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Abstract

The axion is a low-mass boson that was postulated to solve the strong CP problem. Addi-
tionally, it could also explain the dark matter content in the universe. Since it would answer
two major open questions in physics, detecting the axion is of great interest. The MAD-
MAX experiment aims to search for the axion in the well-motivated 40-400 µeV mass range
using a dielectric haloscope, where axion-photon coupling occurs and effectively photons
are measured. To reduce the effects of thermal noise, the experiment will be conducted
at cryogenic conditions. From the metrological perspective, the MADMAX experiment
consists in precision measurements of radio frequency signals. To reduce systematic errors
from components in the setup, a reflectivity calibration is necessary. The challenge in
MADMAX consists in performing the reflectivity calibration at temperatures of about 4 K

or below. In this work, two calibration methods were tested at room temperature and the
possibility of their application under cryogenic conditions is discussed.
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Chapter 1

Introduction

1.1 Motivation: the Axion

The axion is a particle that was �rst introduced in 1978 independently by Frank Wilczek

[1] and Steven Weinberg [2] for the Peccei�Quinn mechanism, which explains the absence

of CP-violating e�ects in quantum chromodynamics (QCD)[3]. In addition, this particle

could also explain the dark matter content in the universe [4, 5]. The term "Dark Mat-

ter" describes an unknown mass content in the universe. To this day, the only observed

interaction of dark matter with baryonic matter is gravitational. Di�erent independent

measurements estimate that there is around �ve times more dark matter than baryonic

matter in the universe [6].

According to the established models [7], an axiona can couple to two photons, however,

the decaya ! 

 is strongly suppressed. Therefore, many experiments attempt to detect

axions in an external magnetic �eld ~Be, which provides one of the two photons and hence

can trigger axion to photon conversion. In a strong external magnetic �eld covering a given

volume, the oscillating axion �eld can be converted to an oscillating electric �eld. Currently,

the most sensitive experimental approach to try to detect this is using microwave cavities

[8]. Cavities are microwave resonators that resonate at a particular frequency. When a

cavity is placed into a strong external magnetic �eld ~Be, the axion-induced �eld is expected

to couple to the eigenmodes of the cavity if its frequency aligns with the resonance of the

cavity. If the axion mass corresponded to the cavity's resonance frequency and if the

quality factor of the cavity and the magnetic �eld are high enough, the energy from the

axion �eld would be pumped into the cavity in the form of an electromagnetic wave that

resonates at a detectable level. This method is e�ective for searching for axions in a mass

range that matches the cavity's resonance frequency.

Cavity experiments have very limited tunability, and they have a size limitation. To

search for axions in a relatively large mass range, one would need very small cavity sizes,

which would lead to a reduced sensitivity, because the signal is proportional to the cavity

volume. As a result of this, most cavity axion experiments search at frequencies below

10 GHz. However, in the post-in�ationary scenario [9], the mass range corresponding to
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frequencies between 10 and100 GHz is highly motivated [10]. An experimental approach

to search for axions in this frequency range is the dielectric haloscope, which is what

MADMAX is working on [7, 11].

1.2 The MADMAX Experiment

The MAgnetized Disc and Mirror Axion eXperiment (MADMAX) [7, 11] is an axion dark

matter search experiment that is currently in its prototype phase. The mid-term goal of

the experiment is to search for the QCD axion in the 50 -140µeV mass range, which

corresponds to frequencies between 15 and30 GHz. In this mass range the axion is also a

potential candidate to represent dark matter.

A dielectric haloscope is an experiment that uses a resonator with dielectric disks in a

magnetic �eld to search for axions. In MADMAX we call our resonator booster. A booster

is a broadband resonator that contains multiple dielectric disks, a mirror, and an antenna.

In a strong magnetic �eld ~Be, the axion �eld would be converted to an oscillating electrical

�eld. At the dielectric surface, there would be a discontinuity in the electric �eld, which

is compensated for by an emission of electromagnetic waves. The disks are placed at such

distances that the electromagnetic waves originating from subsequent interfaces add up

coherently. Placing a mirror at the end of the booster creates resonances at particular

frequencies. This increases the signal-to-noise ratio of axion-induced photons to noise

and background-induced photons. According to calculations, a booster can be arranged

in a con�guration that, with a su�cient number of disks, the signal can be boosted by

three to �ve orders of magnitude compared to what would have been acquired if only a

mirror without disks were placed inside the magnet [12]. The resonance frequency and the

bandwidth can be tuned by varying the distance between the individual disks. To increase

the signal-to-noise ratio, the booster is placed into a cryostat at4 K to reduce black-body

radiation.

1.3 Scope of the Work: Re�ectivity Calibrations

A re�ectivity calibration is a very common procedure in the �eld of radio frequency (RF).

Its aim is to remove systematic errors in RF measurements. Systematic errors are pre-

dictable and do not vary upon a repetition of the measurement [13]. In RF circuits they

are primarily caused by standing waves between impedance mismatches, and by losses in

the components. As opposed to stochastic errors, systematic errors can be almost entirely

removed by calibration. This kind of calibration is typically performed before every mea-

surement of RF parameters, for instance, to account for the e�ects of the cables used to

connect the measured setup to the measurement device. In RF measurements this process

is often termed as de�ning the reference planewithin the system.
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Figure 1.1 shows a simpli�ed scheme of a potential MADMAX setup. The booster

needs to be placed in a cryostat at4 K. The measurement data are collected outside the

cryostat at the measurement plane. The measurement plane needs to be located outside

of the cryostat, because it needs to be accessible by the cables that can be calibrated prior

to the measurement. Between the measurement plane and the booster there are some RF

components that introduce systematic errors, which will change upon cooling to cryogenic

temperatures and therefore cannot be measured directly. A re�ectivity calibration is a

method to remove these errors from the acquired data. In the MADMAX experiment it is

essential to measure the RF properties of the booster at4 K without the systematic errors

caused by the RF components in the setup, that is, assessing the RF properties at the

calibration plane. This can be done by a re�ectivity calibration, which aims to remove the

e�ect of the "error box". This can also be viewed asshifting the reference planefrom the

measurement plane to the calibration plane.

Figure 1.1: Simpli�ed MADMAX setup. The booster is placed inside a cryostat at the
temperature 4 K. Data are measured at themeasurement plane, however, the goal of the
measurement is assessing the RF parameters at themeasurement plane, located immedi-
ately before the booster. The components between the booster and the measurement plane
can be characterized by an "Error Box".

The goal of this thesis is to test two di�erent cryogenic calibration methods for the

MADMAX setup with measurements at room temperature, as well as to characterize some

of the components used. In particular, one component that is characterized in this work

is the orthomode transducer(OMT), a three-port waveguide device with two rectangular

waveguide orthomode ports and one circular waveguide port. It can be used to split a

wave into two waves with polarizations orthogonal to one another. In MADMAX, an OMT

could be employed immediately behind the booster. This would then make it possible to

decompose the wave exiting the booster into two readout channels, one corresponding to

the polarization of the axion-induced wave. The other polarization is expected to contain

the same thermal noise contributions as the primary polarization but no axion signal, and

therefore could enable noise reduction techniques.
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Chapter 2

Fundamentals of Radio Frequency

Engineering

2.1 Impedance and Scattering Parameters

The medium through which a wave travels can be characterized by itsimpedance Z .

Impedance is typically expressed as a complex number, where the real part represents

resistance and the imaginary part represents reactance. It can also be de�ned as the com-

plex ratio of voltage to current in the medium or as the ratio of the electric to magnetic

�eld components in an electromagnetic wave.

The role of impedance in RF engineering is the same as the refractive index in optics,

where the behavior of light as it travels through di�erent media is described by the refractive

index of each medium. When light passes from one medium to another with a di�erent

refractive index, some of it is re�ected at the boundary, while the rest is transmitted into

the new medium. The proportion of re�ection and transmission depends on the di�erence

in refractive indices between the two materials. The same applies to microwaves traveling

from one device to another with a di�erent impedance: it will be partially re�ected and

partially transmitted depending on the relative di�erence of the devices' impedances. When

this happens, both devices are said to beimpedance mismatched. If, on the other hand,

both devices have exactly the same impedance, they are said to beimpedance matched,

and full transmission of the signal will be achieved.

Any RF transmission line (eg.: coaxial cable) [14] can be characterized by an impedance.

The impedance is generally frequency-dependent due to the combination of capacitive and

inductive terms. This makes impedance-mismatched setups practically unavoidable, and

broadband impedance matching very challenging and often impossible.

To analyze how electromagnetic waves are re�ected and transmitted across RF com-

ponents, the scattering matrix (S-matrix) formalism is commonly used. Consider a wave

traveling along transmission line 1 (TL1) with impedance Z1(! ) to transmission line 2

(TL2) with impedance Z2(! ), as illustrated in Figure 2.1. Due to the impedance mis-

match between the two lines, part of the wave is re�ected. The ratio of the re�ected to
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Figure 2.1: A scheme of two transmission lines with an impedance mismatch and the
corresponding S-parameters.

incident wave is de�ned by the re�ectivity � :

�( ! ) = S11 =
Z1(! ) � Z2(! )
Z1(! ) + Z2(! )

(2.1)

This shows that the re�ection depends on the relative di�erence between the line impedances

and varies with frequency. In S-matrix terminology, S11 corresponds to the re�ection mea-

sured at port 1 when the excitation is also applied at port 1. If the wave is emitted from

port 2 and travels toward port 1, the corresponding transmission from port 2 to port 1

is represented byS12, following the S-matrix notation where the �rst subscript refers to

the observation port and the second to the excitation port. A more detailed de�nition of

S-parameters will follow in 2.2.1.

2.2 The Vector Network Analyzer

2.2.1 Scattering Parameters

To measure the S-parameters of an RF setup, a Vector Network Analyzer (VNA) [15] is

used. It's a device that sends and receives electromagnetic waves in all of its ports and

measures the ratios of the transmitted and re�ected waves. Most common VNAs have two

ports, capable of measuring a2 � 2 S-matrix of a two-port network.

Figure 2.2: Signal �ow graph through a two-port DUT connected to a two-port VNA, ai

and bi represent the incident and re�ected waves at porti , respectively.

Figure 2.2 shows a signal �ow graph where waves travel from the VNA ports through

a device under test (DUT). The S-parameters describe a linear transformation between
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incident and re�ected waves, which can be described by the matrix equation

"
b1

b2

#

=

"
S11 S12

S21 S22

# "
a1

a2

#

(2.2)

where ai and bi represent the incident and re�ected waves at porti , respectively. When a

VNA performs a measurement, it typically sends a wave through one port at a time. The

port sending the wave is referred to as thedriving port . The VNA switches driving ports

rapidly, which might give the impression that waves are being sent through both ports

simultaneously, but this is typically not the case. When a port is the non-driving port,

it is terminated by a "load", which is an RF termination that in the ideal case absorbs

the wave entirely regardless of its frequency. The re�ectivity of a real load typically lies

around � 30 dB.

In the majority of experimental situations, the re�ection at the non-driving port can be

neglected, leading to the common de�nition of S-parameters. The matrix equation (2.2)

can be written as two separate equations:

b1 = S11a1 + S12a2; b2 = S21a1 + S22a2: (2.3)

For the case that port 1 is the driving port and assuming no re�ection at port 2, a2 can

be set to zero. Plugging this into equations (2.3) gives the de�nition of

S11 =
b1

a1

�
�
�
a2=0

and S21 =
b2

a1

�
�
�
a2=0

(2.4)

as ratios of waves. In the same way, by choosing port 2 as the driving port and setting

a1 = 0 , we obtain

S22 =
b2

a2

�
�
�
a1=0

and S12 =
b1

a2

�
�
�
a1=0

: (2.5)

The VNA measures the complex ratios of incident and re�ected waves and calculates S-

parameters as de�ned in equations (2.4) and (2.5).

2.2.2 Switch Terms

As mentioned above, in reality, if port 1 is the driving port, some signal is re�ected at the

load on port 2, and thereforea2 is not zero. This is due to the fact that even a very good

load has some re�ection. The e�ect is visualized in Figure 2.3
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Figure 2.3: Illustration of a VNA connected to a DUT with port 1 as the driving port.
Credits to [16].

The re�ection at the non-driving port is referred to as "switch term". This name comes

from the fact that most VNAs use an electronic switch to switch a port between the RF-

source and the load. However, the switch term is not caused by the switch itself directly,

but by the fact that the load cannot be perfectly impedance-matched for all frequencies,

and therefore some signal is re�ected. Switch terms are de�ned as

� 21 =
a2

b2
with port 1 driving, � 12 =

a1

b1
with port 2 driving, (2.6)

which are the ratios of the re�ected and absorbed waves by the load at the non-driving port.

Switch terms are an intrinsic property of a VNA and do not depend on the DUT. More

information on switch terms and how to measure them can be found in [16]. In some VNA

measurements, switch terms can be neglected, but in general they must be corrected for

as:

Scorrected = S

"
1 S12� 12

S21� 21 1

#� 1

; (2.7)

where S is the directly measured S-Matrix and Scorrected the corrected one. In transmis-

sionless measurements (S12 = S21 = 0 ) the switch terms do not have an e�ect.

2.2.3 VNA Calibration

Before performing any measurement with the VNA, it is necessary to calibrate it in order

to remove systematic errors that come from the instrument itself or from the coaxial

cables connecting it to a DUT. We do this by performing a pre-programmed re�ectivity

calibration using an Auto-Calibration kit, which is provided by the VNA manufacturer.

After connecting the Auto-Calibration kit to the VNA cables and starting the calibration

process, the Auto-Calibration kit switches between di�erent calibration standards. The

VNA performs S-parameter measurements with these standards, and data are used to

solve an error-correction model. The process behind this is very similar to the calibration

methods discussed in Chapter 3.

11



The calibration procedure places the so-calledreference planesat the points where the

Auto-Calibration kit (or, in a more general calibration scheme, the calibration standards)

were connected. This means that in any following measurement with the VNA, systematic

uncertainties from any component between the reference planes and the VNA-ports will

be corrected for.

Figure 2.4: A scheme showing a one-port DUT being measured with Port 1 of a VNA with
an adapter in between. Depending on where the calibration was done, the reference plane
can be at a di�erent position in the setup. Credits to [12]

If the calibration was done at the VNA port, then that's where the reference plane is

placed (upper image in Figure 2.4). If an adapter is connected between the DUT and the

VNA port, then the e�ects of both - the adapter and the DUT appear in the measured data.

If we want to measure the e�ects of the DUT only, we can recalibrate the system to move

the reference plane behind the adapter (lower image in Figure 2.4). This can sometimes

be done by simply connecting the Auto-Calibration kit behind the adapter. But if that

is not possible, a manual calibration, as is discussed in Chapter 3, might be necessary. If

the S-parameters of the adapter are known, it can be de-embedded as described in the

following section.

2.3 De-embedding Networks

When measuring a setup of multiple RF components, the total S-matrix of the setup

is measured. But each of the components can also be characterized by its own S-matrix.

Embedding and de-embedding a network describes the mathematical operation of virtually

"adding" or "removing" a component from the system.

Consider two transmission lines with S-matricesSTL1 and STL2 . We could connect

them to each other and measure their total S-matrixStotal . We can also determine this

total S-matrix without performing a measurement by cascading (embedding) them. This

is usually done using not S-matrices but transfer matrices (T-matrices). The T-matrix can
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be calculated as

T =
1

S21

"
� � S S11

� S22 1

#

; (2.8)

where � S is the determinant of the S-matrix and Sij are the S-matrix elements.

To cascade two networks, we can now simply matrix-multiply their corresponding T-

matrices

Ttotal = TTL1 TTL2 : (2.9)

This is especially useful if the e�ect of an adapter should be removed from the measured

data. Equation (2.9) can be inverted

TTL2 = T � 1
TL1 Ttotal (2.10)

and the adapter can be de-embedded. After de-embedding, the T-matrix can be transferred

back into an S-matrix by applying

S =
1

T22

"
T12 � T

1 � T21

#

: (2.11)

2.4 Phasor and Unwrapped Phase

A monochromatic electromagnetic plane wave can be expressed as

~E(~x; t) = ~Aei (!t � ~k�~x) = ~Aei (2��t � ~k�~x) ; (2.12)

where ! is the angular frequency,� is the linear frequency,t is time, ~k is the wave vector,

and ~x is the position vector. A phasor ~A(t) is de�ned as a complex number containing

amplitude and phase angle information of a sinusoidal wave. It is equivalent to the temporal

evolution of the wave components at the origin~x = 0 , without the spatial dependence.

~A(t) = ~Aei 2��t : (2.13)

The full wave can then be written as:

~E(~x; t) = ~A(t) � e� i~k�~x; (2.14)

where the temporal and spatial dependencies are separated into distinct terms. The �rst

term is the phasor, which contains the complex amplitude of the wave as well as the time

evolution and phase information of the wave. It can be visualized on the complex plane,

as shown in Figure 2.5. Phasor diagrams can be thought of as representing �functions of

time�. A complete sine wave can be constructed by considering a projection of a single

vector rotating counterclockwise at an angular velocity of! = 2 �� on the Y axis, where

� denotes the frequency of the waveform. A phasor is thus a quantity that has both
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�Magnitude� and �Direction�, which can be conveniently represented on a two-dimensional

plane.

Figure 2.5: Phasor diagram: The magnitude of the vector represents the magnitude of the
wave, and the phase measured from the positive x-axis represents the phase of the wave.
Credits to [17].

As time progresses by one period, i.e.T = 1=� , the phasor completes a full rotation:

A(t) = A(t + T); where T =
1
�

;

corresponding to a phase shift of2� radians (360°), which is why the phase vector returns

to the same point in the complex plane. Similarly, when the wave travels a distance of

n� , where � is the wavelength andn is an arbitrary integer, the phasor circlesn times,

once again returning to its starting point. This point underlines the key ambiguity in

phase-based measurements: a single measurement of the phase alone does not allow one to

distinguish between absolute distances di�ering by integer multiples of the wavelength. To

resolve this, we de�ne theunwrapped phase, which accumulates the total phase continuously

rather than wrapping it within the [0; 2� ] interval. For example, after traversing two full

wavelengths, the unwrapped phase is4� radians (720°).

Because the wavelength of a wave decreases with increasing frequency, higher-frequency

signals yield higher unwrapped phase values over the same physical distance. The depen-

dence of the phase� (in rad) on the frequency � is described by

� = �
2��

c
d (2.15)

where c denotes the propagation velocity of the wave, andd the distance traveled.
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Chapter 3

Calibration Methods

3.1 The Calibration Procedure

A re�ectivity calibration is a procedure that aims to construct an error correction model

using a set of standardized components (calibration standards) that are measured with a

speci�c setup [18]. Multiple measurements of the S-parameters of the setup with di�erent

calibration standards have to be made. The acquired data are then used to solve for the

parameters of the calibration model, which allows for the de-embedding of the setup.

3.2 Short-Open-Load (SOL) Calibration

A short-open-load (SOL) calibration is a one-port calibration method, which means the

device under test (DUT) has to be a one-port device. OnlyS11 = � is measured, and the

one-port error model is applied.

Figure 3.1: � M is the re�ectivity measured directly with the VNA, � DUT is the actual
re�ectivity of the DUT. a0 is the wave emitted by the VNA port and b0 is the wave
received by that same port. a1 is the incoming wave to the DUT, b1 is the wave re�ected
at the DUT.

Figure 3.1 is a scheme explaining the one-port error model. We're interested in the actual

re�ectivity of the DUT � DUT , but we can only directly measure the re�ectivity � M of the

entire setup. The calibration will allow us to calculate � DUT , which is equivalent to moving
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the reference plane from the terminals of the VNA cables to the position right in front of

the DUT. The e�ect of the unknown components on scattered waves is described by the

error matrix, which is the S-matrix of the components that should be calibrated out:

E =

"
e00 e01

e10 e11

#

:

For the one-port error model, a set of at least three well-known, independent calibration

standards is needed. This implies that the actual re�ectivities � i of the standards alone

have to be known and that they must be di�erent from one another. When performing

a calibration, the DUT in the setup is replaced by a calibration standard, and data are

acquired. This is done with each standard separately, either by manually connecting and

disconnecting the standards or by using a switch to switch between them. Knowing the

re�ectivity of the setup with each standard � M i as well as the re�ectivity of each standard

by itself � i is required to solve the one-port error model. As is derived in [14], this model

can be reduced to a system of three equations where� e = det(E ):

2

6
4

1 � 1 � � M1 � � 1

1 � 2 � � M2 � � 2

1 � 3 � � M3 � � 3

3

7
5

2

6
4

e00

e11

� e

3

7
5 =

2

6
4

� M1

� M2

� M3

3

7
5 (3.1)

M E 0 = � M (3.2)

Once having solved this forE 0, one can calculateS11 of any DUT in this speci�c setup

using

S11 = � DUT =
� M � e00

� M e11 � � e
: (3.3)

The standards typically used for this are called "short", "open", and "load"(also commonly

referred to as "match"), and their properties are listed in Table 3.1.

Table 3.1: Ideal properties of the commonly used calibration standards: short, open, and
load.

calibration standard re�ectivity � description
short -1 mirror
open 1 phase-preserving mirror

load/match 0 absorber

These three standards are enough to perform a one-port calibration. However, adding a

fourth standard can increase the accuracy of the calibration since an overdetermined system

of equations can then be solved using a minimization algorithm. A standard commonly

used for that is called "mismatch". At a mismatch, part of the wave is absorbed and part

is re�ected. It is characterized by its voltage standing wave ratio (VSWR), which is de�ned
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as:

V SWR =
1 + �
1 � �

: (3.4)

The calibration can be performed assuming "ideal" standards as presented in Table 3.1

(short: � = � 1, open: � = 1 , load: � = 0 ). This is referred to asideal-based calibration.

However, in reality, the standards are never perfect and their re�ectivities are always

slightly frequency-dependent. That's why, a way to get more accurate calibration results

is the so-calleddata-based calibrationwhere each standard'sS11 is measured when being

connected directly to a VNA port. This data are used as� i in equations (3.1).

A third way, which is especially useful in conditions where it is impossible to directly

measure the S-parameters of the standards, is the so-called "model-based" method, where

an algorithm is used to determine the actual re�ectivities of the standards under the

conditions they are used at. This is especially useful in cryogenic conditions where it is not

possible to connect the standards directly to a VNA port and measure their re�ectivity.

3.3 Thru-Re�ect-Line (TRL) Calibration

A di�erent calibration method is the Thru-Re�ect-Line (TRL) calibration. As opposed

to the SOL calibration, it does not rely on such a precise knowledge of the calibration

standards, which is why it is often preferred in calibrations at cryogenic conditions.

The TRL calibration is a two-port calibration. This means the model works with 2� 2

S-matrices (or T-matrices) and, unlike the one-port model, is not limited to S11 alone.

In this calibration approach, two reference planes are set, which allows for the usage of a

two-port DUT. Just like in the one-port calibration, the DUT in the setup is replaced by

the calibration standards, and the setup is measured with the standards, which then allows

one to move the reference planes to the positions where the standards were connected.

The standards used for a TRL calibration are called "Thru", "Re�ect", and "Line".

Their properties are listed in Table 3.2 and are schematically shown in Figure 3.2.

Figure 3.2: A scheme showing what TRL standards are and where they are connected with
respect to the desired reference planes.
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Table 3.2: TRL calibration standards with their S-matrices and necessary assumptions.

standard S-Matrix description assumptions made

Thru
�
0 1
1 0

�
cables connected directly impedance-matched

Line
�

0 e� l


e� l
 0

�
additional length l compared to Thru

propagation constant 

impedance-matched

Re�ect
�
� 0
0 �

�
a re�ecting standard, usually a Short both sides have same�

The "Thru" standard is not a physical object, but it is just the two components of the

setup on which ends the two reference planes will be connected directly to each other.

The assumption here is that the Thru has perfect transmission and neither any losses

nor re�ection, meaning the components should be very well impedance-matched, which is

typically a good assumption as coaxial cables are designed to be impedance-matched.

The "Line" is a transmission line that has a length l added to the length of the "Thru".

The length l does not have to be precisely known, but it has to lie in a speci�c length range

based on the frequency range the calibration is performed in [19]. The Line is assumed to

have no re�ection, but it can be lossy.

The "Re�ect" can be any re�ective standards, such as "Short" or "Open". Two of

them are needed; one at each reference plane. They are not assumed to be perfect mirrors,

however, they are assumed to both have the exact same re�ectivity� . Re�ective standards

that meet this requirement within a given tolerance range are provided by the manufacturer

of the TRL-kit .

One practical challenge in a TRL calibration setup is the fact that, since for the Thru,

the reference planes are connected directly together, one coaxial connection has to be male-

and the other female-ended. This leads to a requirement for a male and a female Re�ect

standard that both have an identical re�ectivity � . Another possible di�culty may arise

if the DUT is either male- or female-ended on both of its ports, since an adapter will be

needed on one of the ports.

The TRL model described here is based on derivations from [19]. The TRL calibration

uses a two-port model, which consists of two error boxes (one on each side of the DUT) as

sketched in Figure 3.3. The error boxes are, in general, not equal. To model these error

boxes, it is convenient to use T-matrices instead of S-matrices, especially since cascading

them can be easily done by matrix multiplication according to equation (2.9).

After having measured the S-matrices of a setup with the Thru, the Line, the Re�ect

standard, and the DUT, �rst of all, it is necessary to correct for the VNA switch terms

by applying equation (2.7) to all the measured S-matrices (except for the re�ect standard

because there's no transmission). Then, the corrected S-matrices should be transformed to

T-matrices using equation (2.8). These T-matrices of the entire setup with a DUT will be

referred to asM (which stands for "measured") while T will denote the actual T-matrix

of the DUT alone.
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Figure 3.3: Illustration of the two-port error model. Credits to [19]

Figure 3.4: Scheme showing the measurement planes, the calibration plane and the error-
boxes. Credits to [19].

Figure 3.4 shows a scheme of the two-port error model with the two error matrices

EA = kA

"
a11 a12

a21 1

#

= kA A and EB = kB

"
b11 b12

b21 1

#

= kBB: (3.5)

We denote,M DUT the T-matrix of the entire setup, measured at the measurement planes,

and TDUT the T-matrix of the DUT between the calibration planes. According to (2.9),

the T-matrices can be cascaded as

M DUT = EA TDUT EB = kA kB � ATDUT B = k � ATDUT B; (3.6)

where k = kA kB is a scalar constant. Equation (3.6) contains 7 unknowns (3 unknown

matrix elements in A and B , respectively, andk). Using our assumptions on the calibration

standards' S-matrices, as well as the data measured of the standards with the setup, this

equation can be solved for these 7 unknowns.

In the �rst step, only the Thru and Line T-matrices are used. In analogy to equation
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(3.6), the relations to the correspondingM and T matrices are:

M Thru = kA

"
1 0

0 1

#

B; M Line = kA

"
e� l
 0

0 el


#

B; (3.7)

wherel is the length of the line (referenced to the Thru) and
 is the propagation constant.

We eliminate B by multiplying the line equation with the inverse of M Thru and obtain

M Line M � 1
Thru = A

"
e� l
 0

0 el


#

A � 1: (3.8)

This can be rewritten as:

M Line M � 1
Thru

"
a11

a21

#

= e� l


"
a11

a21

#

; M Line M � 1
Thru

"
a12

1

#

= el


"
a12

1

#

; (3.9)

which are two eigenvalue problems: one with eigenvaluee� l
 and eigenvector

"
a11

a21

#

, and

the other with eigenvalueel
 and eigenvector

"
a12

1

#

. Performing an eigendecomposition of

the matrix M Line M � 1
Thru allows one to �nd the eigenvalues and eigenvectors of the matrix,

but there are two di�culties:

1. After �nding the two eigenvalues, we do not know which one ise� l
 and which one

is e� 
 . To resolve this problem, an estimate of
 is required. Comparingel
 using

the estimate to the eigenvalues ofM Line M � 1
Thru allows one to assign the acquired

eigenvalues to the termsel
 and e� l
 , respectively.

2. Eigenvectors are unique up to a scalar multiple. This means that determining the

eigenvectors ofM Line M � 1
Thru will not immediately give all the matrix elements of A.

For

"
a12

1

#

, the corresponding eigenvector ofM Line M � 1
Thru can be scaled to also have

1 in the second entry, which makes the �rst entry equal to a12. As for

"
a11

a21

#

, it

is possible to normalize it to have 1 in one of its entries anda21=a11 in the other

(a11 cannot be 0 because there has to be some transmission). This way, we can

determine the ratio a21=a11 the same way we determineda12 by comparing it to the

corresponding eigenvector that also has 1 in its �rst component.

When multiplying M � 1
Thru to M Line from the left side, the same process can be repeated

with B . This time b12=b11 as well asb21 are determined. At this point, what is left to do

is to denormalizea21=a11 and b12=b11 and also determinek.

The �rst step is to rewrite the equation for the embedded Thru from equation (3.7) in

a form that it is expressed in terms of the normalized coe�cients (which are known now).
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This leads to:

M Thru = k

"
1 a12

a21=a11 1

# "
a11 0

0 1

#

| {z }
A

"
b11 0

0 1

# "
1 b12=b11

b21 1

#

| {z }
B

: (3.10)

By taking the inverse of the normalized matrices, we obtain:

"
1 a12

a21=a11 1

#� 1

M Thru

"
1 b12=b11

b21 1

#� 1

=

"
ka11b11 0

0 k

#

(3.11)

We can solve this fork and for ka11b11, which after dividing by k gives usa11b11.

Now consider the Re�ect standard. The assumption is that both re�ect standards have

the same� at the calibration plane. At the measurement plane, we have di�erent e�ects

from the two error boxes, resulting in di�erent measured re�ectivities � A on the side of

error box A and � B on the side of error box B, respectively.� A and � B correspond toS11

and S22 measured with the VNA. We have two separate one-port systems here, technically

we could apply equation (3.3) from the one-port error model, but we should be careful

here because thereE was an S-matrix, whereas here error matrices are T-matrices. With

T-Matrices, the one-port error model equations become:

� =
� A � a12

a11 � a21� A
; � =

� B + b21

b11 + b12� B
: (3.12)

We de�ne the ratio:

a11�
b11�

=
a11

b11
=

� A � a12

1 � (a21=a11)� A
�

1 + ( b12=b11)� B

� B + b21
: (3.13)

From the Thru measurement, we already knewa11b11 and now we also knowa11=b11 from

the Re�ect measurement. This allows us to solve fora11 and b11:

a11 = �
r

a11

b11
a11b11; b11 =

a11b11

a11
(3.14)

As for the sign, we choose the answer that will result in a� closest to the expected value.

For example, if the re�ect standard is a short, � is expected to be close to -1.

With a11 and b11 we can now determineA and B as follows:

A =

"
1 a12

a21=a11 1

# "
a11 0

0 1

#

; B =

"
b11 0

0 1

# "
1 b12=b11

b21 1

#

: (3.15)

Finally, to apply the calibration, we simply invert equation (3.6), resulting in

TDUT =
1
k

A � 1M DUT B � 1: (3.16)

TDUT can be converted to an S-matrix using (2.11) giving us the DUT's actual S-matrix.
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Chapter 4

Calibration Measurements

4.1 Short-Open-Load Calibration

4.1.1 Experimental Setup

To perform a SOL calibration, we have reproduced the setup that was used for the MAD-

MAX run at CERN in 2024 at room temperature. Figure 4.1 shows a scheme of the original

cryogenic setup.

Figure 4.1: MADMAX setup used at the CERN Cryolab in March 2024. Credits to [12].

To minimize the e�ects of losses in the coaxial cables on the axion-induced signal, we

desire to amplify the wave right upon exiting the booster. This is done using a low-noise

ampli�er (LNA) . To perform a re�ectivity calibration, a wave needs to be sent to the

booster and to the calibration standards and be re�ected back. However, the LNA would

be blocking that path. That is why we use a directional coupler which enables to have
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separate input and output paths for the VNA signal. In addition, we put an attenuator on

the input path to reduce heat leakage from room temperature to4 K. With this setup, to

perform a re�ectivity measurement of the booster (one-port device), the use of two VNA

ports is necessary.

In our reproduced setup, theRadiall R591 SP6T switch switches between the calibra-

tion standards (short, open, load, mismatch) and the MADMAX closed booster100 mm

(CB-100) as the DUT. Photos of the reproduced setup are shown in Figure 4.2. All the

RF components used in this setup are listed with more details in Table A.1 in the Appendix.

Figure 4.2: Reproduced MADMAX setup as was used in measurements at CERN in 2024.
This setup was used at room temperature. The upper image shows the entire setup. The
lower image displays a close-up view of the switch and the standards, connected to it.

After the incoming wave is attenuated by 10 dB in the attenuator, it propagates into

the coupling port of the directional coupler, where it is further attenuated by 6 dB and exits

through the port connected to the switch. The wave re�ected at the connected standard

or CB-100 travels back through the coupler directly to the LNA, where it is ampli�ed

by 30 dB before propagating to the connected VNA port. The components are connected

with cryogenic-rated coaxial cables of750 mm length, and a feedthrough connects the
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VNA cables to the cryogenic-rated cables. Prior to starting the measurements, the VNA

was calibrated using theAnritsu 36585K Auto-Calibration kit, setting a frequency range

between 18 and20 GHz with 2001 data points (1 point every MHz) for the measurements

to follow.

We measuredS12 with the VNA, which, as explained above, corresponds to a re�ectivity

measurement of the measured device, meaning we e�ectively measureS11 of the device.

Data were taken consecutively for the setup with each standard and CB-100. We also

took a reference measurement ofS11 of CB-100 connected directly to a calibrated VNA

port to compare with our calibration results. To perform a data-based calibration, the

S-parameters of each standard separately, connected to the calibrated VNA port, were

measured as well. This allows for calibration using measured values for the re�ectivities

� i of the standards, which otherwise are assumed to be ideal. During this measurement,

it was necessary to use a f-f-adapter, which was de-embedded as described in 2.3.

4.1.2 Calibration Results

Figure 4.3 shows the uncalibrated data of the full setup with CB-100 in comparison to the

reference CB-100jS11j data. After applying a calibration procedure to the measured data,

the calibrated data are expected to representS11 of CB-100.

Figure 4.3: Uncalibrated data of the full setup compared to the reference CB-100jS11j
data.

Using data taken from the full setup with the standards, we solved equation (3.1) and

then applied it to equation (3.3) by using the sckit-rf Python toolbox [20] to obtain the

calibrated S11 data. We performed both an ideal-based and a data-based calibration, as

were introduced in section 3.2. The results are presented in Figure 4.4.
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Figure 4.4: Ideal-based and Data-based calibratedjS11j data compared to the reference
data.

As seen from the �gure, the data-based calibration yields results that agree with the

reference data signi�cantly better than the ideal-based calibration. This was expected,

because in reality the calibration standards are not perfect. The measured S-parameters

of the standards are plotted in Figures B.1 and B.2 in the Appendix. Since the data-based

calibration yields substantially better results, only this will be further analyzed below.

For the data-based calibration, we take an approach to estimating the uncertainties of

the calibration using a Monte-Carlo simulation. According to previous results from [12],

uncertainties caused by the VNA were measured to be around0:001in linear magnitude and

0:5� in phase and uncertainties caused by the SP6T switch around0:5 in linear magnitude

and 2� in phase. We computed the total uncertainties of the measured data by� =q
� 2

VNA + � 2
SP6T . This gives us a total phase uncertainty � � and a total magnitude

uncertainty � A for the measured data.

To compute the uncertainty propagation in the calibration procedure, a random number

within the uncertainty bounds drawn from a uniform distribution was generated for each:

phase and magnitude uncertainty. Then these generated uncertainties were incorporated

into the complex S-parametersz according to:

znew = ( A + � A)ei ( � +� � ) = Aei ( � +� � ) + � Aei ( � +� � ) (4.1)

= Aei� ei � � + � Aei ( � +� � ) (4.2)

= z � ei � � + � Aei ( � +� � ) : (4.3)

The calibration procedure was then performed withznew, and this process was repeated

2000 times. We chose 2000 as an appropriate number of repetitions, since between 1000

and 2000, the estimated uncertainties did not change qualitatively. The results of the
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calibration with the uncertainty propagation are shown in Figures 4.5 to 4.8.

Figure 4.5: The calibrated re�ectivity is compared to the reference spectrum. The gray
area is the 3� uncertainty obtained with the Monte-Carlo uncertainty propagation with
2000 repetitions.

Figure 4.5 shows the full calibrated magnitude spectrum with uncertainties as well as the

reference measurement. The average uncertainty3� is around 0:028 in linear magnitude,

which converted back todB corresponds to a magnitude uncertainty of� 31 dB.

Figure 4.6 shows a zoom-in to the booster-peak region, which is the most relevant region

for the MADMAX experiment.

Figure 4.6: The calibrated re�ectivity is compared to the reference spectrum, zoomed in to
the booster-peak area. The gray area is the3� uncertainty obtained with the Monte-Carlo
uncertainty propagation with 2000 repetitions.
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We observe that the booster peaks of the reference and the calibrated data do not

fully align within the 3� uncertainty bounds. In Figure 4.7 an even closer zoom-in to

the booster-peak area with uncertainty bounds2� and 3� is plotted. As can be seen in

the �gure, the reference data booster peak is outside of the uncertainty bounds of3� of

the calibrated data. This suggests that our uncertainty-propagation model does not take

into account some relevant random or systematic error sources. One possible error source

could be the de-embedding of adapters that we perform in order to obtain the measured

re�ectivities of our calibration standards. Another potential source of uncertainties that

was not considered here, is uncertainties from the VNA calibration and from moving the

VNA cables and connecting and disconnecting coaxial connectors between measurements.

Figure 4.7: The calibrated re�ectivity is compared to the reference spectrum, zoomed in
to the booster-peak area. The gray and blue areas are the standard deviations2� and 3� ,
respectively, obtained with the Monte-Carlo uncertainty propagation with 2000 repetitions.

Figure 4.8: Phase of the calibrated data compared to the reference CB-100S11 phase.
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Figure 4.8 shows the phase of the calibrated data compared to the reference data. Although

the calibrated data and the reference data are quite close to one another in Figure 4.8, due

to a high local phase slope, it is di�cult to judge how closely they match. To visualize

the di�erence, the phase di�erence between the reference data and the calibrated data is

plotted in Figure 4.9.

Figure 4.9: Phase di�erence between the calibrated data and the reference CB-100S11

phase.

As seen from the plot in Figure 4.9, the phase di�erence shows a constant phase o�set of

about � 8� , overlaid with an oscillatory phase component of about few degrees in amplitude

that slowly varies with the frequency. Additionally, one observes sporadic higher-amplitude

spikes. As a visual comparison of Figures 4.9 and 4.5 reveals, the locations of the spikes

correspond closely to the strong resonance peaks in Figure 4.5. This could be caused by

the fact that at resonance, the phase experiences very sharp changes. If the spectra are

slightly shifted, one spectrum reaches the resonance at a slightly lower frequency than the

other, resulting in a very large phase shift immediately before and after the resonance.

4.2 Thru-Re�ect-Line Calibration

4.2.1 Experimental Setup

For the TRL measurements we used a setup based on [21]. Figure 4.10 shows a scheme of

our setup. Because TRL is a two-port calibration, we need to duplicate the setup from the

SOL calibration. As outlined in 4.1.1, with the MADMAX setup, it is necessary to use two

VNA ports to measure a one-port DUT. This means that in order to measure a two-port

DUT, four channels have to be used. In our TRL measurements, the calibration standards

are two-port devices, and the error model is solved in a way that would allow for a two-port
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DUT. However, for now, we only performed measurements with CB-100 connected to one

side of the setup. In the future, we envision to perform a TRL calibration with a two-

port DUT, which will consist of the booster being connected to an orthomode transducer

(OMT) (see chapter 5).

Figure 4.10: Scheme of the TRL setup used for the measurements in this thesis.

When measuring, the two SP6Ts are switched to either one of the calibration standards

(Thru, Re�ect, Line) or the DUT CB-100. The two single-port-two-throw (SP2T) switches

that are connected to the VNA ports in front of the feedthrough determine which S-

parameter is being measured. They would not be needed if a 4-port VNA was used.

Here, we always only measureS21 with the VNA and construct the full S-matrix of

each standard measured with the setup using the SP2T switches as follows: The wave sent

from port 1 of the VNA travels to the SP2T on the left in Figure 4.10, where depending

on which way the switch is switched, the wave is sent into one of the two paths. There

are two input/output pairs, each resembling the one-port setup, which consist of identical

components within their tolerance. They lead either to the left or to the right SP6T switch,

meaning the wave enters the standard or DUT either from the left or the right side. This

means, the left SP2T switch de�nes whetherSx1 or Sx2 is measured (x = 1 or 2). Whether

it is S1x or S2x is de�ned by the right SP2T switch. In one position it is measuring the

signal exiting the standards or DUT on the left side, and in the other case from the right

side. With these four con�gurations of the two SP2T switches, a2 � 2 S-matrix of each
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standard with the setup was measured.

Just like in the SOL calibration, the frequency range was 18 to20 GHz with 2001 data

points, and data were measured with theAnritsu MS4647B VNA, which was calibrated

using the Anritsu 36585K Auto-Calibration kit prior to the measurements. All the com-

ponents used in the setup are listed in Table A.2 in the Appendix.

As in the previous section, reference CB-100 data were taken to compare the calibration

results to it.

4.2.2 Calibration Results

Figure 4.11 shows the uncalibratedjS11j data of CB-100 with the full setup comparing it

to the reference data of CB-100 connected directly to a calibrated VNA port.

Figure 4.11: Full TRL setup with CB-100 uncalibrated jS11j data compared to reference
CB-100 jS11j data.

The calibration was performed using the TRL class of thescikit-rf toolbox [22]. One

observation made here is that with this setup, removing the e�ect of the VNA switch

terms from the data did not signi�cantly a�ect the calibration results. This can be seen

in Figure 4.12, where the calibrated data with a correction for switch terms cannot be

visually distinguished from the calibrated data without correcting for VNA switch terms.

The di�erence between the corrected and uncorrected spectra is around0:00002in linear

magnitude. A plot showing this is Figure B.4 in the Appendix.
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Figure 4.12: Calibrated jS11j data with correction for VNA switch terms and without
correction for VNA switch terms, and reference CB-100 data.

Usually in TRL calibrations, VNA switch terms are considered to have a signi�cant im-

pact on calibration results [23]. A possible explanation why in our calibration, VNA switch

terms do not signi�cantly in�uence the calibration results, could be that the VNA ports

are isolated from the DUT by 20 dB attenuators on one side and LNAs e�ectively blocking

the paths on the other.

The TRL calibration results with uncertainties are plotted in Figure 4.13. The un-

certainties were estimated in the same way as in the SOL calibration: Uncertainties from

the VNA were assumed to be around0:001 in linear magnitude and 0:5� in phase and

uncertainties caused by the switches around0:5 in linear magnitude and 2� in phase as

was determined in [12]. Here, since the measured data are at approximately� 20 dB,

we scaled the magnitude uncertainty from the switches with the transmission coe�cient

magnitude (� 20 dB). The total uncertainties of the measured data were again calculated

as � =
q

� 2
VNA + � 2

SP6T . To compute the uncertainty propagation in the calibration

procedure, we once again performed a Monte-Carlo simulation, generating random num-

bers within the uncertainty bounds in a uniform distribution for the phase and magnitude

uncertainty. Then these generated uncertainties were incorporated into the complex S-

parameters z according to equation (4.1) and the calibration was applied toznew. This

was repeated 1000 times. This number of cycles was chosen, since repeating the process

more than 1000 times did not a�ect the results signi�cantly. The average uncertainty,

converted from linear magnitude back todB is around � 27 dB.

Figure 4.14 shows the same data as Figure 4.13 but zoomed-in to the booster peak area

of CB-100.
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Figure 4.13: Calibrated jS11j data compared to reference CB-100jS11j. The gray area
is the 3� uncertainty obtained with the Monte-Carlo uncertainty propagation with 1000
cycles.

Figure 4.14: Calibrated jS11j data compared to reference CB-100jS11j zoomed-in to the
booster-peak region of CB-100.

In Figure 4.15 the phase of the calibrated data and the phase of the reference data

are plotted. It is visible that there is an o�set in phase between the calibrated data and

the reference data. To visualize more clearly how big this o�set is, the phase di�erence

between reference and calibrated data is plotted in Figure 4.16. A rather constant o�set

around � 15 to � 20� overlaid with higher-amplitude spikes can be observed. Just like in

the SOL calibration, the spikes correspond to absorption dips in the magnitude that can

be seen in Figure 4.13. Just like in the SOL calibration, this is probably due to the fact

that at resonance the phase experiences a very sharp gradient. Therefore, even a slight

shift between the spectra results in a large phase shift immediately before and after the
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resonance.

Figure 4.15: Calibrated S11 phase compared to referenceS11 phase.

Figure 4.16: Phase di�erence between reference and calibratedS11 data.

4.3 Discussion and Comparison

Both SOL and TRL calibrations at room temperature yield results that are close to the

reference data within the uncertainty bounds. The average magnitude uncertainties are

around � 31 and � 27 dB for the SOL and TRL calibrations, respectively. The SOL calibra-

tion results are, in general, slightly closer to the reference data than the TRL results are,

and the baseline of the SOL calibrated spectrum is more stable than the TRL baseline.
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However, at the booster peak, the SOL uncertainties we computed seem to be underesti-

mated. An aspect in which the SOL calibration yields clearly better results than the TRL

calibration is phase uncertainty, which is approximately 8� for the SOL calibration and

20� for the TRL calibration.

However, it is important to emphasize the dependency on well-known calibration stan-

dards for the SOL calibration. An ideal-based SOL calibration yields results that have

signi�cantly larger deviations from the reference than the TRL calibration did. The fact

that we don't know the exact re�ectivities of the standards and therefore cannot perform

a data-based SOL calibration at4 K, potentially makes the TRL calibration method more

suitable for the MADMAX experiment.

Another advantage of the TRL calibration is the fact that it can be used for a two-port

DUT. This could enable the parallel readout of a booster with an orthomode transducer.
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Chapter 5

Orthomode Transducer

5.1 Motivation

An orthomode transducer (OMT), as sketched in �gure 5.1, is a three-port passive device.

Two of the ports (Port 2 and Port 3) are rectangular-waveguide ports that can transmit

polarizations orthogonal to one another. One port (Port 1) is a circular waveguide port.

The term orthomode is a shorthand for orthogonal mode. An OMT can be used either to

combine or to separate orthogonally polarized microwaves.

Figure 5.1: Scheme of an orthomode transducer (OMT). In this chapter, "port 1" always
refers to the circular port, while "port 2" and "port 3" refer to the orthomode port and
the direct port, respectively, as shown in the �gure.

In MADMAX, an OMT may potentially be employed immediately behind the booster.

Since the axion-induced wave has a de�ned linear polarization, using an OMT would make

it possible to decompose the wave exiting the booster into two readout channels. The

�rst one can be selected to correspond to the polarization of the axion-induced wave. The

other polarization is then expected to contain the same thermal noise contributions as the

primary polarization but no axion signal, which could enable noise-suppression techniques

as well as blind analysis.

Figure 5.2 shows a photo of the OMT that is characterized in this thesis connected to

CB-100. The OMT is the FLANN 20780-19954 UBR 8-holewhich works in the frequency
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range between 17.3 and21:2 GHz.

Figure 5.2: Photo of the OMT connected to CB-100 and two waveguide-to-coaxial adapters
on the rectangular ports of the OMT. The labels on the adapters correspond to the con-
vention for numbering the ports introduced above. The circular port is port 1.

The questions investigated in this chapter are:

1. How well isolated are the two orthomode ports?

2. How similar are the two rectangular OMT ports?

3. What are the e�ects of the OMT on the booster re�ectivity spectrum?

5.2 Measurements and Results

For all OMT measurements conducted using the VNA, coaxial-to-waveguide adapters are

necessary, since the VNA has coaxial ports and the OMT is a waveguide device. For this

purpose, we used theFLANN Adaptor 20094-KF20 adapters, which, as can be seen in

Figure 5.2, have one rectangular waveguide connection and one coaxial connection. Such

coaxial port adapters are not typically available for circular waveguide ports. Therefore, in

order to connect a VNA port to the circular OMT port, a rectangular-to-circular waveg-

uide is necessary, which is plugged between the OMT circular port and the conventional

waveguide-to-coaxial adapter. TheFLANN Transition 20644 was used in our measure-

ments. Placing a rectangular-to-circular waveguide before the circular OMT port imposes

a polarization on the wave entering the circular OMT port. The way the OMT is built,

having 8 holes for screws, there are e�ectively four di�erent polarization angles, in which

a wave can be sent into the circular OMT port. They are: parallel to the polarization of
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port 2, parallel to the polarization of port 3, and two further polarizations oriented at a

45� angle to both rectangular ports.

5.2.1 Isolation of the Ports

To investigate how well isolated the orthomode ports are, we connected the two VNA

ports to the two rectangular OMT ports. The circular port (Port 1) was terminated with

a matched load. Since the polarizations of the rectangular ports are orthogonal, in the

ideal case, there should be no signal passing from port 2 to port 3 of the OMT and vice

versa. Figure 5.3 shows the results of this measurement. As seen with a load connected to

the circular port, the transmission between port 2 and port 3 is below� 45 dB, which is

considered very good isolation. For frequencies above17:7 GHz the isolation is even below

� 60 dB.

Figure 5.3: Transmission between port 2 and port 3, with a load on port 1 and with a
short on port 1.

5.2.2 Di�erences between the two Rectangular Ports

Our next goal is to characterize di�erences between port 2 and port 3 of the OMT. We

�rst compare the transmission. Here, we investigate how well a wave entering port 1 with

the same polarization angle as port 2, can travel through to port 2. We then repeat the

same experiment in a con�guration to measure the transmission from port 1 to port 3 and

compare the data. The magnitude data from these measurements are plotted in Figures

5.4 and 5.5, and the phase data in Figure 5.6. To present the results more clearly, the wave

passing through port 2 is drawn in blue and the wave passing through port 3 is drawn in

orange in all plots in this chapter.
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Figure 5.4: Magnitude of a transmitted wave from OMT port 1 to port 2 compared to the
magnitude of a transmitted wave from OMT port 1 to port 3.

As can be seen in Figure 5.4, the insertion losses of the two ports of the OMT are

between � 0:2 and � 0:7 dB for both ports. As some losses might as well be caused by

the coaxial-to-waveguide adapters, the measurements were repeated with the two adapters

swapped. These repeated measurements yield the data plotted in Figure 5.5. The data

demonstrate that the deep dip at 18 GHz of the blue line in 5.4 most likely consisted of

the e�ects of the OMT port and the adapter adding up. In all the other measurements

presented in this chapter, the adapters are in the same con�guration as in the data shown

in Figure 5.4.

Figure 5.5: Magnitude of a transmitted wave from OMT port 1 to port 2 compared to the
magnitude of a transmitted wave from OMT port 1 to port 3 with the swapped waveguide-
to-coaxial adapters.
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The phase measured in the transmission experiments is plotted in Figure 5.6. The

di�erence in phase between a transmitted wave through port 2 and a transmitted wave

through port 3 is visibly increasing with frequency, indicating a length di�erence between

the two ports.

Figure 5.6: Phase of a transmitted wave from OMT port 1 to port 2 compared to the phase
of a transmitted wave from OMT port 1 to port 3.

The di�erence between the phase acquired by the wave traveling from port 1 to port 2

and the wave traveling from port 1 to port 3 as a function of frequency is plotted in Figure

5.7. If the propagation velocity of the wave in the OMT was known, the physical length

di�erence d between the ports using equation (2.15) could be computed. However, the

propagation velocity of an electromagnetic wave inside the OMT is not trivial and cannot

be determined via simple calculations, because propagation velocities inside waveguides

depend on the geometry of the waveguide [14] and frequency-dependent material properties.

Therefore, we computed the propagation time di�erence� = d
c whered denotes the physical

length di�erence and c the propagation velocity of the wave inside the OMT.
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Figure 5.7: Phase di�erence between transmission from OMT port 1 to port 2 and trans-
mission from OMT port 1 to port 3 plotted as a function of frequency.

The propagation time di�erence � as a function of frequency is plotted in Figure 5.8.

The frequency-dependence indicates that the propagation velocity is frequency-dependent,

as expected. As mentioned above, this method does not allow us to determine the physical

length di�erence.

Figure 5.8: Propagation time di�erence � between the OMT ports as a function of Fre-
quency

5.2.3 Orthomode Transducer with CB-100

Previous investigations [24] have shown that slight tilts of the mirror and dielectric disks

inside the booster result in di�erences in re�ectivity at the booster peak, depending on

the polarization angle. In our measurements we encountered this e�ect on the CB-100

re�ectivity spectra taken with the VNA. In the �rst step, we took four measurements
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with the circular-to-rectangular waveguide attached directly to CB-100, measuring at a

di�erent polarization angle every time. The corresponding data are plotted in Figure 5.9.

We observe that some resonance lines experience slight changes for di�erent polarization

angles, but the baseline of the spectrum remains predominantly stable. The main booster

peak experiences slight shifts on the order of1:8 MHz as well as amplitude variation of

about 0:5 dB. These data can be used as a reference for the measurements with OMT.

Figure 5.9: Re�ectivity of CB-100 in the booster-peak area, measured with a circular-to-
rectangular waveguide with four di�erent polarizations.

The measurement with the OMT consisted of measuring the data from OMT port 2

and OMT port 3 in four di�erent orientations of the OMT relative to CB-100. Figure 5.10

shows all eight data sets acquired, with the colors chosen in a way consistent with other

OMT experiments in this Chapter. The data reveal that the di�erences between ports 2

and 3 of the OMT are substantially larger than the di�erences between polarizations.
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Figure 5.10: CB-100 re�ectivity in the booster-peak region measured with OMT port 2
and OMT port 3 in four orientations of the OMT.

Figure 5.11 exempli�es the above observation more clearly by presenting the data cor-

responding to only one polarization. The data plotted in Figure 5.11 originate from three

separate VNA measurements of CB-100 corresponding to the same polarization but mea-

sured with di�erent RF setups: one time with OMT port 2, another with port 3 with the

OMT rotated by 90� , and the third with the circular-to rectangular waveguide oriented

such to produce the same polarization as with the OMT in the former two cases.

Figure 5.11: CB-100 re�ectivity in the booster-peak area where three times the same
polarization was measured with OMT port 2, OMT port 3, and a waveguide, respectively.

Examining �gure 5.11, we observe signi�cant di�erences in the three spectra, although

theoretically they belong to the same physical polarization. Depending on the port through

which the wave with this polarization is transmitted, pronounced shifts in the baseline can

be seen. Also, the booster peak experiences frequency shifts on the order of3 MHz and
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up to 7 % variation in magnitude depending on which port the data are measured with.

Further research is required to investigate and minimize the sources of these di�erences

and understand in which way the residual variations may a�ect potential noise reduction

strategies in the MADMAX experiment.

5.3 Outlook

The measurement results in this chapter demonstrate signi�cant inconsistencies between

data acquired with the two rectangular ports of the OMT. However, before drawing any

conclusions, further investigations are needed.

First, it is necessary to characterize more precisely the coaxial-to-waveguide adapters

and the circular-to-rectangular waveguides, in order to distinguish the e�ects caused by the

adapters from the properties of the OMT. It is also important to test the reproducibility

of the results by performing multiple rounds of the same measurements, disconnecting the

components between measurement rounds.

In a next step, it is crucial to understand the power spectrum of the booster with

the OMT, which is measured using a spectrum analyzer. We have already performed a

measurement of this type, which is shown in Appendix Figure B.5, but not further discussed

because of its preliminary nature.

Furthermore, with the actual MADMAX experiment in mind, it is necessary to test the

OMT in cryogenic conditions to investigate how thermal material e�ects a�ect isolation,

transmission, and whether the two rectangular ports might demonstrate di�erent behavior

upon cryo-cooling.

Once the OMT is fully characterized, the next step would be to proceed with the

envisioned TRL calibration with a two-port DUT consisting of a booster with an OMT.

43



Chapter 6

Conclusions and Outlook

This thesis was prepared in the frame of the MADMAX axion dark matter search. To

understand the sensitivity to axion-photon conversions within the booster, it is essential

to properly understand the re�ectivity of the system. For this, a reliable RF re�ectivity

calibration of the individual components at cryogenic temperature is necessary. The goal

of this thesis is to make a step forward in the development of a calibration method that

could be employed with the MADMAX setup at cryogenic conditions.

In this context, two methods for a re�ectivity calibration between 18 and 20 GHz were

tested with a potential MADMAX setup at room temperature. Both, SOL and TRL

calibrations resulted in spectra that agree well within uncertainties with reference mea-

surements. In the relevant frequency range at the booster peak, the calibrations yield

magnitude uncertainties around � 31 dB for the SOL calibration and around � 27 dB for

the TRL calibration.

We made the observation that the SOL calibration heavily relies on precise knowledge of

the calibration standards' re�ectivities, which are di�cult to obtain in cryogenic condi-

tions. The TRL method does not rely on the knowledge of the standards' re�ectivities,

which is why it might be favored in future cryogenic calibration measurements.

Another major part of this work was the investigation of the orthomode transducer

(OMT). Measurements revealed very good isolation between orthogonal ports, with leak-

age below� 60 dB. At the same time, measurable di�erences between the rectangular ports

were observed. The re�ectivity spectrum of CB-100 connected to the OMT had variations

of up to 7% in magnitude depending on which OMT port it was connected to, indicating

slight mechanical di�erences between the two ports, which need to be properly considered

when interpreting the re�ectivity and power spectra of the booster.

The next steps will consist of gaining a better understanding of the di�erences between

the OMT ports. E�ects of the waveguides and adapters must be investigated, as they

might enable to reduce some of the unwanted e�ects.

To be able to implement the OMT for noise-reduction techniques in the MADMAX ex-
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periment, it is essential to gain an understanding of the booster power spectrum with the

OMT. Furthermore, the OMT has to be tested in cryogenic conditions to investigate how

thermal material e�ects a�ect isolation, transmission, and how the two ports might be

a�ected di�erently.

Once the OMT has been fully characterised, the next step will be to combine the

various measurements performed in this work and perform a TRL calibration with a two-

port DUT consisting of a booster with an OMT. This calibration method is envisioned to

be implemented in future MADMAX runs at CERN.
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Appendix A

Hardware used

Table A.1: All RF components used in the SOL setup.

Device Description Model Photo

Booster

booster prototype with three

sapphire discs in front of alu-

minum mirror, used as DUT

for the calibration

Closed Booster100 mm di-

ameter (CB-100)

Short
re�ecting calibration stan-

dard

Rosenberger RPC-2,92

SHORT 02B68

Open
phase-preserving re�ecting

calibration standard

Rosenberger RPC-2,92

OPEN 02B13

Load
absorbing calibration stan-

dard
Anritsu K210 134909

Mismatch
partially re�ecting calibration

standard

Rosenberger RPC-2,92 MIS-

MATCH 46A24
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