelf ANtenna
Neutrino Array (ARIANNA) [4] or the Askaryan Radio Array (ARA) [5]. This
technique can be used to detect ultra high energetic (≥ 10 PeV) neutrinos, originating
from cosmogenic sources. The radio detection idea is also used by the Radio Neutrino
Observatory Greenland (RNO-G), currently under construction. The radio detection
mechanism is based on the Askaryan e�ect, which will be explained in chapter 3 along
with the RNO-G experiment.
In order to correctly interpret the signals obtained by the antennas, they need to
be well understood. A theoretical introduction about the antennas will be given
in chapter 2. Therefore, questions about the mutual influence of antennas must be
answered. Although all antennas are in receiving mode, first measurements from
Greenland suggest that they show interference. This question will be answered in the
context of this thesis for the RNO-G project. In particular the log-periodic dipole
antennas close to the surface are considered. It is a valid question, because the antenna
using projects ARIANNA and the LOw Frequency ARray (LOFAR) [6] have already
proven that there are a some aspects to consider.
The ARIANNA project performed surface reflection studies [7]. With antennas slightly
below the ice surface two signals belong to one event, the direct signal and one signal
reflected by the surface. It is crucial that both signals can be distinguished in order to
reconstruct the arrival direction and hence the energy of the neutrino.
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1 Introduction

At LOFAR the simulated horizontal gain and the measured gain did not match [8].
It has been shown that cross talk occurs between the inner stations, due to the close
spacing between the antennas. That has to be considered in the analysis for the
LOFAR project now.
In general, the big question is when exactly no interference between the antenna signals
can be expected. Theory predicts that at least a distance of two times the size of the
antenna squared per wavelength is required to exclude interference, but experiments
show that already smaller distances are su�cient. In this context it is interesting to
see whether simulations can help to identify antenna e�ects or whether they are too
sensitive compared to reality. The results of the simulation will be shown in chapter 4.
The goal of this thesis is to investigate reflection and interference problems for RNO-G
and to determine if there is su�cient spaceing between the antennas. This should be
achieved by looking at the theory, simulations, using the NEC2 simulation software [9],
for the particular antenna, and measurements with di�erent actual RNO-G antennas.
Measurement results will be described in chapter 5 and chapter 6.
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2 Antenna theory

For a better understanding of the terminology used in this thesis, some of the most
important antenna theory terms will be explained at the beginning. This includes the
term radiation pattern (see section 2.1) and associated concepts, like lobes, beamwidth
and the field regions around an antenna. In addition, terms such as e�ciency, voltage
standing wave ratio (VSWR) and gain will be defined (see section 2.2). This chapter
follows the theory presented in [10].

2.1 Radiation patterns

A radiation pattern is the spatial distribution of a quantity that characterises the
electromagnetic field generated by an antenna [11]. Such characterising quantities
could be for example power flux density, radiation intensity, field strength, directivity,
phase or polarisation [10]. Most of the time, the field pattern, i.e. the magnitude
of electric or magnetic field as function of solid angle, is plotted linearly, as shown
in Figure 2.1. The power pattern which is the squared magnitude of the electric or
magnetic field as a function of solid angle is usually plotted logarithmically or in
decibel. Both types are mostly normalised with respect to their maximum value.
Besides the radiation pattern there is also the receiving pattern, which characterises
the antennas sensitivity towards an incoming electromagnetic field. In most cases,
this is more convenient to measure. The radiation pattern shows the conversion of
a voltage into an electric field, while the receiving pattern depicts the conversion of
an electric field into a voltage. This means that, both patterns describe the same
conversion. Hence, the radiation and the receiving pattern are the same, which is
called reciprocity.
The di�erent parts of the radiation pattern are called lobes or beam. Di�erent types
of lobes are shown in Figure 2.1. There are two main categories, the major and the
minor lobes. The radiation lobe, which contains the direction of maximum radiation
is referred to as major lobe or main beam. Undesired minor lobes can be, for example
side lobes, which point in other directions than the intended main lobe, or back lobes,
which face the exact opposite direction as the main beam.
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2 Antenna theory

The beamwidth is defined as the angular separation between two identical points on the
opposite side of the pattern maximum. This parameter is used to consider the trade-o�
between the side lobes and the width of the main lobe. There are several di�erent
ways to measure the beamwidth, two of the most frequently used definitions can be
seen in Figure 2.1. The First-Null BeamWidth (FNBW) describes the opening angle
of the major lobe. The beamwidth can also be described by the angle between the
points where the intensity has a certain value. The most often used is the Half-Power
BeamWidth (HPBW), which describes the angle between the two points where the
power is one half of the maximum radiation intensity. This particular definition holds
information about the antenna resolution. That is, if two radiation sources are further
than the beamwidth of the antenna apart, they can be distinguished.

Figure 2.1: Normalised antenna field pattern in linear scale, with denoted lobes and
beamwidths. The plus and minus signs refer to the relative polarisation of the amplitude
between various lobes. (Figure taken from [10])

The antenna performance is often described in terms of its principal E- and H-plane
patterns. The E-plane contains the electric-field vector and direction of maximum
radiation, the H-plane contains the magnetic-field vector plane. Often the coordinate
system is chosen such that one of the planes coincides with one of the geometric planes
of the antenna. Since E- and H-plane are perpendicular to each other, this information
can be used to derive both the vertical and the horizontal plane and therefore the
three-dimensional radiation pattern.
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2.2 E�ciency, VSWR and gain

There are three di�erent radial zones around the antenna, the reactive and the radiating
near field and the far field. The extent of each zone depends on the largest physical
antenna dimension D and the wavelength ⁄. The reactive near field rreact. n. f. is located
directly around the antenna. The radiating near field rrad. n. f., also called Fresnel
region, is situated between the reactive near field and the far field. In this zone,
radiation fields predominate, and the angular field distribution depends on the distance
from the antenna. The more important far field or Fraunhofer region rf. f. is the region
of the field where the angular field distribution is independent of the distance. The
following equations give a rule of thumb for the radii of the respective regions around
the antenna:

rreact. n. f. < 0.62

Û
D3

⁄
, (2.1)

0.62

Û
D3

⁄
Æ rrad. n. f. <

2D
2

⁄
, (2.2)

rf. f. Ø 2D
2

⁄
. (2.3)

These equations only apply, if the largest antenna dimension D is large compared to
the wavelength (D > ⁄). Usually the far field pattern is meant when talking about
the radiation pattern of an antenna.

2.2 E�ciency, VSWR and gain

The total antenna e�ciency e0, takes into account losses at the input terminal and
within the antenna structure. These losses are due to reflections, caused by mismatch
between transmission line and antenna, and I

2
R losses, such as conductivity and

dielectric loss.
The I

2
R losses can only be determined experimentally. In addition, conductivity and

dielectric loss can not be determined separately. Therefore, this contribution is called
antenna radiation e�ciency ecd. This parameter can be used to relate the gain to the
directivity.
The reflection (mismatch) e�ciency er can be calculated using the voltage reflection

coe�cient ≈ :

≈ = Zin ≠ Z0
Zin + Z0

= Vr
V0

, (2.4)

where Zin is the antenna input impedance, Z0 is the characteristic impedance of the
transmission line, Vr is the reflected voltage and V0 is the original voltage. Now knowing
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2 Antenna theory

all the parameters, the total antenna e�ciency can be written as:

e0 = ecder = ecd(1 ≠ |≈ |2). (2.5)

The voltage reflection coe�cient ≈ can also be used to calculate the voltage standing

wave ratio (VSWR) [10]:

V SWR = 1 + |≈ |
1 ≠ |≈ | . (2.6)

This parameter is often applied to characterise the antenna. It is determined to show
the impedance mismatch between antenna input and transmission line, as can be seen
in Equation 2.4. That means regarding the e�ciency, small VSWR values lead to
small signal loss due to reflection. The antenna impedance is frequency-dependent and
therefore the VSWR is plotted over the frequency. The frequency for minimal VSWR
is called the antenna resonance frequency [12].
The gain G describes the ratio of the radiation intensity U(◊, „) in a given direction
to the radiation intensity that would be produced if the input power Pin accepted by
the antenna was radiated isotropically [11]. The corresponding equation for the gain
G reads:

G = 4fi
U(◊, „)

Pin
(2.7)

The gain depends on the direction and is related to the radiation pattern. If the
direction of the gain is not stated, the direction of maximum radiation intensity is
assumed [11]. Because of this direction dependency, the partial gains in vertical and
horizontal direction get summed up to form the total gain.
There are two di�erent types of gain: relative gain and absolute gain. The relative
gain compares an antenna gain with that of a reference antenna. The absolute gain
also takes reflection or mismatch losses ecd into account.
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3 Radio detection of neutrinos and the
Radio Neutrino Observatory Greenland

The Radio Neutrino Observatory Greenland, RNO-G for short, is designed to detect
PeV energy neutrinos via radio emission of the neutrinos in the ice of Greenland. The
project is located at the Summit Station and uses two types of antennas to detect the
neutrino-induced Askaryan emission. The radio signal generation (see section 3.1) and
the RNO-G setup (see section 3.2) will mostly rely on the information given in [13].
The used antennas (see section 3.3) will be described following [10].

3.1 Signal generation

The radio signal from a neutrino event is produced by the Askaryan e�ect. When
the neutrino interacts with the ice, it generates an hadronic and, in case of an
electron neutrino, an electromagnetic shower (yellow dots in Figure 3.1). The presence
of a moving uncompensated charge in a shower may increase a flash of Cherenkov,
Bremsstrahlung, or transition radiation in the radio range by many orders of magnitude
[14]. As indicated in Figure 3.1 the Askaryan radiation is emitted at or close to the
Cherenkov angle. The emission can travel directly or on bent trajectories to the RNO-G
station, depending on the profile of the index of refraction of the ice, represented by
the red and purple lines in the sketch. The bent or reflected trajectories are more
common in the shallow ice and the straight trajectories occur in the deep ice.
The radio signal emitted by such a process can be seen in Figure 3.2, it is a single
bipolar pulse. The amplitude of the electric field waveform depends on the deviation
from the Cherenkov cone. The higher the discrepancy the lower the amplitude, due to
loss of coherence. Looking at the frequency spectrum for the di�erent angles it can be
seen that the Cherenkov angle shows the broadest available frequency range. Going
o� cone, the probability to see signals with high energies decreases. Therefore, the
most probable frequency range to find a signal with RNO-G is between 100 MHz and
500 MHz.
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3 Radio detection of neutrinos and the Radio Neutrino Observatory Greenland

Figure 3.1: Schematic representation of the detection of radio emission following a
neutrino interaction (not to scale). The emission is strongest at the Cherenkov angle (blue
cone) and can follow straight and bent trajectories to the receiving station. The signal is
usually detected at large distances and is strongly polarised as illustrated in the insets.
(Figure taken from [13])

Figure 3.2: Electric field waveforms (left) and spectra (right) of the radio signal emitted
at di�erent viewing angles relative to the Cherenkov angle, for a hadronic shower with
energy deposition of 1 EeV. For better readability, the waveforms have been o�set in time.
Propagation and detector e�ects have not been included. (Figure taken from [13])
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3.2 Station outline

3.2 Station outline

Once completed, RNO-G will comprise 35 stations on a square grid of 1 km baseline
(see Figure 3.3 right), in order to detect the neutrino radio emission. RNO-G uses the
facilities of Summit Station in the middle of Greenland for this project. The layout
of one of the stations can be found in Figure 3.3 on the left. All the stations have a
deep component and a surface component. This concept makes it a mixture of the
ARIANNA (surface array) and the ARA (down-hole array) approach. Both have their
own task, but observing events in the deep and in the surface component in coincidence
will be especially valuable for event reconstruction.
The deep component, up to 100 m down in the ice, consists of three strings with
horizontally polarised (Hpol) and vertically polarised (Vpol) antennas. The Vpol
antennas are used to reconstruct the vertex and the arrival direction. The Hpol
antennas improve the full electric field reconstruction. One of these strings also
contains the phased array which acts as a low-power and low-threshold trigger. This
string is referred to as the power string, the other two are called support strings and
also contain calibration pulsers. The three independent strings are required in order
to obtain azimuthal information, provided by the Vpol antennas.
The surface component, about 1.5 m below the surface, consists of 9 log-periodic
dipole antennas (LPDAs). There are always three antennas grouped together. Within
every group the spacing between the antennas is approximately 3 m (detailed layout
in Appendix A). These are oriented in di�erent directions, one facing upwards to
the surface and two downwards into the ice at an 120° angle. This setup tries to
prevent cross talk between the antennas. The di�erent orientations are needed to gain
more detection volume, and their broad-band sensitivity also widens the frequency
coverage of the detector. The high frequency coverage helps determine the radio
detection angle with respect to the Cherenkov cone, improving energy reconstruction
and pointing resolution. This component will deliver polarisation measurements and
timing information for all events. The upward facing antenna acts as an air shower
veto and is intended to measure backgrounds such as tribo-electric events, weather
balloons etc.
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3 Radio detection of neutrinos and the Radio Neutrino Observatory Greenland

Figure 3.3: The layout of an individual RNO-G station is shown on the left, with a deep
component consisting of three strings of horizontally polarised and vertically polarised
antennas, one of which contains a phased array as a trigger, and a surface component
consisting of LPDA antennas. RNO-G layout with its 35 stations is shown on the right.
The stations marked in yellow and orange are already deployed, the light blue stations
will be built in the future. (Figure taken from [15])

3.3 Signal detection

In order to detect these neutrino signals RNO-G uses dipole antennas and LPDAs.
All the di�erent antennas are mentioned in section 3.2. The LPDA is subject of this
thesis and therefore will be explained in more detail in this chapter. In particular its
design, since this is needed to create a model for the simulation, and what to expect
to get for the fundamental properties from theory. Since also a Vpol antenna is used,
cylindrical dipole antennas and the properties of the version used in RNO-G will also
be described briefly.
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3.3 Signal detection

Figure 3.4: Schematic drawing of the Vpol antenna designed for RNO-G. (Figure taken
from [16])

3.3.1 Cylindrical dipole antenna

Design Cylindrical dipole antennas have the geometry of a wire with finite diameter
and length. They are a special form of the biconical antenna. Its radiation charac-
teristics are frequency-dependent and the bandwidth can be enlarged by decreasing
the length to diameter (l/d) ratio [10]. This is the reason why the dipole antennas for
RNO-G are also called fat dipoles. They are designed by the collaboration especially
for the purpose of RNO-G. A schematic drawing can be seen in Figure 3.4.

Properties As Figure 3.5 shows, the RNO-G Vpol antennas receive signals isotropically
in the horizontal plane and are most sensitive at 400 MHz, as needed for the RNO-G
experiment. The vertical gain plot over frequency shows how broadband this antenna
is and that the signal amplification can be up to 4 dB. The angle scale starts at the top
of the antenna, meaning 90° (boresight) corresponds to the horizontal plane. Looking
at the di�erent angle data sets, one can also tell that for frequencies below 0.45 GHz
the signal gets less amplified with increasing inclination.
Another important parameter is the VSWR (see section 2.2), the corresponding data
for the Vpol antenna can be found in Figure 3.6. In the frequency regime above
200 MHz, which is the relevant range for RNO-G, the VSWR has a value of 2, meaning
it is small, leading to the conclusion that the signal loss due to reflections is small.
Therefore, this plot shows that the fat dipole for RNO-G is very e�cient.
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3 Radio detection of neutrinos and the Radio Neutrino Observatory Greenland

Figure 3.5: The horizontal (azimuth) and vertical (zenith) radiation patterns of the Vpol
antenna are shown on the left and right respectively. The realised gain versus frequency is
shown for di�erent angles, with 90° being at the level of the boresight. (Figures taken
from [17])

Figure 3.6: VSWR over frequency for the second version of the Vpol in air, simulated
(red) and measured (grey). (Figure taken from [15])
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3.3 Signal detection

3.3.2 LPDA antenna

The log-periodic dipole array or antenna (LPDA) is a so called broadband antenna,
meaning it can radiate and receive a wide range of frequencies. This property is needed
in order to receive signals in the frequency range discussed in section 3.1. In addition,
the antenna is almost frequency-independent, the reason will be explained later in this
subsection. A frequency independent antenna geometry can be completely specified
by angles. The advantage of this type of antennas is their invariance to a change of
physical size. So if the antenna dimensions are decreased by a factor, the frequency
increases by the same amount [10].

Design The LPDA consists of a sequence of n = 1, ..., m side-by-side parallel linear
dipoles forming a coplanar array. The lengths (ln), spacings (Rn), diameters (dn), and
gap spacings at the dipole centers (sn) of the log-periodic array increases logarithmically
as defined by the inverse of the geometric ratio · . This leads to a range of ratio
equations, given in Equation 3.1. The parameters are displayed in Figure 3.7. Typical
values for · lie between 0.7 and 0.95 [10].

1
·

= ln+1
ln

= Rn+1
Rn

= dn+1
dn

= sn+1
sn

(3.1)

Another important parameter is the spacing factor ‡. As can be seen in Equation 3.2,
it describes the distance between two neighbouring dipoles n and n + 1. This distance
decreases with decreasing dipole lengths, but the ratio is the same for the complete
array.

‡ = Rn+1 ≠ Rn

2ln+1
(3.2)

With these non-angle-dependent parameters, it is obvious why it is not a completely
frequency-independent antenna. The dipole ends form a certain angle 2– and therefore
it is almost frequency independent. Typical designs of LPDAs have apex half angles of
10¶ Æ – Æ 45¶ [10]. The footpoint of this angle is called virtual array vertex (VAV)
and from there to the corresponding dipole the spacing Rn is measured [12].
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3 Radio detection of neutrinos and the Radio Neutrino Observatory Greenland

Figure 3.7: Sketch of a log-periodic dipole array with the following parameters: angle
(–), length (ln), spacing (Rn), diameter (dn), and gap spacing at dipole centres (sn).
(Figure taken from [10])

The general configuration of a log-periodic dipole array is described in terms of the
parameters · (see Equation 3.1), – and ‡ (see Equation 3.2) related by Equation 3.3
[10], using the definitions from above.

– = tan≠1
31 ≠ ·

4‡

4
(3.3)

Since one cannot produce an infinitely large log-periodic array, not all frequencies can
be deployed by one antenna. This leads to a lower frequency cuto� when the longest
element length is ⁄m/2. The highest frequency cuto� occurs when the shortest element
is nearly ⁄1/2 [10]. A rough estimate of the frequency bandwidth for the used antenna
is shown in subsection 4.2.1.
The active region of the LPDA is near the elements with lengths nearly or slightly
smaller than ⁄n/2 [10]. The active elements are the longer ones for lower frequencies
and the smaller elements receive or radiate higher frequencies. The energy from the
shorter active elements travelling to the longer inactive dipoles decreases rapidly,
therefore the reflected energy from the truncated ends is negligible.

Properties Typical LPDA radiation patterns can be found in Figure 3.8. The main
beam is pointed in forward direction, meaning in ≠z-direction using the coordinate
system shown in Figure 3.7. In some cases also small back lobes exist. As can be seen,
LPDAs have a favourable focus in forward direction. These radiation patterns also
show the correlation between the geometric ratio · and the angle –. The beamwidths
are nearly constant in both horizontal (E) and vertical (H) plane [18].
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3.3 Signal detection

Figure 3.8: LPDA radiation pattern sketches for · = 0.81 (left) and · = 0.89 (right).
The upper pictures show the E-plane (horizontal) and the lower pictures the H-plane
(vertical). For · = 0.81 the patterns are shown for – = 15¶ (outer left) and – = 30¶ (inner
left). For · = 0.89 the patterns are shown for – = 10¶ (inner right) and – = 35¶ (outer
right). Presumably, the patterns are plotted on a logarithmic scale (not indicated in the
reference). (Figure taken from [18])

The VSWR (see section 2.2) for LPDAs in a frequency range between 50 MHz and
1500 MHz is always between the values 1 and 2. Those low values suggest that the
signal loss due to reflections for these antennas is small. For the plots in Figure 3.9 a
commercial LPDA was used with an overall length of 105 in (266.7 cm) and a size of
122 in (309.88 cm) for the longest dipole, described by [10]. The statement in these
plots holds true for most of the log-periodic dipole antennas. The upper part of this
figure shows that the VSWR has several minimas, corresponding to antenna resonance
frequencies.
Another important parameter for the LPDA characterisation is the gain. It is displayed
in the lower part of Figure 3.9 for the commercial LPDA, explained in the previous
paragraph. The gain increases with increasing frequency. This leads to the conclusion
that one should obtain better or stronger signals at higher frequencies and therefore
more signal power. At the relevant range for radio neutrino signals, above 100 MHz,
the gain is already about 6 dB, meaning the signal amplitude already doubles in size.
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3 Radio detection of neutrinos and the Radio Neutrino Observatory Greenland

All these parameters help to verify results delivered by the simulations and the
measurements. It provides a good orientation, but since the deviation from one
antenna to the other can be large, they need to be looked at critically.

Figure 3.9: Properties of a commercial log-periodic dipole array. The upper plot shows
VSWR over frequency and the lower plot shows gain over frequency. (Figure taken from
[10])
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4 NEC2 simulations

In order to gain some knowledge about the antenna response and what to expect from
the measurements, simulations had to be made. Therefore the LPDA CLP5130-2 used
for RNO-G (see Appendix B and [19]) was modelled with a NEC2 based simulation
software (see section 4.2). Radiation patterns in di�erent configurations were produced
and analysed.

4.1 Numerical Electromagnetics Code (NEC)

The Numerical Electromagnetics Code (NEC2) is a user-oriented computer code for
the analysis of the electromagnetic response of antennas and other metal structures
[9]. It uses the numerical solution of the electric-field and the magnetic-field integral
equations, in order to model near and far field patterns and some other antenna
characteristics. The field equations are evaluated using the moment method.
According to [9] the programm works without any simplifications, i.e. the problem is
solved as precise as the physics can be described with the given equations. Therefore,
modelling errors should be minimal. Nevertheless the system is prone to numerical
errors. The biggest error source will be inaccurate inputs about the antenna geometry.
NEC2 has some practical features, needed for this project. It can model excitation
in form of voltage sources and incident plane waves. The code is also able to simu-
late di�erent types of ground, from ideal ground to very realistic ground using the
Sommerfeld-Norton method, and reveal how they influence the field patterns. The
most important aspect for this thesis is the ability to duplicate antenna structures and
simulate the influence of these copies on the main antenna.
Due to the public availability, the second version of the numerical electromagnetics
code, called NEC2, was used in this thesis. Specifically, the Windows implementation
4nec2 was used. The provided graphical interface has a lot of easily accessible options,
making it very convenient to use.
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4 NEC2 simulations

4.2 NEC2 antenna model

The antenna parameters discussed in subsection 3.3.2 are now used to create a model
of the LPDA CLP5130-2i. A picture of the real antenna is shown in Figure 4.1. In
order to model the LPDA correctly, the dipoles, the boom (transmission line between
the dipoles), and the front and rear end had to be specified. The antenna material
was not considered for the simulation.

Figure 4.1: Photograph of the used CLP5130-2 LPDA antenna. On the upper side, in
front of the shortest dipole, is the feeder point for the voltage source. On the lower end of
the antenna, after the longest dipole, there is a small coil. The mounting structure for the
antenna is located around the fourth longest dipole in order to balance it.

4.2.1 Dipole design

The · parameter was calculated using the 17 dipole lengths ln for Equation 3.1, and
checked with the dipole distances Rn, both can be found in Appendix B. The maximal
dipole length lmax is 1.45 m, as can be found in the antenna manual provided by the
manufacturer [19]. The minimal dipole length lmin was measured to be 0.078(3) m.
For this antenna ·meas = 0.833(7). Comparing · values to the theoretical range from
0.7 to 0.95 (see subsection 3.3.2), the calculated · value seems reasonable.
Measuring also the distances between the dipoles Rn, the ratio ‡meas is 0.083(3). This
leads to a gain of the antenna between 6.5 dB and 7 dB, as can be seen in Figure 4.2. As

imodel available on the RNO-G GitHub page in the LPDA_analysis repository
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4.2 NEC2 antenna model

Figure 4.2: Relation between the parameters ‡ and · and the resulting gain. The plot
also contains the line of optimal sigma for a certain · . (These features of the graphic
originate from [10], digitised with [20]). The data point shows the result of the measured
CLP5130-2 LPDA antenna parameters.

a result there is a discrepancy between the measurements and the instruction manual,
predicting gain values from 7 dB to 8 dB. According to Figure 4.2, these parameters
are not optimal, since they are located far from the optimum ‡ line. But with an apex
half angle of –meas = 26.6(7)° and the discussed ·meas value, the antenna parameters
are still within the theoretically expected values (see subsection 3.3.2).
Two di�erent diameter dn were chosen for the dipoles. This simplification was made
because of practicability and is not in accordance with the theory from Equation 3.1.
One diameter is used for the smaller already fully constructed dipoles, dipoles 1 to 11,
and one for the bigger dipoles, which had to be assembled by the user, visible by the
black connection between dipole and boom (see Figure 4.1). The smaller dipoles have
a diameter of 4.1 mm and the bigger ones a diameter of 7 mm. These exact values
were suggested by the 4nec2 software, as commonly used diameters, and match the
measured radii.
With the lengths lmax and lmin the minimal frequency fmin and maximal frequency fmax
can be checked by Equation 4.1, where c is the speed of light [12]. The calculated fmin
of 103 MHz and fmax of 1282 MHz fit very nicely to the manufacturer specifications of
105 MHz to 1300 MHz [19].

fmin ¥ c

2lmax
, fmax ¥ c

3lmin
(4.1)
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4 NEC2 simulations

4.2.2 Boom design

Besides the dipoles also the boom needs to be implemented into the model. The
term boom is used for the part connecting the dipoles with each other and with the
connector. In the case of the CLP5130-2 the boom is a coaxial connection. This
feature was implemented by using a crisscross transmission line (see Figure 4.3, blue
crosses in the middle) with transmission line impedance Z0 = 105 �. This value was
extracted from the LPDA design tool [21] (see Appendix B). Using a VSWR of 2, an
input impedance Zin of 50 � and a combination of Equation 2.4 and Equation 2.6, a
similar value could be derivedi.
The advantage of a crisscross connection in contrast to a straight connection is the
negligible interference e�ects. Through the crisscrossing a 180° current phase is
introduced and therefore very little energy is radiated between the closely spaced short
elements [10].

Figure 4.3: Model of the transmitting CLP5130-2 LPDA in the NEC2 simulation software
4nec2. The coordinate system is given in green with z pointing in upward direction. The
dipoles are depicted as purple lines. The boom is displayed as blue crisscross transmission
line connecting all the dipoles in the middle of the construction. The pink circle marks
the front end voltage source and the blue rectangle the rear end coil.

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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4.3 Comparison to antenna instruction manual

4.2.3 Front and rear end adjustments

At the front end, in the middle of the first dipole the voltage source was placed for
the emitting antenna. In order to make it comparable to the actual measurements the
voltage was chosen to be 250 mV, unless stated otherwise. For the receiving antenna a
resistance of 50 � was placed at this position.
In addition to the standard parts of an LPDA, in this case also a small coil at the rear
end of the antenna had to be implemented. After measuring the physical dimensions
an inductance of 0.8 H was used for the simulations.
Both features can be seen in Figure 4.3. Note that in this figure a transmitting antenna
is displayed and therefore the pink circle represents the voltage source. The blue
rectangle indicates the coil.

4.3 Comparison to antenna instruction manual

In order to further validate the model described in section 4.2, parameters given in
the instruction manual [19] were used. In the following section the VSWR and the
radiation pattern of the model will be compared to the manual.

4.3.1 NEC2 calculated VSWR

One characteristic that was specified by the manufacturer that could be used for a
validity check is the voltage standing wave ratio (VSWR). In Figure 4.4 a qualitative
comparison of the simulation results and the instruction manual graph is given. Apart
from three major outliers, the typical value of about 2 (see section 2.2) for the VSWR
seems to be given in the simulation.

Figure 4.4: VSWR comparison of the simulation (red) and the instruction manual (blue,
see [19], digitised with [20]).

21



4 NEC2 simulations

A quantitative comparison with the instruction manual data does not seem advisable,
as the curves data points appear to be the minima and maxima connected by lines.
Only a few data points are comparable. There is also no further explanation of this
data or an uncertainty estimation. Nevertheless a quantitative analysis proves the
model to meet the VSWR requirements of the used antenna.

4.3.2 NEC2 produced radiation pattern

To check whether the designed model behaves like the real antenna, the radiation
pattern from the antenna instruction manual was used. The results can be seen in
Figure 4.5. This check was carried out at 300 MHz for free space, meaning no ground
corrections were implemented.
In Figure 4.5 the radiation pattern for the horizontal (dashed line) and the vertical
(solid line) plane are shown on the left side as depicted in the instruction manual [19],
and the right side displays the simulation results for 300 MHz. The origin of the angle
scale was used to display the point of maximum radiation, corresponding to the feed
point of the LPDA. The decibel (dB) scale was used and each pattern was normalised
to be 0 dB at the maximum radiation point. It seems that the instruction manual
plotted the already dB radii again in a logarithmic scale. The simulation plot also
includes the half-power points, in case of the dB scale, located at a radius of ≠3 dB.
These are used to find the half-power beamwidth (HPBW), meaning the angle where
most of the power is radiated.
The dashed horizontal patterns in Figure 4.5 look similar. Both have the same structure,
a big major lobe and a small back lobe. The di�erence lies in the ratio between the
lobes. The back lobe in the manual pattern is always below ≠20 dB, whereas the back
lobe in the simulation surpasses ≠20 dB slightly. Therefore in the simulation more
radiation is emitted in backwards direction, but since the scale is logarithmic, both
back lobes have a small e�ect compared to the major lobe.
The vertical radiation patterns, solid lines in Figure 4.5, have almost the same shape.
Both patterns look like a sphere which is cut in the back. This asymmetric shape
shows that the antenna is more sensitive in forward direction than in a backwards
direction, as expected. The instruction manual pattern is a bit more rounded than the
simulated pattern.
Comparing these patterns to the theoretical shapes shown in Figure 3.8 they look
very similar. All horizontal patterns have a large major lobe and one small back lobe.
The similarities of the vertical patterns is even better, the shape of the simulated and
theoretical patterns match very well. This also leads to the conclusion that the model
describes an LPDA.
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4.3 Comparison to antenna instruction manual

Figure 4.5: Comparison of the free space horizontal (dashed line) and vertical (solid
line) radiation pattern of the simulation (right plot) and the instruction manual [19] (left
plot) for the CLP5130-2 LPDA antenna. For all patterns the radius is plotted in dB
and is normalised in a way that the maximum gain is 0 dB. The red dots represent the
half-power points.

The calculated half-power beamwidthsi can be found in Table 4.1. The values for the
instruction manual patterns were given in the specifications [19]. For the simulation
the HPBW was calculated searching for the nearest radii around ≠3 dB in each half of
the pattern and adding up the corresponding angles to get the full HPBW. Comparing
these results to the specification values given in the manual, the simulation is meeting
the expectation. The discrepancy in radiation pattern and beamwidth between manual
and simulation could be due to errors in the model.

vertical horizontal
simulation 140.0 70.0
specification 130 ≥ 110 70 ≥ 60

Table 4.1: Beamwidth angles in degree for the data taken from the manual radiation
pattern plot (manual), the radiation pattern plot from the simulation, and the printed
specifications.

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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4 NEC2 simulations

4.4 Simulation for three antennas next to each other

In a RNO-G station, three antennas are grouped together in close proximity (antennas
positioned equidistantly along a straight line with length of approximately 9 m),
therefore the influence on the radiation pattern has to be studied. For this purpose
di�erent distances and di�erent radiation frequencies (100 MHz, 400 MHz, 800 MHz and
1200 MHz) were used. These frequencies were chosen to investigate the full frequency
spectrum of the LPDA. Considering the results calculated in subsection 4.2.1, 100 MHz
is slightly below the 105 MHz boundary of the LPDA. Still, the simulations with this
frequency provide plausible results.
In the simulation, one antenna radiates a 250 mV signal (left antenna with pink circle
at the top in Figure 4.6), when there are two passive antennas (middle and right
antennas with blue rectangles at the top) to its right sidei. Two examples of simulated
configurations are shown in Figure 4.6.
The left configuration shows the starting point: three antennas perfectly aligned next
to each other. This alignment was used to test di�erent distances between the antennas.
The distances were 1.5 m to place them as tightly together as possible, 2 m, slightly
less than the closest configuration used in a RNO-G station, 3 m, the currently average
configuration used at RNO-G, and 4 m to see what happens when they are further
apart. The simplified setup was used because the actual RNO-G setup, described in
section 3.2, was not realisable in the simulation framework.
The right-hand side shows the configuration twisted as much as possible, to study x

and y rotation e�ects. The antenna in the middle is facing in the opposite direction
than the other two, and all antennas are slightly rotated with respect to each other.
Due to the copying limitations of the NEC2 simulation programme, the second copied
antenna is only shifted and not rotated by 30° like the first copy.
The simulation results show the radiation pattern of the active antenna; since antennas
are reciprocal, the same pattern applies to the received signals [10] (see section 2.1).
The simulations were performed in free space. The parameters frequency, spacing and
rotation were varied, which will be discussed in the following sections.

imodel available on the RNO-G GitHub page in the LPDA_analysis repository
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4.4 Simulation for three antennas next to each other

Figure 4.6: Configurations of the three antennas modelled in the simulation. On the left
side the three antennas are oriented in the same direction being 1.5 m apart, the z-axis is
pointing upward. On the right side the spacing between the antennas is 2 m. Here the
second antenna is rotated 180° in x-direction and 30° in y-direction, the third antenna is
shifted along the z-axis.

4.4.1 Frequency dependency

For the frequency dependence a spacing of 2 m between the antennas was used and all
three antennas were pointed in the same direction (similar to left side in Figure 4.6).
The frequencies 100 MHz, 400 MHz, 800 MHz and 1200 MHz show di�erent radiation
patterns, see Figure 4.7. Compared to the higher frequencies the 100 MHz pattern
has a larger back lobe in both the horizontal and the vertical pattern, meaning that
at lower frequencies the antenna is also sensitive in backwards direction. This leads
to the conclusion that with the slightly rotated configuration in RNO-G, the lower
frequencies are more a�ected by cross talk e�ects than higher frequencies.
The red dots in Figure 4.7 enclose the HPBW of the radiation pattern and the grey
dots the FNBW. For the horizontal pattern all FNBW are 180°, i.e. that at 90° and
270° the intensity of the received or radiated signal is almost negligible. The ≠3 dB
drop (HPBW) for most horizontal patterns is 60°, from 330° to 30°. The exception
is 100 MHz (blue) with a beamwidth of 90°, so the signal acceptance is best at this
frequency. The vertical pattern has its first null point at a higher angle and therefore
the FNBW is higher than for the horizontal pattern; consequently the vertical pattern
has a larger major lobe. Since the radiation pattern at 100 MHz is almost isotropic,
a FNBW can not be identified, and the half power points are at the rear side of the
antenna. The 400 MHz (orange) radiation pattern has also a slightly higher HPBW
than the two higher frequencies.
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4 NEC2 simulations

Figure 4.7: Normalised logarithmic radiation patterns for three antennas with 2 m
spacing at di�erent frequencies. On the left the horizontal patterns are shown. On the
right the vertical patterns are displayed. The grey dots mark the region from 0° to the
FNBW and the red dots dots are designated to the HPBW at the respective frequency.

A comparison with the one antenna configuration at di�erent frequencies is possible by
looking at the di�erences (see Figure 4.8). The di�erences were calculated subtracting
the three-antenna simulation data from the one-antenna simulation data.
These di�erences can be better understood, using the theory presented in section 2.1.
The importance of the major lobe has to be taken into account when looking at the
di�erences between one and three antennas. In Figure 4.8 the FNBW regime is marked
in grey and red stands for the HPBW. The unmarked di�erences can be neglected as
those contribute to the back lobe, which is far less sensitive to a signal. In this plot the
FNBW and the HPBW for the 400 MHz one-antenna case was used. Out of the four
simulated frequencies, it is chosen as the most representative to give an idea about
the important di�erences, since it is the lowest frequency of the three frequencies with
similar beamwidth results.
The largest di�erences between the one- and three-antenna radiation patterns are
found at 100 MHz for the horizontal case, both in the HPBW and the FNBW. In
general, the horizontal pattern is more a�ected by the two passive antennas than the
vertical pattern. This could be expected since the additional antennas are placed in
the horizontal plane. The ≠3 dB-range of the vertical pattern can be claimed to be
not a�ected, since this is a simulation and in practice these sub 0.1 dB e�ects are
most likely lost in noise. The same might be true for the higher frequency horizontal
patterns. The e�ects become greater when the FNBW is taken into account; here
measurements are needed to determine whether or not this is a problem.
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4.4 Simulation for three antennas next to each other

Figure 4.8: Di�erences for three-antenna configuration with 3 m spacing at di�erent
frequencies. On the left the horizontal patterns shown. On the right the vertical patterns
are displayed. The grey area marks the region of the FNBW and the red area is designated
to the HPBW at 400 MHz.

4.4.2 Spacing dependency

In Figure 4.9 the distance between the antennas was chosen to be 1.5 m (orange), 2 m
(green), 3 m (red) and 4 m (purple), all antennas are pointed in the same direction. Since
they are aligned in the horizontal plane, a stronger di�erence from the one-antenna
case in this direction is to be expected.
The radiation pattern for three antennas put closest together, meaning the antennas
to be 1.5 m apart (orange), show the most di�erence from the radiation pattern for the
single antenna (blue). This can be seen in the horizontal pattern in both major lobe
and back lobe as a geometric shift of the gain towards the other LPDAs. A decrease
in gain in the backward direction is also visible in the vertical pattern.
For the 2 m spacing (green), which is the most interesting, only the horizontal pattern
increases slightly in each direction. Therefore, the current smallest RNO-G configura-
tion is a�ected by a small amount of cross talk between the antennas, but according
to the simulation the three-antenna case produces a slightly higher gain than would
be expected if there was just one antenna.
The average RNO-G configuration (3 m) still shows a slight di�erence to the one-antenna
pattern. Here the gain drops compared to the one-antenna horizontal radiation pattern.
The vertical pattern shows an even smaller di�erence.
The 4 m-configuration radiation pattern (purple) is almost invisible, because it is so
close to the one-antenna radiation pattern (blue). Only relying on the eye, this means
that 4 m is already su�cient to have no interaction between the antennas.
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Figure 4.9: Normalised linear radiation patterns at 100 MHz for di�erent spacing of
three antennas compared to one antenna in free space, with the horizontal patterns shown
on the left and the vertical patterns on the right.

This spacing relation was also simulated for 400 MHz, but no di�erences could be
found by eye. All radiation pattern seem to be stacked on top of each other. This plot
can be found in Figure C.1.
Looking at the di�erences of the three-antenna patterns from the one-antenna pattern
(Figure C.2), even for 400 MHz a change in the pattern can be spotted. At all frequencies
the di�erences become smaller the further apart the antennas are. This can be seen in
Figure 4.10, where the range of the di�erences is plotted. The di�erence range refers to
the di�erence between the maximal di�erence value and the minimal di�erence value in
the range of the HPBW. As expected from the previous di�erence plot (Figure 4.8) the
higher the frequency the lower the di�erence from the one antenna radiation pattern.
The 100 MHz for 1.5 m radiation pattern is a�ected the most, here comes both the
frequency and the spacing e�ect into play. This applies for the horizontal and the
vertical pattern, although, as already anticipated, the vertical pattern is only a�ected
half as much as the horizontal pattern, due to the setup.
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Figure 4.10: Range of di�erence in the HPBW regime between one-antenna radiation
pattern and three-antenna radiation pattern in dB over frequency for di�erent spacing
between antenna.

In order to get an idea for the significance of the frequency and distance e�ect on the
gain, the gain di�erence ratio was calculatedi. To be more precise, the di�erence range
in the HPBW regime was divided by the absolute value of the radiation minimum in
dB for the one-antenna radiation pattern, corresponding to the signal strength. This
ratio can be interpreted as the percentage the e�ect changes the signal amplitude.
The ratios for the horizontal di�erences are displayed in Table 4.2 and for the vertical
di�erences in Table 4.3. The highest di�erence for the horizontal pattern is 8.8 % of
the signal, but especially for frequencies higher than 100 MHz the di�erences are lower
than 1 % of the signal. The large percentages for the 100 MHz vertical patterns is a
result of the isotropic high sensitivity of the radiation. It might also come into play
that 100 MHz is slightly out of the LPDA’s frequency regime. At higher frequencies,
the vertical di�erences are in the order of 1 %. These results show that the simulation
predicts an e�ect of other antennas in proximity in the order of 1 % or lower.

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository

29



4 NEC2 simulations

distance 100 MHz 400 MHz 800 MHz 1200 MHz
1.5 m 0.088 0.009 0.004 0.003
2 m 0.037 0.006 0.004 0.002
3 m 0.014 0.002 0.001 0.001
4 m 0.007 0.001 0.001 0.001

Table 4.2: Horizontal di�erence ratio for the simulated radiation patterns for the di�erent
frequencies at the chosen distances.

distance 100 MHz 400 MHz 800 MHz 1200 MHz
1.5 m 0.577 0.059 0.029 0.063
2 m 0.126 0.017 0.025 0.017
3 m 0.046 0.004 0.013 0.008
4 m 0.084 0.004 0.008 0.004

Table 4.3: Vertical di�erence ratio for the simulated radiation patterns for the di�erent
frequencies at the chosen distances.

4.4.3 Rotation dependency

In a last step di�erent rotation angles in x- and y-direction were probed in order to
provoke a change in the radiation pattern. The used rotation setups are displayed
in Figure 4.6 and in Figure 4.11. The simulated radiation patterns in Figure 4.12
display next to the normally ordered 2 m spacing (see variation on the left side in
Figure 4.6), a data set where the middle antenna is rotated by 180° in the x-plane (see
left side in Figure 4.11), called "xrot = 180°". Another data set, "xrot = 120°" depicted
in Figure 4.11 on the right, has both copied antennas rotated by 120° in x-direction
compared to the antenna before. The last radiation pattern combines a shift of the
middle antenna by 180° and a 30° rotation around the y-axis of both copied antennas
(see right side in Figure 4.6). The intention behind these configurations was to turn
one antenna to face the others to get most probably, the largest e�ect on the radiation
pattern.
Even with the rotations the vertical pattern seems not to be influenced as much as the
horizontal pattern. However, looking at the di�erences (see Figure 4.13) the vertical
di�erences have broken their symmetry in the HPBW regime. Letting one antenna
face the other two (xrot = 180°) decreases the gain instead of increase.
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Figure 4.11: Simulation generated picture of configurations of the three antennas placed
2 m apart modelled in the simulation. In the upper picture the three antennas are rotated
by 180° in x-direction. In the lower picture the second and third antenna is rotated by
120° in x-direction.

Figure 4.12: Normalised linear radiation patterns for three antennas at 400 MHz with
2 m spacing and di�erent rotation angles compared to one antenna in free space, with the
horizontal patterns shown on the left ans the vertical patterns on the right.
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Figure 4.13: Di�erences for three antennas at 400 MHz with 2 m spacing and di�erent
rotation angles, the horizontal patterns shown on the left and the vertical patterns on the
right. The grey area marks the region of the FNBW and the red area is designated to the
HPBW at 400 MHz.

4.5 NEC2 simulation results

The comparison of the produced model and the instruction manual showed that the
model describes the LPDA reasonably well. The voltage standing wave ratio is within
the same range as specified by the manufacturer. The calculated HPBW agrees with
the value given in the specifications and the overall shape of the radiation pattern
looks like expected. The model is also confirmed by the calculated antenna parameters
(· and ‡). Therefore, it can be assumed that the model behaves qualitatively like the
actual antenna.
The simulation results show the actual presences of an e�ect caused by the passive
antennas on the active antenna. This leads to the conclusion that in the case of
RNO-G, the antenna which is surrounded by others receives a di�erent signal than
one that is not. Analysing the di�erences, a frequency and spacing dependency could
be found. The changes in the pattern become smaller the higher the frequency is and
the further apart the antennas are placed from each other. These e�ects on the signal
amplitude are in the order of 1 % for the vertical patterns and even smaller for the
horizontal patterns. An exception to this rule is the 100 MHz case, which is slightly
out of the frequency boundaries of the LPDA.
In principle, the used setup for the simulation can be used for actual experiments. The
di�erence is that a fourth antenna should be used in order to represent the neutrino
source more accurately than in the simulation. The active antenna from the simulation
should be used as read out antenna for the actual measurements.
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5 Radio chamber measurements

To get an idea on how to achieve non-reflected signals from one antenna to another
antenna, first measurements were done in the radio frequency chamber (RF chamber)
of the ECAP laboratory. For this purpose sine bursts and Gauss pulse burst signals
were used. Unfortunately, the chamber is too small to obtain non-reflected results, but
provided a great benefit for signal study purposes. Therefore these measurements are
only qualitative observations.
At the time of the cable transmission measurements (see section 5.2), the radio chamber
was not yet fully functional. This a�ected how some measurements were done as will
be discussed. There was no electricity inside the chamber and shielding was missing
in the area of the door. However the electricity issue was solved for the transmission
measurements from the biconical antenna to the Vpol antenna (see section 5.3).

5.1 Radio chamber setup

For these measurements a biconical antenna (BicoLOG 30100 from AARONIA AG)
was used as a radiating antenna. Its frequency ranges from 30 MHz to 1000 MHz and
its nominal impedance is 50 � [22]. Sine and Gauss bursts produced by a function
generator (SIGLENT SDG6052X) were sent from the biconical antenna to a fat dipole
antenna, also known as Vpol, which are used for RNO-G (see subsection 3.3.1). The
Vpol is most sensitive from 150 MHz to about 600 MHz. A picture of the antennas can
be seen on the right in Figure 5.1. These antennas were chosen, because they better
fit the size of the radio chamber (2.5 m ◊ 3.5 m). In these measurements frequencies
from 100 MHz to 500 MHz were used, which corresponds to wavelengths of 3 m to
0.6 m. Ideally reflections should be kept at a low level, but this is not possible for the
100 MHz measurements, since one wavelength is longer than the chamber.
The radio frequency (RF) chamber is a aluminum box covered with a specific fleece to
prevent noise. The fleece LBVM 1-S2 should shield the chamber against 99.999 999 %
of the electromagnetic waves at 400 MHz coming from the outside [23]. It should not
reflect at all, since the fleece is coated with copper, which should absorb the emitted
radiation [24]. According to the manufacturer all metal objects, e.g. screws, are
connected to the fleece and therefore to mass, hence they do not function as antennas.
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Figure 5.1: Photograph of the radio chamber setup. On the left: instruments outside
the chamber (from left to right: voltage source for amplifier, amplifier behind oscilloscope
and function generator). On the right: inside of the chamber with the biconical antenna
on the left and the Vpol on the right.

For read-out purposes the MSO54 oscilloscope with 2 GHz bandwidth and 6.25 GS/s
sampling rate from Tektronix was used. The oscilloscope impedance was set to 50 �
throughout the measurements to avoid impedance mismatch and therefore reflections
of the signal. For the measurements three of the four channels were used to display
the input signal of the function generator, the received signal from the Vpol antenna
and the signal of the trigger. Each stored waveform contains the average over 100
triggered burst events, in order to gain more statistics and have a less noisy signal.
All the parts described above were assembled in the setup shown in Figure 5.2. The
antennas were placed on opposite sides in the radio chamber, at least 50(5) cm away
from the walls, most of the time at a distance of 1.00(5) m. The Vpol antenna (depicted
as orange circle) was battery operated and connected to an electricity to light converter
inside the chamber. For the transmission measurements a voltage supply could be
used, since the chamber was fully operational by then. The signal gets transmitted via
optical fibre (orange line) and transformed to an electrical signal again at the amplifier
system used by RNO-G, which is fed by another power supply. The amplifier acts as
a bandpass filter amplifying frequencies from about 100 MHz to 500 MHz [13]. After
these steps, the signal was read out by the oscilloscope. The biconical antenna (blue
circle) receives its signal directly form the function generator and is also read out by
the oscilloscope (depicted by blue lines).
For the transmission measurement the function generator signal was triggered internally,
depicted by the green line in Figure 5.3. This assures to trigger the wanted signal
and no background events. The function generator signal occurred after a 50 ns pulse.
Since the oscilloscope uses the trigger as origin for its time axis the function generator
signal is displayed at 50 ns in the waveform. For the cable transmission study, the
signal was triggered externally and with a trigger delay of 1.35 µs.
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5.1 Radio chamber setup

Figure 5.2: Schematic of the radio chamber setup. Inside the radio chamber the biconical
antenna (blue circle) faces the Vpol antenna (orange circle). Both are connected to their
voltage sources (function generator for biconical antenna and battery for Vpol antenna)
and the oscilloscope on the outside. Additionally the the Vpol antenna is connected to
the converter and the amplifier. For the external trigger the oscilloscope and the function
generator are connected, depicted by the green line.

The raw oscilloscope output is visualised in Figure 5.3. Data taking starts when a
trigger occurs, because of the trigger delay the signal of the function generator gets
transmitted after 50 ns to the biconical antenna. This signal has a large peak and
two almost vanishing peaks because of the impedance mismatch between antenna
and function generator, which is discussed in section 5.2. The signal at the Vpol
antenna arrives even later and no longer resembles a Gauss peak. This might be due
to reflections in the cable of the emitting antenna and reflections from the chamber
walls. For this reason the cable transmission was checked and some setup changes
inside the chamber were made, trying to test which hypothesis is correct.
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Figure 5.3: Raw oscilloscope data from the radio chamber setup. Here a pulse burst was
used to transmit a signal generated by the function generator (blue) from the biconical
antenna to the Vpol antenna (orange). The data taking started with the internal trigger
(green) being active.

5.2 Cable and biconical antenna transmission study

For the cable transmission study only a part of the setup shown in Figure 5.2 was used.
The function generator, the oscilloscope and the biconical antenna were needed, in
order to get information about coaxial cable reflections and the frequency dependence
of these reflections.
The e�ect of the impedance mismatch and therefore the reflection of the function
generator signal in the coaxial cable was probed. A single sine oscillation burst at
100 MHz was sent from the function generator to the oscilloscope and along the coaxial
cable. Three di�erent measurements were made for a long (15.60(5) m) and a short
(5.00(5) m) cable between oscilloscope and biconical antenna. The uncertainties on the
cable lengths stem from measuring errors, since these lengths were measured with a
folding rule and the connectors are not included.
The impedance mismatch was further investigated by terminating the coaxial cable
from the function generator to the radio chamber with a resistance of 50 � (see
Figure 5.4 on the left). In the plot the blue (long cable) and the orange (short cable)
data set fuse together into a brownish colour, since both signals occur at the same
time in the waveform. No reflection could be found and therefore it is confirmed that
the coaxial cable has a resistance of 50 � as expected. In addition, it can be seen that
the readout of the signal on the oscilloscope with its resistance of 50 � should not
impact the signal or produce reflections.
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5.2 Cable and biconical antenna transmission study

Figure 5.4: Short (orange) and long (blue) cable comparison for di�erent configurations.
On the left only the signal transmitted by the cable outside of the chamber terminated
with a 50 � resistance is seen. The measurement in the middle is done with all the cable
inside the chamber and outside. On the right, the measurement was repeated with the
antenna as terminating resistance.

The second measurement was done using all the utilised cables for the final experiment.
So the measurement contains the cable from the function generator to the chamber
and the one leading into the chamber directly connected to the antenna (additional
length of 3.95(5) m), but in this case to a 50 � termination resistance. The hypothesis
was that the connection between those two cables could cause reflections, but as can
be seen in the middle plot of Figure 5.4 these reflections are negligible.
Reflections arise when, instead of using the termination resistance, the biconical
antenna is connected at the end (see Figure 5.4 on the right). An enhanced version
of this result can be seen in the frequency dependency plot for the shorter cable (see
Table 5.1). Two reflections can be seen, the first is positive and the second is negative.
This leads to the assumption that the antenna impedance is higher than the 50 �
claimed by the manufacturer [22]. In comparison to the previous measurements also a
di�erence between the long and the short cable is now visible. In the shorter cable the
reflected signal only needs 90 ns to arise after the non-reflected signal. For the longer
cable the reflected signal also needs longer to be sent, it takes 196 ns to occur after the
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first signali. For the purposes of the wanted measurements this is appreciated, since
there is more time for the pure signal to be transferred without interference of reflected
signals. This e�ect was considered to be small, so the smaller cable was chosen out of
convenience for further measurements.
One possible solution resolving the antenna impedance reflections as much as possible
is to use higher frequencies. The reason is that antennas reflect di�erently at di�erent
frequencies as is shown by the VSWR parameter which depends on the reflection
coe�cient ≈ (see section 2.2). It also helps with the reflection issue caused by the
chamber walls, since higher frequency result in smaller wavelengths and therefore
fewer reflection. For the frequency-dependence the short cable and the cables with the
biconical antenna as termination was used. The results are shown in Figure 5.5.
The left-hand side of Figure 5.5 shows the full signal and how the second reflection
almost disappears at higher frequencies. In this measurement the non-reflected signal is
called peak 1, the voltage values for the di�erent frequencies are displayed in Table D.1.
The reflection coe�cient can be calculated, using Equation 2.4 and the peak height
value of the non-reflected signal (peak 1) and the first reflected signal (peak 2). Reading
Table 5.1 the reflection coe�cient decreases from 0.32 for 100 MHz to 0.14 for 400 MHz.
Additionally, the calculated antenna input impedance can be found in the same table.
The antenna input impedance was calculated rearranging Equation 2.4 to :

Zin = ≈ + 1
1 ≠ ≈

Z0, (5.1)

where ≈ is the calculated reflection coe�cient and Z0 is the cable impedance of 50 �.
From these results it can be seen that especially for future measurements frequencies
around 400 MHz should be used, since here the antenna impedance is closest to the
cable impedance.

frequency [MHz] ≈ |Zin| [�]
100 0.32 97.1
200 0.29 90.3
300 0.22 77.9
400 0.14 66.8
500 0.17 70.4

Table 5.1: Reflection coe�cient ≈ and antenna input impedance Zin for cable reflection
measurements for di�erent frequencies.

In the zoomed in version on the right side of Figure 5.5 a function generator problem
starts to be visible. Without changing the amplitude settings, for higher frequencies

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository

38



5.3 Transmission from biconical antenna to Vpol antenna

the output of the function generator for a single sine oscillation decreases in amplitude.
This results in a signal which no longer resembles the expected sine wave structure.
In general it is not advisable to use only one cycle, since it creates these small wave
artefacts before and after the burst, because of the the sharp edges before and after
the burst in the voltage output.

Figure 5.5: Frequency dependence of the input signal reflection. On the left the full
signal is shown and on the right it is zoomed in at the first peak.

5.3 Transmission from biconical antenna to Vpol antenna

The transmitted signal shows, in addition to the antenna impedance reflection, a lot
of reflection induced by the chamber walls (see orange waveform in Figure 5.3). This
was unexpected, since the manufacturer proclaims no reflection in the data sheet of
the material used to coat the inside of the chamber [23]. In order to get a better
understanding where these reflections come from, two kinds of measurements were
done. In the first approach the distance of the biconical antenna for two di�erent
waveforms was varied (see subsection 5.3.2), while in the second approach the number
of input oscillations of the sine wave was changed (see subsection 5.3.3). Before looking
at the measurements, theoretical calculations for the possible chamber reflections were
performed (see subsection 5.3.1).

5.3.1 Reflection calculation

There are several possible ways for the radio wave to be reflected in the chamber. Three
reflection paths of first order and the direct transmission can be seen in Figure 5.6.
All paths start at the biconical antenna (blue circle in the sketch), which acts as the
emitter. After the emission the radiation travels either directly (path 1) to the receiver,
the Vpol antenna (orange circle in the sketch), or it reflects on the side (path 2),
back (path 3) or front (path 4) wall. These paths were chosen in order to investigate
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5 Radio chamber measurements

specifically the wall reflections. The path with the fastest reflected signal is of special
importance since this is where the signal starts to get distorted. In contrast to the
wall reflections, reflections of the ground and ceiling are negligible, when considering
the vertical radiation pattern of the Vpol antenna (see Figure 3.5).
Knowing the distances between walls and antennas all wave travel distances s could
be measured and with

t = s

c
, (5.2)

the travel times t can be calculated using the speed of light c as velocity.

2

1
4

3

Figure 5.6: Sketch of reflection paths (lines 2-4) in the radio chamber. Line 1 shows
the direct path. The shape of the chamber floor is denoted by the black frame. The blue
circle represents the biconical antenna which is the starting point of the emission and the
orange circle the Vpol antenna as the receiver.

The measured path lengths and calculated times can be found in Table 5.2. The
uncertainties for the cable lengths were chosen to be ±5 cm since they were measured
by hand and no connectors were taken into account. The times were used to reconstruct
points in the waveform, where reflected signals could be expected. Note that the
transmission time through the cable (5.06 ns/m [25]) must be taken into account as a
constant o�set. The cable delay was calculated to be 100.6(5) nsi. Another o�set is the
50 ns pulse used as a trigger. The measured time from trigger to the actual signal in
the Vpol antenna was measured to be approximately 183 ns for the sine measurements
and 175 ns for the pulse measurement. The two calculated o�sets of the cable delay
and delay caused by the trigger do not add up to the measured signal delay. The
di�erence between the calculated and actual time delay was assumed to be caused by a

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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5.3 Transmission from biconical antenna to Vpol antenna

delay in amplifier and converter. The results for path 1 are displayed in Figure 5.7 and
Figure 5.8 as a red line, called "start". The other paths were also used in Figure 5.8.

path s [m] s [⁄] t [ns]
1 1.19(5) 1.19(5) 3.97(17)
2 2.52(5) 2.52(5) 8.40(17)
3 3.19(5) 3.19(5) 10.64(17)
4 3.41(5) 3.41(5) 11.37(17)

Table 5.2: Path lengths s in meter and wavelength ⁄ for 300 MHz (⁄ = 0.999 m) and
calculated times t (Equation 5.2) for a distance of 1 m between biconical antenna and the
nearest wall.

5.3.2 Waveform and distance variation

As mentioned in section 5.3, the first approach, varying waveform and distance, was
used to optimise the used waveform for the burst. A burst, i.e. a short signal, was
used to better track interference that could go unnoticed in a continuous signal, due
to matching periodicity. Looking at the simulated electric field response in Figure 3.2,
a single sine oscillation signal would be a good choice, in order to create an artificial
neutrino signal. When using this type of waveform in the previous measurement, the
signal amplitude problem and the artefact problem occurred. Hence another solution
was needed. A pulse waveform would have less artefacts before and after the signal and
therefore have closer resemblance to a distinct one peak signal. Another possibility is
to use a sine signal with the length of few full oscillations, in this case three, in order
to reduce the artefact and signal amplitude problem.
At the same time the emitter-receiver distance was varied for the two waveforms.
To achieve this position di�erence the Vpol antenna (receiver) stayed fixed and the
biconical antenna (emitter) was moved. The back wall (wall on the right in Figure 5.6)
of the radio chamber was used as a reference point. The measurements were carried
out by placing the biconical antenna 0.5 m, 1 m and 1.5 m away from the back wall.
Therefore the distances between the two antennas are 1.69 m, 1.19 m and 0.69 m,
respectively. All these distances have an estimated uncertainty of ±5 cm; for clearer
visibility the display of the uncertainty will be renounced in the future.
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5 Radio chamber measurements

Figure 5.7: Three-sine burst measurement (upper row) and pulse burst measurements
(lower row) at di�erent distances between emitter and receiver: on the left column is the
generated signal sent to the transmitting biconical antenna. On the right column is the
received signal from the Vpol with estimated time of reflection signal arrival for path 2.
The vertical lines represent the calculated time of arrival of the path 1 signal in red and
the path 2 signal in the corresponding distance colours.

The biconical antenna signal for the pulse starts roughly 8 ns earlier than the sine burst,
which leads to the same signal shift in the Vpol antenna. The sine burst generated
by the function generator has an amplitude of 320 mV and a frequency of 300 MHz.
The highest frequency that can be achieved with the pulse burst is 150 MHz. This is a
disadvantage, since it has been shown that the frequency required for less reflection is
400 MHz. The function generator signals are seen in the left column of Figure 5.7.
The signals received by the Vpol antenna are shown in the right column of Figure 5.7.
All Vpol signals were shifted by the amount of time needed to get a non-reflected
signal between sending and emitting antennai. This procedure aligns the signals to
start at the same time, resulting in a better comparison. The red vertical line marks
the start of the signal transmission. The other coloured vertical lines show where the
reflected signal with the shortest distance (path 2) occurs for the di�erent distances
between the antennas. The colours correspond to the waveforms with the same colour.
For example the blue waveform shows the waveform for the largest distance (1.69 m)
between the antennas. Looking at the range of the signal between the start point,
marked by a red line, and the blue line, the signal seems to behave as expected. After
the blue line, when the fastest reflected signal hits the antenna and the direct and
the reflected signal interfere, the recorded waveform deviates from the shape it had
before. This is especially visible in the case of the pulse burst. A slight deviation

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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5.3 Transmission from biconical antenna to Vpol antenna

from the function generator signal is expected, due to the antenna response. The
antenna response should not influence the frequency, i.e. distance between null points,
of the signal. Therefore the variation in amplitude and width of the pulses can not be
fully explained by the antenna response. These longer high level periods indicate a
superposition of multiple signals with di�erent phase and therefore lead to interference
of the reflected signals. With the sine burst, this e�ect is way more di�cult to see,
because the signal is longer and has more peaks, but a slight change in peak width is
visible.

5.3.3 Variation of number of sine oscillations

In Figure 5.8 di�erent numbers of oscillations of a sine wave were used in order to
provide better understanding of the chamber reflections already suspected in Figure 5.7.
Without probing di�erent distances the chamber wall reflections are also visible using
the sine burst signal. The times from Table 5.2 are shown by vertical lines in this
plot. For the direct signal that starts with the red vertical line, all waveforms have
the same shape, but after the signal from the second path starts, the signals for the
three di�erent waveforms change in di�erent ways. When path 3 and path 4 hit,
the interference of the signal is clearly visible, especially for the one-sine oscillation
waveform (blue). Another strong indication for interference in this plot is the repeating
wave package structure, since a single distinct burst would be expected if no interference
occurs. With three-sine oscillations the burst is still visible in the interference patterns,
compared to the one-sine oscillation.

Figure 5.8: Burst measurements with di�erent number sines. On the left the generated
signals with one, two and three sine oscillations starting at 64 ns sent to the transmitting
biconical antenna. On the right the received signal from the Vpol with estimated time of
reflection signal arrival as vertical lines.
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In addition, the antenna linearity can be demonstrated with these measurements. This
was done by subtracting the one oscillation sine wave pattern from the two oscillation
sine wave waveform and the two oscillation sine wave from the three oscillation sine
wave data seti. If linearity is fulfilled all waveforms should be the same since they
should only contain the response to one-sine wave after the subtraction. This was
done in Figure 5.9.
Since all signals start at the same time (186.87 ns) the first oscillations get removed,
meaning the subtraction shifts the signal one (3.3 ns at 300 MHz) and two sines (6.6 ns
at 300 MHz) respectively in time. This o�set was removed to see the waveforms stacked
on top of each other.
With the subtraction all three measurements have the same pattern, except for the
range from 219 ns to 236 ns (black vertical lines). Since these changes are only in
amplitude and not in frequency it is believed that they stem from digitisation errors
and do not falsify the claim of linearity.

Figure 5.9: Burst measurements with di�erent number sines subtracted to only show
one-sine wave. The "2 sine - 1 sine"-measurement is shifted by ≠3.3 ns and the "3 sine - 2
sine" measurement is shifted by ≠6.6 ns. Stronger variations occur between the two black
vertical lines.

icalculations available on the RNO-G GitHub page in the LPDA_analysis repository
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5.4 Radio chamber measurement results

The measurements in the radio frequency chamber showed that the antenna is not
terminated with an impedance of 50 �. Therefore a small antenna impedance reflection
signal is to be expected. Since the cables are long enough, the reflected signal
occurs long after the actual signal. Therefore the reflected signal originating from the
impedance mismatch does not overlap with the non-reflected signal.
The other result obtained from these measurements is that the chamber is not suitable
for measurements with two antennas inside, due to extreme chamber reflections. More
space is needed in order to see only the influence of other antennas and no walls, desks
etc. For this reason the experimental hall of the ECAP laboratory was chosen for the
performance of further measurements.
Investigating di�erent waveforms showed that a three oscillation sine burst should be a
good choice for further measurements. The wave package is still visible in interference
patterns. A balance between correct signal display of the function generator (smaller
frequencies desirable) and a reasonable frequency to prevent antenna impedance reflec-
tions (better with higher frequencies) must be found. Therefore future measurements
will be conducted at 400 MHz in order to be in the cable reflection minimum.
Using the converter and amplifier system of RNO-G is useful to see the signal that is
generated by stations and worked with, but they also change the signal slightly. In
order to have the pure antenna response these components should not be added in
future measurements.
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After finding an e�ect on the emission characteristics on an antenna when other
antennas are placed in close proximity to that antenna in simulations (see chapter 4),
these results need to be verified. Since only two antennas fit into the RF chamber and
several other problems occurring during the measurements there (see chapter 5), the
experimental hall at ECAP laboratory was chosen to host the next set of experiments.
Due to the vast size of the hall, it was possible to fit four antennas in appropriate
distances to each other into the hall without getting reflections from the walls.

6.1 Experimental hall setup

These measurements try to mimic the setup of the surface antennas of RNO-G as well
as possible. Therefore, three LPDAs are placed on tripods at the same height next
to each other 2 m or 3 m apart, as they would be in the ice. The two outer antennas
are rotated by 120° outwards. This can be seen in the upper inset in Figure 3.3. The
middle one faces the biconical antenna, which imitates a neutrino signal source.
Learning from previous measurements and the simulations, the signal for the exper-
imental hall measurements is optimised. According to the results from the radio
chamber measurements (see section 5.4) the best waveform is a three-sine oscillation
burst, in order to spot the burst in possible reflections. It is known that the frequency
influences the antenna impedance (see section 5.2), hence the frequency (400 MHz)
will be probed. The angle dependency at di�erent frequencies used in the simulation
are not suitable to test with measurements, due to the function generator capability of
probing only up to 500 MHz and the risk of ground reflections, if the wavelength is too
long.
For signal read-out purposes the same instruments are used as for the radio chamber
measurements (see section 5.1). The SIGLENT SDG6052X function generator sends
its signal via coaxial cable to the biconical antenna (BicoLOG) which transmits this
signal to the LPDAs. The MSO54 oscilloscope with 1 GHz bandwidth and 6.25 GS/s
sampling rate, reads out the function generator signal and one of the LPDA signals.
In this case no amplifier or voltage sources are needed, which leads to a pure and
unfiltered signal from the antenna.
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For all measurements the receiving LPDA was mounted on the carbon tripod C6i from
Rollei [26], which has a ball joint with a horizontal angle scale (5° steps).This allows
to rotate the antenna without turning the tripod. The rotation capability was very
important for the radiation pattern measurement. The antenna was mounted at the
centre of gravity rather than the middle of the boom. The mounting plate is placed
at the 14th element (see Figure 4.1). The distance between receiving and sending
antenna varies about 50 cm over the course of the radiation pattern measurements.
The other two LPDAs were mounted on wooden tripods. Those tripods had no
possibility to measure angles. Therefore, the angles needed for the RNO-G setup were
measured, using a measuring tape and triangle relations.

6.2 Measurement signal and uncertainties

In order to understand the measurement results, the signal retrieved from the LPDA
and the measurement uncertainties had to be studied. Both systematic uncertainties
and statistical uncertainties were investigated. For these measurements only one
receiving LPDA and the emitting biconical antenna were used. The setup for these
measurements is shown in Figure 6.1. Both antennas face each other directly in order
to get the highest signal amplitude possible.

Figure 6.1: Picture of the setup for the distance variation in the experimental hall.
biconical as the emitter (on the right) and LPDA as receiver (on the left) face each other
directly.

6.2.1 LPDA received signal

For each measurement a three-sine oscillation burst with a frequency of 400 MHz was
used. The reason for choosing this signal was discussed in section 5.4. The function
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generator signal which was sent to the biconical antenna can be seen in Figure 6.2. The
signal emitted by the biconical antenna and received by the LPDA was captured by the
oscilloscope. It was averaged by the oscilloscope over 500 triggered events. Comparing
the function generator signal to the LPDA signal both contain more than three sine
oscillations, but the LPDA receives the amplitudes di�erently than they were sent to
the biconical antenna. The reason for the function generator signal containing more
than three oscillations was due to the e�ect explained in section 5.2.
Two LPDA-received signals for the radiation pattern measurement can be seen in
Figure 6.2. The "0° LPDA" measurement (orange) shows the maximal signal in the
horizontal radiation pattern data set. The "180° LPDA" measurement (purple) shows
one of the minimal signals in the horizontal radiation pattern data set. Looking at
all data sets at once, the samples shaded in grey seem to always contain the maximal
signali. In case of the radiation pattern measurements the range between 4100 and
4178 samples, containing the maximal amplitude, was used in order to make sure to
get the signal amplitude and not an accidentally high noise amplitude. The signal
peak-to-peak voltage for the measurements was calculated from this range.
The peak-to-peak voltage Vpp was chosen, because of the o�set of approximately
≠0.2 mV in some measurements. The origin of this baseline di�erence is unknown. the
peak-to-peak voltage was calculated subtracting the minimum voltage in the signal
range Vmin from the maximum voltage in the signal range Vmax (see Equation 6.1).
With this procedure the amplitude is independent of the voltage o�set and an absolute
value.

Vpp = Vmax ≠ Vmin (6.1)

Often measurements will get compared with each other, therefore the di�erence ∆Vi

of each sample i in the two data sets n and m with voltage V (n) and V (m) (see
Equation 6.2) will be calculated. The peak-to-peak voltage will be used as a reference
point in the following to calculate the deviation ∆V/Vpp.

∆Vi = Vi(n) ≠ Vi(m) (6.2)

A possible reason for the higher amplitude noise sequence shortly after the LPDA
received signal (see Figure 6.2, measuring at 0°) could be a slight afterringing. Since
this phenomenon is visible for all measurement this seems to be a systematic issue. It
will not be investigated any further.

iscript available on the RNO-G GitHub page in the LPDA_analysis repository
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Figure 6.2: LPDA signal directly facing the sending biconical antenna (orange) and
LPDA signal facing the opposite way (purple). The amplitude axis corresponding to these
data sets is shown on the right. The y axis on the left is for the function generator signal
(blue). The grey window marks the signal location in the waveforms.

6.2.2 Statistical uncertainties

The setup with one LPDA (see Figure 6.1) was used to estimate the statistical error of
the signal amplitude. This is especially important for the three-antenna measurements
in order to be sure how significant the deviations from the one-antenna scenario are
and how much the statistical contribution is. For this purpose 350 measurements at a
distance of 1.5 m from biconical antenna to LPDA, each averaged over 500 triggered
events, were taken to get more statistics.
First the maximal peak-to-peak voltage was calculated and a histogram created, one
bin contains three voltage steps. As can be seen in Figure 6.3, the central limit theorem
can be applied and a Gauss fit can be performed on the histogram data. The mean
maximal peak-to-peak voltage for this setup was calculated to be 14.976(2) mV and the
standard deviation is 0.034(2) mV. For future measurements the standard deviation of
0.03 mV will be used as statistical uncertainty, since further measurements will not be
conducted with such high statistics.
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Figure 6.3: Histogram of peak-to-peak voltage spectrum for 350 measurements with
Gauss fit, mean (blue vertical line) and 1‡ interval (light blue shaded area).

6.2.3 Systematic uncertainties

Two types of systematic uncertainties were found for these measurements. The distance
variation plays an important role, because of the asymmetry while rotating the LPDA
(see section 6.1) and the general position inaccuracy. In addition, a time jitter, most
likely induced by the oscilloscope, had to be taken into account. Both error sources
could be compensated.

Distance variation of the antennas The used signal window of 78 samples is wider
than the expected sample size for three sine oscillations (47 samples), because of the
already mentioned distance variation between the antennas and hence the shorter or
longer signal travelling time. In order to investigate this, a slight distance variation
was probed. Distances were chosen corresponding to factors of the wavelength at
400 MHz. The arbitrarily chosen factors are 1.75, 2, 2.25 and 2.4. This leads to a
spacing between the emitting biconical antenna and the receiving LPDA of 1.31 m,
1.5 m, 1.68 m and 1.8 m, respectively.
The setup for these measurements is shown in Figure 6.1. Both antennas face each
other directly in order to get the highest possible signal amplitude. The LPDA stayed
in the same position and the biconical was moved in order to vary the distance.
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Figure 6.4: LPDA signal for di�erent distances between receiver and emitter. Each peak
is marked with a dot, the colour corresponds to the number of peak in waveform.

The results of the distance variation are shown in Figure 6.4. The waveforms for the
LPDA signal are displayed in the time range corresponding to the discussed sample
window. As already discussed in the previous sections there are more than three peaks
in the waveform. The prominence option in the find_peak algorithm (scipy.signal
python package) was chosen such, that in total six peaks could be identified. The
waveforms are delayed in time proportional to the di�erent distances, as can be seen
in Figure 6.4.
According to the inverse-square law, the amplitude of the signal amplitude is expected to
decreases with 1

r over the distances r = 1.31 m, 1.5 m, 1.68 m and 1.8 m. Additionally,
the active region had to be considered. The active region can be determined using
subsection 3.3.2 and comparing the half wavelengths with the dipole lengths in Table B.1.
For the chosen frequency of f = 400 MHz, which corresponds to half a wavelength of
⁄/2 = 0.375 m the active region is the dipole 9 with a length of 0.34 m. Therefore a
constant o�set of 0.266 m (boom position) in addition to the feeder length of 0.04 m
must be taken into account.
In the representation shown in Figure 6.5 a linear fit (see Equation 6.3) was performed.
The parameter a denotes the slope and the parameter b the y-axis o�set. For the r

values a Gaussian error propagationi was performed and the amplitude A uncertainty
of 0.03 mV from subsection 6.2.2 was used.

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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6.2 Measurement signal and uncertainties

A(r) = a · 1
r

+ b (6.3)

Since all the reduced ‰
2-values for the fits are close to 1, the assumption that the

inverse-square law applies seems true. But each peak in the waveform has a di�erent
slope (see Table 6.1). Therefore no general assumption can be made about the voltage
decrease at a certain distance. Within the measurement uncertainties all data points
lie on the fit, which leads to the assumption that the uncertainties are overestimated
slightly.

peak slope [mVm] o�set [mV] ‰2

d.o.f.
1 0.31(27) ≠0.25(15) 0.16
2 0.64(27) ≠0.24(15) 0.44
3 1.52(27) ≠0.37(15) 0.47
4 2.71(27) ≠0.96(15) 1.61
5 2.45(27) ≠1.09(15) 0.48
6 0.94(27) ≠0.55(15) 0.26

Table 6.1: Fit parameter and reduced ‰
2-values ( ‰2

d.o.f. ) for the linear fits (see Equation 6.3)
performed for the verification of the inverse-square law.

Figure 6.5: Inverse distance over voltage for the peaks in Figure 6.4 and corresponding
linear fits.
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Time jitter of the oscilloscope Comparing the signal and the associated di�erences,
subtraction of one data set from another, shows that the di�erences have maxima
at the zero passages of the signal (see Figure 6.6). This leads to the conclusion that
the di�erence is caused by a shift in time. In order to prove this a cross correlation
of the signals was done. With the correlation function of the scipy.signal python
package in "full" mode the timing di�erence could be calculated. Is the maximum of
the correlation not in the (n ≠ 1)/2 sample of the correlation, the signals are time
shifted by the amount of samples lying between maxima sample and (n ≠ 1)/2 samplei.
For a better resolution, the signal was upsampled by a factor of 100. This procedure
is not without risk. Since the additional data points are e�ectively the result of an
interpolation, it is not clear whether the newly created data points represent reality.
It is believed that the original sampling is good enough to detect all the physics in
the signal and the resampling only reinforces the structure of the signal. Nevertheless,
sampling errors can arise from this procedure.
The comparison of the di�erences to the signal before and after the shift are shown in
Figure 6.6. The di�erences get smaller after they are shifted to the same waveform
starting point. There is almost no amplitude di�erence between first and second data
set. Therefore they agree very well. This implies that the error from the time shift
can be fully removed. This procedure is applied to every data set where di�erences
are needed for the analysis in order to get only the amplitude di�erence and not the
time jitter.
The time jitter for the first 150 data sets of the statistics data sets are shown in the
histogram in Figure 6.7. To keep computing time reasonable, cross correlations were
not calculated for all 350 available data sets. The maximal time jitter of ≠0.0416 ns
corresponds to 0.26 original samples. So this e�ect is presumed to stem from the
oscilloscope.

iscript available on the RNO-G GitHub page in the LPDA_analysis repository
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Figure 6.6: Signal of a statistics measurement with the di�erences from the first statistics
data set. The di�erences before the time shift and after the time shift are displayed. All
data sets are upsampled.

Figure 6.7: Time jitter distribution for the first 150 data sets of the statistics data sets.
One bin corresponds to 0.0016 ns.
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6 Experimental hall measurements

6.2.4 Sanity check

In order to check if the setup works properly, a sanity check was performed. For this
measurement first the received signal of a single LPDA was measured with the same
setup as in Figure 6.1. For a second measurement the other two LPDAs were placed
touching the receiving LPDA. The later procedure should provoke a completely altered
behaviour from the receiving antenna.
The result is shown in Figure 6.8. As predicted the signal amplitude of the touching
three antennas varies a lot from the one-antenna signal. It is broader in time and has
less amplitude than the expected signal. Hence, the setup seems to deliver valid results
for the desired purposes.

Figure 6.8: Signal of one LPDA receiving the signal with no other antennas in the
surrounding area ("one"). And the signal of one LPDA receiving the signal with two other
antennas touching the signal receiving antenna ("three").
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6.3 One LPDA radiation patterns

6.3 One LPDA radiation patterns

The measurements with one LPDA were made to compare with the three-LPDA
measurements, but also to measure a full radiation pattern, or to be more precise
a receiving pattern (the same due to reciprocity, see section 2.1), of the LPDA and
compare it with the simulation.
The normalised linear gain was measured the same way for the horizontal and the
vertical pattern. The peak-to-peak voltage explained in subsection 6.2.1 was used. For
the normalisation the highest amplitude of the data set was selected as normalisation
factori. This leads to a voltage gain between 0 and 1, which is comparable to the linear
gain in the simulations.
Another question that arises is whether the distance of 1.5 m between sending and
receiving antenna is su�cient to be considered as far field. This can also be probed with
the simulated radiation patterns, since they are known to represent the far field pattern.
If the simulated and measured pattern match, it is assumed that they both show the
far field. Using the Equation 2.3 and the frequency of f = 400 MHz, which corresponds
to a wavelength of ⁄ = c/f = 0.75 m, and the largest antenna dimension being the
longest dipole with D = 1.45 m (see Table B.1) the far field radius is calculated to be:

rLPDA far field Ø 2 · 1.45 m2

0.75 m = 5.6 m. (6.4)

This result leads to the conclusion that the measurements were not performed in the
far field.
The simulation for comparison is performed for free space, since the conductivity of
the ground was unknown. The vertical pattern should be less accurate, due to the
higher e�ect of the ground towards the floor. Note that the simulation represents an
actual radiation pattern opposed to the receiving pattern that is measured. Due to
reciprocity (see section 2.1), the two patterns are the same.

Horizontal radiation pattern The horizontal pattern was measured in 15° steps
rotating the LPDA anti-clockwise. The starting point (0°) is the LPDA facing the
biconical antenna. One of the measurements is displayed on the left side of Figure 6.11.
As can be seen on the right in Figure 6.9 the angle marks on the rotational angle scale
shows 5° steps, therefore the angle uncertainty was chosen to be ±2°.

icalculation available on the RNO-G GitHub page in the LPDA_analysis repository
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6 Experimental hall measurements

Figure 6.9: Photographs of the setup for horizontal radiation pattern measurement for
105° on the left. The blue biconical antenna is the radiating antenna and the LPDA on
the left is the receiving antenna. On the right the rotational angle scale is shown, which is
used to identify the angle.

Looking at the measured and simulated horizontal pattern in Figure 6.10 the re-
semblance is good. Both patterns are normalised to the radiation maximum, which
corresponds to the voltage at 0°. In the case of the measurement the maximal hori-
zontal peak-to-peak voltage is 1.60(3) mV. The normalisation factor for the simulation
is unknown. The major lobe for the measured data is smaller in radius than the
simulation, while the outward curvature around 60° and 290° is missing. The back
lobe is a slightly bigger, but within the chosen uncertainties.

Figure 6.10: Measured and simulated horizontal linear gain radiation pattern, normalised
to the radiation maximum. Simulation shows free space pattern. Measurement contains
ground.
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6.3 One LPDA radiation patterns

Vertical radiation pattern The measurement of the vertical pattern was a bit more
di�cult, due to the ball joints high rotational degrees of freedom. Since making
adjustments in the vertical plane was not easy, the size of rotation steps was increased
to 30°. The inclination was monitored using the inclination tool provided by the
app Phyphox [27], which is an Open Source Software from RWTH Aachen, using
smartphone sensors to accumulate data for experiments. A picture of the phones
position on the antenna to measure the inclination can be seen in Figure 6.11 on the
right. Here again the starting point (0°) is the LPDA facing the biconical antenna.
One of the measurements is displayed on the left side of Figure 6.11. Due to the ball
joint, the angle uncertainty was estimated to be ±3°.

Figure 6.11: Photographs of the setup for vertical radiation pattern measurement for
45° on the left. The blue antenna on the right is the radiating antenna and LPDA on the
left is the receiving antenna. On the right is the position of the phone with the phyphox
app for adjusting the antenna to the right inclination.

The measured vertical pattern deviates much stronger from the simulated pattern
than the horizontal pattern (see Figure 6.12). The reason is that the vertical pattern
is more influenced by the ground conditions and possible reflection or absorption of
the ground material. Since the simulation is performed in free space the simulation
and the measurement can not be compared satisfactorily. Ignoring the obvious kink
at 330°, the basic pattern of the simulation is reproduced by the measurement. In
the case of the measurement, the maximal vertical peak-to-peak voltage is 1.53(3) mV.
The normalisation factor for the simulation is again unknown.
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6 Experimental hall measurements

Figure 6.12: Measured and simulated vertical linear gain radiation pattern, normalised
to the radiation maximum. Simulation shows free space pattern. Measurement contains
ground.

6.4 Three LPDAs next to each other

The three antenna measurements were done at the distances of 2 m and 3 m, in order
to see if the smallest or the regular distance between the antennas in the RNO-G
experiment cause problems. Here the RNO-G configuration was used, meaning the
middle antenna facing in one direction and the two outer antennas rotated by 120°
outwards. The influence on one of the outer and the inner antenna was probed. These
measurements were performed in free space (nearest wall at least 3.9 m away) and
next to a wall. The wall measurements were done creating a reflecting surface 1.5 m
away from the antennas in order to mimic the reflecting transition between ice and air
above the antennas. Here the outer right antenna was probed, due to spacial reasons,
explained in subsection 6.4.2. The free measurements were performed pointing the
sending antenna directly towards the middle antenna (see subsection 6.4.1).

6.4.1 Three LPDAs in free space

As discussed in section 4.5, for the three-LPDA measurements in free space the RNO-G
setup could be used. First a reference measurement with the setup with one LPDA
(see Figure 6.1) was made. Then the two additional LPDAs were positioned in an
120° angle next to the receiving LPDA. One measurement is done with a spacing of
dLPDA = 2 m between the LPDAs and one measurement with dLPDA = 3 m spacing.
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6.4 Three LPDAs next to each other

Figure 6.13: Photo of the measurement setup for the RNO-G three antenna setup in
free space for 3 m spacing between LPDAs. The blue antenna on the right is the radiating
antenna and the middle LPDA (center of the picture) is the receiving antenna.

The biconical antenna sends its signal to the middle antenna, directly facing it. This
leads to a cosmic ray-like situation, meaning the upward facing antenna receives a strong
signal. This scenario was chosen to get, in case there is an e�ect, a symmetric e�ect
from both disconnected antennas. Two di�erent distances (dre = 1.5 m and dre = 1.8 m)
between emitter and receiver were probed, in order to test the reproducibility of the
results. The emitting antenna was not moved while probing the di�erent LPDA
configurations to avoid corresponding systematic errors. Still it is possible that the
dLPDA = 2 m measurements are not that comparable, because they could not be
conducted directly after each other, and therefore the antennas are possibly not in the
exact same location in both measurements. It was decided that the systematic error of
the distance between receiver and emitter was more important. The precision of the
measurement was limited, due to measuring the di�erent distances and angles by hand.
Hence, it was tried to change as few parameters as possible during a measurement
series. In addition, the statistical uncertainty of 0.03 mV (see subsection 6.2.2) has to
be considered.
The waveforms of the di�erent data sets and also the deviations look very similar to each
other. For Figure 6.14 the deviations were calculated subtracting the three-antenna
data set from the one-antenna data set. They were divided by the absolute maximum of
the peak-to-peak voltage of the one-antenna data set in the signal region as a reference
point, in order to get a percentage (see subsection 6.2.1). Note that these deviations
correspond to a voltage that is a slightly higher than the statistical uncertainty of
0.03 mV. The range of the occurring signal is shaded in grey. Comparing this region
to the noise, no di�erence is visible. The data set for dre = 1.5 m and dLPDA = 3 m
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6 Experimental hall measurements

Figure 6.14: Voltage amplitude deviations for the free space measurements in percent
for two di�erent distances between sending and receiving antenna (dre in the legend) and
two di�erent distances between the three LPDAs (dLPDA in the legend).

starts to show a higher amplitude after the signal occurs, but the frequency does not
match the frequency of the signal and is therefore not correlated. Since this e�ect
is only visible in one of the four data sets, it might be possible that the upsampling
changed the actual waveform too much. This leads to the conclusion that there is no
noticeable e�ect of other antennas on the receiving antenna.
Looking at Table 6.2 the maximal deviations and the deviation ratios diminishi. The
maximal absolute deviations in the signal region were calculated. The deviation ratios
relates the signal deviation to the signal of the one-antenna measurement, meaning
the amplitude deviation of the measurement ∆V (3, dre, dLPDA) (see Equation 6.5) is
divided by the one-antenna maximum peak-to-peak voltage Vpp(1, dre, dLPDA). The
table shows that for the 3 m cases the deviation from the one-LPDA data set is larger
than the 2 m configurations. This is true for both receiver-emitter distances, and
therefore a statistical fluctuation can be excluded. Possible reasons for this behaviour
could be resonances at this distance and frequency (400 MHz).

∆V (3, dre, dLPDA) = V (1, dre, dLPDA) ≠ V (3, dre, dLPDA) (6.5)

icalculations available on the RNO-G GitHub page in the LPDA_analysis repository
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6.4 Three LPDAs next to each other

distance maximal deviation [mV] deviation ratio
2 m 3 m 2 m 3 m

1.5 m 0.07 0.16 0.004 0.010
1.8 m 0.07 0.08 0.006 0.007

Table 6.2: Peak-to-peak voltage amplitude deviations for two di�erent distances between
sending and receiving antenna (left column) and two di�erent distances between the three
LPDAs (indicated in the second row). The maximal deviation in mV and the deviation
ratio (maximal three-antenna deviation divided by one antenna signal) is displayed.

Unfortunately a direct comparison to the simulation is impossible, due to the simulation
normalisation. The highest gain point is normalised to 0 in the simulation, hence the
one-antenna pattern and the three-antenna pattern both have the same value there.
This leads to a deviation ratio of 0, which is not the case for the measurement deviation
ratio. But using the Half-Power Beamwidth spectrum of simulation deviations, a rough
comparison can be made. Therefore the vertical and the horizontal ratios are averaged.
For the 2 m case the simulation predicts an e�ect of 1.15 %, which is higher than the
measured e�ect. For the 3 m case a 0.3 % e�ect is predicted and is therefore lower than
the measured e�ect. Both results do not agree with the measurements. A possible
explanation is the influence of the floor in the measurements, which is missing in the
simulation.

6.4.2 Three LPDAs near wall

For the wall measurements the spacial circumstances were di�cult to realise, since
an even wall without any cabinets was needed to represent the ice. This requirement
was only fulfilled for a 2 m spacing setup and an extra wall next to it. Looking at
Figure 6.15 the rightmost LPDA was probed, in order to be as far away from the walls
as possible. Nevertheless the biconical antenna could not be placed directly in front
of the receiving LPDA, because the cable was too short. A longer one would have
changed the results compared to other measurements, because its di�erent cable delay
and was therefore depreciated. As for the free space measurements the distances 1.5 m
and 1.8 m between receiver and emitter were probed, but in this case the antennas
were placed at an angle of 60° to each other.
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6 Experimental hall measurements

Figure 6.15: Picture of the setup with three LPDAs next to the wall on the left. The
blue antenna in the middle of the picture is the radiating antenna and the rightmost
antenna is the receiving antenna. On the right the setup with one LPDA is shown.

First the signal of a free space measurement and a wall measurement with 1.5 m
between the receiver and emitter are compared. As displayed on the left in Figure 6.16
the wall signal is by a factor 9 smaller than the free space signal. This was expected
since the LPDA is rotated to face the emitting biconical antenna at an angle of
60°, leading to a small signal. The small signal can be partially explained with the
horizontal radiation pattern, discussed in section 6.3. The rotation should reduce the
signal by approximately one half, the rest of the signal reduction seems to be due
to the influence of the walls. In addition, the reflections from the wall can be seen.
Compared to the free space measurement the signal near the wall is longer and contains
two signals which seem to resemble the sent signal. The second signal is a reflection,
similar to what was seen in the chamber measurements (remember section 5.3).
Now the results from one antenna and three antennas close to the wall are compared
(see right side of Figure 6.16). In contrast to the free space measurement comparison
between one and three antennas, for the near wall measurements the amplitude
di�erence between the two data sets is visible. This leads to the conclusion that the
wall enhances the e�ect of the disconnected antennas. Looking into the di�erences
between the three- and the one-antenna signals a more detailed analysis is possible
and will be done in the following.
The original deviations and the deviations after upsampling and shifting (same calcu-
lation as in subsection 6.4.1) show no major di�erences (see Figure 6.17). The shift
amounted to 1/100 of the original sampling time of the oscilloscope for the 1.5 m case
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6.4 Three LPDAs next to each other

Figure 6.16: On the left a 1.5 m measurement near the wall is compared to a free space
measurement. Note that the wall measurement is enlarged by the factor 10, for better
comparison. On the right side the wall measurements with one antenna and three antennas
at 1.5 m are displayed.

Figure 6.17: Voltage amplitude deviations for the wall measurements in percent for
two di�erent distances between sending and receiving antenna (biconical distance in the
legend). On the left side the original data are shown and on the right the upsampled and
shifted data are presented.

and none for the 1.8 m case. Therefore, the original signal was used for further analysis.
The maximal voltage deviations were calculated to be 6.7 % in the 1.5 m case and
10.3 % in the 1.8 m case. A clear distinction between noise and signal deviation can be
made. The seemingly sinusoidal behaviour of the noise is not understood, but present
in both measurements and can therefore be categorised as unknown systematics. It is
not certain, if this signal deviation e�ect is visible for the reflection on the ice surface.
It is also not clear how much the second wall contributes to this e�ect.
Comparing the signal to the deviation for 1.8 m between emitter and receiver a
correlation between the amplitudes of the one-antenna signal and the di�erence
between one and three antennas can be seen. This is shown in Figure 6.18. For better
visibility the signal o�set of ≠0.17 mV was compensated. The correlation is visible
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Figure 6.18: Comparison of the 1.8 m one antenna signal and the di�erence between one
and three antennas for this case. For better visibility the signal o�set of ≠0.17 mV was
compensated.

for the reflected signal, meaning the part from 150 ns to 160 ns. Here the di�erences
have the same frequency and phase as the signal. This leads to the conclusion that
the one-antenna signal is stronger than the three-antenna signal. Hence the two
disconnected antennas reduce the reflected signal. This is also visible on the right side
of Figure 6.16. The same is true for the 1.5 m distance between emitter and receiver.

6.4.3 Result comparison to power calculation

In the previous sections the peak-to-peak voltage was used to quantify the e�ect of
disconnected antennas next to a passive antenna. This method depends strongly on
individual measurements that might be a�ected by digitisation e�ects or statistical
e�ects. The signal power takes every feature of the signal into account and not just
the maximum. Therefore, also the power P was considered and compared to the
peak-to-peak voltage results.
In order to get the voltage V of the signal without noise contamination, the sample
signal region defined in subsection 6.2.1 was used. In this region it was integrated
over the squared voltage, where a possible voltage o�set Vo� was subtracted. This
calculation, see Equation 6.6, results in the power of the signal.
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6.5 Experimental hall measurement results

P =
signal end⁄

signal start

(V ≠ Vo�)2 (6.6)

For comparison to the percentage values in Table 6.2 the calculated power of the
three-antenna signal was divided by the power of the one-antenna signal. The results
of the comparison are displayed in Table 6.3.
For the free space measurements the voltage approach results in a positive e�ect on
the amplitude of 1 % and below. The power method results show a negative e�ect
in the sub percent regime. The deviation of both methods by approximately 1 % is
considered to be within the uncertainties. This leads to the conclusion that the e�ect
is very small and therefore negligible.
The wall measurement result for the two methods are in good agreement. Therefore it
can be assumed that the e�ect is real and not only measured because of the measuring
method.
The results do not deviate much from each other. The largest di�erence between the
two methods is 1.8 %. Therefore the two methods are in good agreement.

measurement deviation
location dre [m] dLPDA [m] voltage [%] power [%]
free space 1.5 2 0.4 ≠0.2
free space 1.5 3 1 ≠0.5
free space 1.8 2 0.6 ≠0.2
free space 1.8 3 0.7 ≠0.0
wall 1.5 2 6.7 7
wall 1.8 2 10.3 8.5

Table 6.3: Comparison of the voltage and power deviations in percent. The measurement
is described by its location, the distance between receiver and emitter dre and the distance
between the LPDAs dLPDA.

6.5 Experimental hall measurement results

First the signal received by the LPDA and the uncertainties were investigated. The
statistical uncertainties were estimated to be 0.03 mV and the systematic uncertainties
concerning the distance variation and time jitter of the oscilloscope were discussed.
With the one-antenna setup the horizontal and vertical radiation pattern were cross-
checked with the simulation results. Even though not being in the far field the patterns
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match the simulation quite well. The consequence would be that at a distance of two
wavelength the far field is already well approximated.
Two antennas placed next to the antenna whose properties are investigated (three-
antenna setup) in free space showed a very minor e�ect compared to the one-antenna
signal. These sub percentage level deviations were not recognisable compared to the
oscilloscope noise level. The e�ect of having three antennas at 2 m or 3 m distance to
each other is also negligible.
The results for the three antennas near the wall show stronger deviations from the
one-antenna setup. This suggest that the disconnected antennas reduce the reflected
signal. It is however not clear if the e�ect of the wall is comparable to the properties
of the ice and therefore act di�erently. Hence no clear statement about the e�ect
expected in RNO-G can be made.

Possible improvements of the measurement technique In order to trace the ra-
diation patterns better, one could measure the angles where the simulation showed
interesting features. It would be advisable to always place the receiving antenna at
the same distance between active element and emitting antenna and not just rotate
the tripod. This would help to get a more accurate amplitude-angle relation.
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7 Conclusion

The topic of this thesis was the investigation of a mutual influence of LPDA antennas
placed at distances of 2 m to 3 m in RNO-G. The goal was to find possible signal
disturbances produced by antennas in close proximity. This was achieved by studying
the theory of LPDA antennas, simulating the antenna with the simulation tool 4nec2
and comparing it to measurements.
The theory (see subsection 3.3.2) predicts that the LPDA antenna has a strong beaming
in forward direction. Therefore, the antennas in the RNO-G setup are arranged so
that they face away from each other (see section 3.2), and are therefore sensitive in
di�erent directions. This should result in a minimal mutual interference of the antenna
signal. Observation in the field could be interpreted as a stronger than expected
mutual influence of the antennas.
The simulations show that there is a frequency and spacing dependence of the antenna
radiation patterns (see section 4.4). Comparing the radiation pattern of a setup with
two other antennas within close proximity to the radiation pattern of one antenna,
di�erences are observable. The changes in the pattern become smaller the higher the
frequency and the further apart the antennas are. These e�ects on the signal gain
are in the order of 1 % for the vertical patterns and even smaller for the horizontal
patterns. An exception to this rule is the 100 MHz case.
Measurements were first done in the RF chamber of the ECAP Laboratory, which
turned out not to be usable for the investigation of this thesis. The true amplitude
response of the antenna to a send signal could not be guaranteed in the chamber,
because of interference from reflections at the chamber walls. Nevertheless using the
results of the cable study (see section 5.2) the best suited frequency (400 MHz) was
found. Investigating the transmission from the biconical antenna to the Vpol antenna,
the best signal waveform (three-sine oscillation burst) could be derived.
In order to give a full and detailed answers to the main question of this thesis the
experimental hall at the ECAP laboratory was chosen to conduct measurements. Here
the signal was studied further, conducting a high statistics measurement to understand
the representativeness of the following measurements. In addition mitigation strategies
for systematical errors were found and applied to the following measurements. The
measured radiation patterns fit quite well the expectations of the simulation, leading
to the result that the simulation represent the reality fairly good. The measurements
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performed with three antennas next to each other in free space showed little deviation
from the one-antenna case. This result is in good agreement with the expectations
from the simulation. The deviation results for the near wall measurements were more
pronounced, but at the same time the setup does not represent reality well enough to
be considered.
This all leads up to the conclusion that the LPDAs do not influence each other
enough to change the current RNO-G setup. A slight e�ect on the receiving properties
of the LPDA was predicted by the simulation, but could not be confirmed by the
measurements. The e�ect found in the wall measurements is not large enough to
disturb data taking in any way. There are still some open questions, like, whether the
termination of the passive antennas changes the behaviour? Is the concrete wall in the
experiment hall a good substitute for ice? These questions need to be addressed in
future work.
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A Station surface layout

In this section, the calculation of how far apart the LPDA antennas are in the field will
be explained. The available RNO-G detector json data in NuRadioReco [28] was used
to calculate the distances between two channels. The uncertainties for these distance
measurements depend on the precision of the uncalibrated GPS data. The plotted
layout for the three stations deployed in 2021 is depicted in Figure A.1. The position
of the antenna feed point is given relative to the station position [29]. The distances
of interest are those of the neighbouring antennas grouped together, e.g. for station 11
it is the distances between the channels 12 and 13, 13 and 14, 15 and 16, 16 and 17,
and so on.

Figure A.1: X- and y- positions of surface channels for the three stations deployed in
2021. The positions are displayed in meter.

The minimal and maximal distance as well as the mean and standard di�erence for
each station are listed in Table A.1. In the fourth row the parameters for all stations
combined are shown. From the smallest total distance the conclusion is drawn to take
measurements at a distance of 2 m as the lower bound and compare it with 3 m, which
is the average distance.
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min max mean std
station 11 2.62 5.23 3.22 0.92
station 21 2.42 2.81 2.6 0.14
station 22 2.3 5.88 3.13 1.25
total 2.3 5.88 2.99 0.77

Table A.1: Calculated distances between neighbouring antennas for the three stations
deployed in 2021. The table contains the minimal distance (min), the maximal distance
(max), the mean distance (mean) and the standard di�erence of the mean (std) for each
station and for all station (total) in one data set. All values are given in meter.
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B CLP5130-2 geometry

To create the antenna model, all dipole lengths and the distances between the dipoles
had to be measured. For both measurements a measuring tape was used, therefore the
error of all the measurements is estimated to be ±3 mm. The length measurement was
prone to error, due to the height di�erence between the boom and the dipole. The
di�culty for the distances was to find the centre of the dipoles to always have the
same reference point.
For the dipole length (shown in Table B.1), the full length ln was measured, i.e. both
dipole halves left and right of the boom together. This quantity was used to calculate
· in Equation 3.3. The half lengths were needed for the model since the boom was
constructed to lie on the zero point of the axis. In order to achieve this the full lengths
were divided by 2.

Dipole number n Full length [m] Half length [m]
1 0.078 0.039
2 0.094 0.047
3 0.112 0.056
4 0.138 0.069
5 0.164 0.082
6 0.196 0.098
7 0.236 0.118
8 0.284 0.142
9 0.34 0.17

10 0.408 0.204
11 0.488 0.244
12 0.583 0.2915
13 0.704 0.352
14 0.848 0.424
15 1.014 0.507
16 1.21 0.605
17 1.45 0.725

Table B.1: Measured dipole lengths in meter. Enumeration starts with the smallest
dipole. The full lengths were measured and the half lengths were needed for the model.
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Also two types of distances were needed: the distance to the next dipole and the boom
position, i.e. the distance from the smallest to the desired dipole. Both types are
listed for all dipoles in Table B.2. The distances between the dipoles were used to
calculate the numerator of the parameter ‡ in Equation 3.2. The boom position helped
constructing the antenna model. The boom position was constructed by adding all
distances to the next dipole up to the desired dipole.

Dipole number n Distance to next dipole [m] Boom position [m]
1 0.015 0
2 0.018 0.015
3 0.024 0.033
4 0.028 0.057
5 0.035 0.085
6 0.04 0.12
7 0.047 0.16
8 0.059 0.207
9 0.068 0.266

10 0.08 0.334
11 0.098 0.414
12 0.115 0.512
13 0.137 0.627
14 0.165 0.764
15 0.195 0.929
16 0.235 1.124
17 0 1.359

Table B.2: Measured dipole distances in meter. Enumeration starts with the smallest
dipole. The measured distance from the smaller to the bigger dipole is shown in the row
of the smaller dipole.

All measurements were done in meter, since it is the standard unit of 4nec2. The
dipole enumeration starts with the smallest dipole. From these measurements and the
calculated · and ‡ (see subsection 4.2.1) as input, a website [21] could calculate all
design parameters. The input and the result of these calculations can be found on the
next two pages. They are similar to the results obtained by the measurements. Note
that the web page starts the numeration with the biggest dipole. The only value used
form this source is the "Required characteristic impedance of the feeder connecting
the elements Zc_feed" given in the last row of the second page.
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LPDA — https://hamwaves.com/lpda/ — v20180914 
  LPDA design 2022-10-13 13:47 
 
INPUT 
  Lowest frequency f₁ = 105 MHz 
  Highest frequency fₙ = 1300 MHz 
  Diameter of the shortest element ⌀ = 4 mm 
  Characteristic input impedance Zc_in = 50 Ω 
  Taper τ = 0.833 
  Optimal relative spacing σₒₚₜ = 0.151 
  Chosen relative spacing σ = 0.083 
 
RESULTING DESIGN 
  Number of elements ⌊N⌉ = 17 
  Dipole element lengths: 
    dipole ℓ₁ = 1.428 m 
    dipole ℓ₂ = 1.189 m 
    dipole ℓ₃ = 0.991 m 
    dipole ℓ₄ = 0.825 m 
    dipole ℓ₅ = 0.687 m 
    dipole ℓ₆ = 0.573 m 
    dipole ℓ₇ = 0.477 m 
    dipole ℓ₈ = 0.397 m 
    dipole ℓ₉ = 0.331 m 
    dipole ℓ₁₀ = 0.276 m 
    dipole ℓ₁₁ = 0.230 m 
    dipole ℓ₁₂ = 0.191 m 
    dipole ℓ₁₃ = 0.159 m 
    dipole ℓ₁₄ = 0.133 m 
    dipole ℓ₁₅ = 0.111 m 
    dipole ℓ₁₆ = 0.092 m 
    dipole ℓ₁₇ = 0.077 m 
  Sum of all dipole lengths ℓₜₒₜ = 8.166 m 
 
  Distances between the element centres 
  and their position along the boom: 
    d₁,₂ = 0.237 m, i.e. ℓ₂ @ 0.237 m 
    d₂,₃ = 0.197 m, i.e. ℓ₃ @ 0.434 m 
    d₃,₄ = 0.164 m, i.e. ℓ₄ @ 0.599 m 
    d₄,₅ = 0.137 m, i.e. ℓ₅ @ 0.736 m 
    d₅,₆ = 0.114 m, i.e. ℓ₆ @ 0.850 m 
    d₆,₇ = 0.095 m, i.e. ℓ₇ @ 0.945 m 
    d₇,₈ = 0.079 m, i.e. ℓ₈ @ 1.024 m 
    d₈,₉ = 0.066 m, i.e. ℓ₉ @ 1.090 m 
    d₉,₁₀ = 0.055 m, i.e. ℓ₁₀ @ 1.145 m 
    d₁₀,₁₁ = 0.046 m, i.e. ℓ₁₁ @ 1.191 m 
    d₁₁,₁₂ = 0.038 m, i.e. ℓ₁₂ @ 1.229 m 
    d₁₂,₁₃ = 0.032 m, i.e. ℓ₁₃ @ 1.261 m 
    d₁₃,₁₄ = 0.026 m, i.e. ℓ₁₄ @ 1.287 m 
    d₁₄,₁₅ = 0.022 m, i.e. ℓ₁₅ @ 1.309 m 



    d₁₅,₁₆ = 0.018 m, i.e. ℓ₁₆ @ 1.327 m 
    d₁₆,₁₇ = 0.015 m, i.e. ℓ₁₇ @ 1.343 m 
  Boom length L = 1.343 m 
 
  Length of the terminating stub ℓ_Zterm = 0.357 m 
  Required characteristic impedance of the feeder 
  connecting the elements Zc_feed = 105.1 Ω 
 



C Complete three antenna simulation data
set

In this appendix most of the simulation results can be found in an overview plot (see
Figure C.1). Both linear and logarithmic results are shown. Here one can see that in
the logarithmic scale the negligible back lobe discrepancies are better visible than the
important main lobe di�erences. The later are better visible in the linear patterns.
All the di�erence plots can be found in Figure C.2 as well. These were not plotted in
a polar plot, but in a planar plot in order to see the di�erences in di�erences around
the pattern. The di�erences (D(o)) were calculated subtracting the pattern for three
antennas (P (3, o)) from the pattern for one antenna (P (1, o)), see Equation C.1 where
the o parameter refers to the vertical or horizontal orientation. In order to mark the
relevant regions of the patterns the Half-Power Beamwidth (HPBW) and the First-Null
Beamwidth (FNBW) were used.

D(o) = P (1, o) ≠ P (3, o) (C.1)

For better comparison (see Figure 4.10), the extrema of these di�erences were calculated.
Minima and maxima of the di�erence from the 3 m spacing three antenna simulation
data set in the HPBW range can be found in Table C.1. The range from maximum to
minimum is calculated subtracting the minimum from the maximum.

frequency 100 MHz 400 MHz 800 MHz 1200 MHz
max horizontal 0.35 0.02 0.02 0.01
min horizontal ≠0.11 ≠0.03 ≠0.02 ≠0.02
range horizontal 0.46 0.05 0.04 0.03
max vertical 0.10 0.01 0.01 0.01
min vertical ≠0.01 0.00 ≠0.02 ≠0.01
range vertical 0.11 0.01 0.03 0.02

Table C.1: Minima and maxima of the di�erence from the 3 m spacing three antenna
simulation data set in the HPBW range. The range from maximum to minimum is
calculated subtracting the minimum from the maximum. All values are given in dB.
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C Complete three antenna simulation data set

Figure C.1: Radiation patterns for simulations with one active antenna on the left and
two passive antennas to the right. First row are horizontal patterns in dB, the second
contains linear horizontal patterns. The third and fourth row show the vertical patterns,
respectively. One column contains one data set with its legend at the bottom: the left
column describes the 100 MHz spacing simulations, in the middle the 400 MHz spacing
simulations are shown and on the right are the results of the 400 MHz rotation simulations.
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Figure C.2: Di�erences for dB simulations with one active antenna on the left and two
passive antennas to the right. The first column displays the horizontal pattern and the
second the vertical pattern. Each row contains the four distance data sets at another
frequency. The grey area marks the region of the FNBW and the red area is designated
to the HPBW of the one antenna data set.
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D Cable reflection peaks for di�erent
frequencies

Here the analysis of the cable reflection at di�erent frequencies gets explained more
in detail. In order to find the peak positions the scipy.signal function find_peaks
was used. The findings of that function can be seen in Figure D.1, Figure D.2 and
Figure D.3. As can be seen there is a slight overshoot concerning the number of peaks,
but this was needed to also find maximums in the last cluster of peaks (see Figure D.3).
Even with the requirement of a prominence of 0.005 V and a height of 0.005 V the
algorithm was not able to find peaks for 400 MHz and 500 MHz in the time frame
where the third peak was suspected. On the other hand this also means that there
might not be a third peak. Still some unwanted bigger peaks had to be sorted out by
hand. The peak position results are listed in Table D.1.

Figure D.1: First cluster of peaks for frequency dependence of the input signal reflection.
The dots denote the peaks found by the scipy function find_peaks.
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D Cable reflection peaks for di�erent frequencies

Figure D.2: Second cluster of peaks for frequency dependence of the input signal
reflection. The dots denote the peaks found by the scipy function find_peaks.

Figure D.3: Third cluster of peaks for frequency dependence of the input signal reflection.
The dots denote the peaks found by the scipy function find_peaks.

82



frequency 100 MHz 200 MHz 300 MHz 400 MHz 500 MHz

peak 1 height [V] 0.21 0.23 0.21 0.16 0.09
time [µs] 1.356 1.355 1.355 1.355 1.355

peak 2 height [V] 0.068 0.066 0.045 0.022 0.015
time [µs] 1.447 1.445 1.444 1.444 1.444

peak 3 height [V] 0.013 0.007 0.006 0 0
time [µs] 1.542 1.538 1.538 0 0

Table D.1: Peak position (signal height and time) of frequency dependent reflections
(see dots in figures above) in the input signal of the function generator generated signal
for the biconical antenna.
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