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Novel orthomode transducer for millimeter wave and terahertz frequencies
Design, fabrication and characterization of novel probe-based orthomode transducer
NILS PATRIKSSON
Department of Space, earth and environment
Chalmers University of Technology

Abstract
There exist a vast number of orthomode transducer designs for microwave frequen-
cies. At sub-millimeter wave frequencies however, high accuracy requirements are
set on the manufacturing techniques. This work seeks to design a novel orthomode
transducer combining different manufacturing techniques resulting in low loss, wide
bandwidth and a compact design. These are all important parameters for radio-
astronomy applications.

Several design ideas from literature are considered. Room for improvement is iden-
tified and the novel design is developed using an electromagnetic full-wave solver.
Fabrication of two demonstrator devices is done using CNC milling and micro-
fabrication in a clean-room environment. Lastly, the demonstrators are character-
ized.

In summary, an orthomode transducer working between 270 − 385 GHz (36% frac-
tional bandwidth) was demonstrated. The produced devices work as proof of concept
with insertion loss of 2 dB and return loss of 15 dB achieved for both polarizations
symmetrically at room temperature. It is concluded that insertion loss of less than
1 dB and return loss of more than 20 dB are possible to achieve with further im-
provements of the design. The design is in theory scale-able to 1 THz and could be
used instead of quasi-optical polarization diplexers. The design is also very compact.

Keywords: orthomode transducer, terahertz, millimeter wave, sub-millimeter wave,
orthomode junction, polarization diplexer, polarimetry
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:
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FEM Finite element method

HFSS High frequency simulation software, referring to Ansys HFSS [2]

LP Longitudinal probe
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RWG Rectangular waveguide
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TM Transversal magnetic
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VNA Vector network analyser

ix





Contents

List of Acronyms ix

1 Introduction 1
1.1 Aim of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Structure of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 5
2.1 Fundamentals of electromagnetic wave propagation . . . . . . . . . . 5

2.1.1 Free space propagation and polarization . . . . . . . . . . . . 5
2.1.2 Waveguides . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Microwave network analysis . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.1 Orthomode transducer scattering parameters . . . . . . . . . . 9

2.3 Orthomode transducers . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 Input waveguide symmetry . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Waveguide bends and combiners . . . . . . . . . . . . . . . . . 12
2.3.3 Orthomode junction types . . . . . . . . . . . . . . . . . . . . 13
2.3.4 Waveguide based orthomode junctions . . . . . . . . . . . . . 14
2.3.5 Probe based orthomode junctions . . . . . . . . . . . . . . . . 17
2.3.6 Finline based orthomode junctions . . . . . . . . . . . . . . . 19
2.3.7 Comparison of OMT designs . . . . . . . . . . . . . . . . . . . 20

2.4 Theoretical evaluation of novel design . . . . . . . . . . . . . . . . . . 23
2.5 Permittivity modelling and measurement . . . . . . . . . . . . . . . . 24

3 Methods 27
3.1 Orthomode transducer design . . . . . . . . . . . . . . . . . . . . . . 27

3.1.1 Orthomode junction design . . . . . . . . . . . . . . . . . . . 27
3.1.1.1 Design comparison . . . . . . . . . . . . . . . . . . . 27
3.1.1.2 Optimization of OMJ . . . . . . . . . . . . . . . . . 28

3.1.2 Rectangular waveguide probe design . . . . . . . . . . . . . . 30
3.1.3 Combiner design . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 Full orthomode transducer design . . . . . . . . . . . . . . . . 34

3.2 Tolerance analysis and modifications of design . . . . . . . . . . . . . 38
3.2.1 Possible solutions to thinfilm misalignment sensitivity . . . . . 41
3.2.2 Modifications after measurement of gallium nitride permittivity 41

xi



Contents

3.2.3 Chip manufacturability considerations . . . . . . . . . . . . . 42
3.3 Characterization of gallium nitride . . . . . . . . . . . . . . . . . . . 43
3.4 Orthomode transducer production . . . . . . . . . . . . . . . . . . . . 44

3.4.1 Block manufacturing . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.2 Thin �lm manufacturing . . . . . . . . . . . . . . . . . . . . . 44

3.5 Orthomode transducer characterization . . . . . . . . . . . . . . . . . 47
3.5.1 Input return loss and insertion loss . . . . . . . . . . . . . . . 47
3.5.2 Cross-polarization, isolation and output return loss . . . . . . 49

4 Results and discussion 51
4.1 Characterization of gallium nitride . . . . . . . . . . . . . . . . . . . 51
4.2 Produced OMT devices . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.3 Measurement results . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3.1 OMT measurement results for chip alternative 2 . . . . . . . . 59
4.3.2 OMT measurement results for chip alternative 3 . . . . . . . . 62

4.4 Discussion of measured results . . . . . . . . . . . . . . . . . . . . . . 64
4.4.1 Return loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.4.2 Isolation and cross-polarization . . . . . . . . . . . . . . . . . 64
4.4.3 Insertion loss . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Conclusion 69

Bibliography 71

A Alternative combiner I
A.1 Investigation of alternative combiner . . . . . . . . . . . . . . . . . . I
A.2 Full-wave simulation of alternative combiner . . . . . . . . . . . . . . III

B Dielectric theory V

xii



1
Introduction

Radio astronomy is a sub-�eld of astronomy that studies celestial objects at radio fre-
quencies, which are frequencies in the order of terahertz and lower. Ground based
radio astronomy makes use of Earths atmosphere's transparency to radio waves
which means space can be observed from Earth. In recent years, observatories op-
erating in the millimeter-wave and terahertz frequency range have been built, out
of some examples are the Atacama Large Millimeter/sub-millimeter Array (ALMA)
[3], the Atacama Path�nder Experiment (APEX) [4] and the Sub-millimeter Array
(SMA) [5], all situated at high altitude deserts to minimize atmospheric absorption
from water vapor. Scienti�c results applying data from these telescopes contribute
to our understanding of phenomena such as galaxy [6], star [7] and planet forma-
tion [8]. The telescopes have also contributed to understanding objects in our own
solar system, ranging from comets, asteroids, moons and planets [9]. A scienti�c
achievement receiving a lot of media attention in 2019 was the �rst image of a black
hole. The imaging of black holes is another application where millimeter-wave radio
telescopes such as ALMA and SMA has been used as parts of the Event Horizon
Telescope [10].

For millimeter-wave radio telescopes, dual polarization receiver systems are pre-
ferred. Simply put, all signals which are observed have some polarization and can
be described by two polarization components. A dual polarization receiver detects
both these components. Some celestial objects or processes emit radiation where
the relative proportions of the two components of the polarization convey informa-
tion. An example of such a process is synchrotron radiation where charged particles
radiate while under the in�uence of magnetic �elds [11]. By measuring the polar-
ization properties of the received radiation new conclusions can therefore be drawn
about the observed objects. For instance, polarization sensitive receivers were used
to measure the galactic magnetic �eld in [12], [13]. For observations where propor-
tions of the two polarization components give no information about the observed
object dual polarized receivers are still preferred. Some processes such as molecular
transitions, radiate with no correlation between the two polarization components
[11], called unpolarized. The sensitivity when observing such a source is increased
by

p
2 for a dual polarization receiver [14]. This motivates the use of these kind of

receivers also for unpolarized sources.

There exist numerous technical solutions to observe both polarization components.
The ALMA observatory, which operates at frequencies between84� 950 GHzwith
eight di�erent receivers [3], is an example of an observatory where two di�erent
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1. Introduction

solutions are used for di�erent frequency bands. Some of the higher frequency bands
such as band 7 (275� 373 GHz), 9 (602� 720 GHz) and 10 (787� 950 GHz) use
two single polarization horn antennas placed after grids which only let through one
polarization component per horn [15]�[17]. Some of the lower frequency receivers,
speci�cally band 3 (83� 116 GHz), 4 (125� 169 GHz), 5 (163� 211 GHz), 6 (211�
275 GHz) and 8 (385� 500 GHz), use one dual polarization horn antenna and separate
the polarization components using an orthomode transducer [18]�[22]. When using
only one horn antenna for both polarizations, alignment of the two polarization
views of the sky (called beam squint) is simpler [23] which motivates the use of
orthomode transducers also for higher frequencies.

Orthomode transducers generally make use of complex geometries to separate the
two polarization components if wide-band performance is needed, exempli�ed by the
Bøifot design in [24]�[27], the turnstile design in [28]�[30] and the reverse-coupling
design in [31], [32]. Generally, the size of orthomode transducers are proportional
to wavelength, meaning, at terahertz frequencies the size of the complex geome-
try is very small. Fabrication techniques such as CNC milling, commonly used for
microwave components, is limited in linear accuracy to someµm. Furthermore, as-
sembly of waveguide components needs to be very accurately done, in some cases in
the order of someµm to have acceptable performance [26], [32]. This thesis seeks to
combine CNC milling with micro-fabrication techniques commonly used to fabricate
integrated circuits at high accuracy. Micro-fabrication has been utilized for �nline
designs [33], [34] and planar orthomode transducers [35]�[38]. Substrate-based de-
signs can however su�er from extensive losses at millimeter wave and terahertz
frequencies. By combining these two manufacturing techniques it could be possi-
ble to relax the requirements of CNC milling but still achieve low loss which is an
advantage of using waveguide based orthomode transducers.

1.1 Aim of thesis

The aim of this thesis is to investigate design alternatives, design, manufacture and
characterize a novel orthomode transducer for use in a radio astronomy receiver
system. The design should utilize advantages of both waveguide based solutions
and substrate-based as described previously. The frequency band corresponding to
ALMA band 7 (275� 373 GHz) was chosen for the demonstration of the orthomode
transducer which set some design speci�cations.

The sensitivity of a radio-astronomy receiver is critical, and all components of the
system need to minimize their negative in�uence on sensitivity. The orthomode
transducer a�ect sensitivity mainly by its loss. Because it is a component placed
before ampli�ers in the receiver chain, its loss is additionally important as described
by Friis formula [39]. The insertion loss of the orthomode transducer for ALMA
band 8 is about� 1:5 dB at room temperature and predicted to be0:4 � 0:5 dB at
temperature of 4 K [27]. A room temperature insertion loss of lower than0:5 dB
would therefore be a major improvement.

Another important characteristic of the orthomode transducer is the leakage between

2



1. Introduction

the two polarization components, called cross-polarization. This metric will evi-
dently from the previous sections a�ect polarization sensitive measurements where
the proportions between polarizations need to be measured accurately. In [27] a
requirement for the cross-polarization is set to� 23 dB, and in this thesis something
similar is set, namely,� 25 dB. Another measure is the re�ected energy at the in-
puts and outputs of the orthomode transducer, quanti�ed by return loss. Often a
speci�cation of return loss below� 20 dB is used [27], which is also the aim for the
orthomode transducer in this thesis.

1.2 Structure of thesis

The basic working principles of orthomode transducers is reviewed in the theory
chapter (chapter 2), after which a study of di�erent design alternatives is carried
out (section 2.3.3). The theoretical feasibility of the novel design idea is investigated
in section 2.4 and there is also a review of material parameters, because to design
the substrate-based components, the permittivity was characterized.

The methods of design, production and characterization is described in the method
chapter (chapter 3). The design was carried out in steps, �rstly designing the di�er-
ent parts of the orthomode transducer and later combining the parts. The combined
orthomode transducer was later changed to �t the measured material parameters
of the substrate material. The material parameter measurements are described in
section 3.3 after which both production with CNC milling and micro-fabrication
are described in section 3.4. Lastly, methods of characterization are motivated and
described in section 3.5.

Results from the design phase, material properties measurements and measurement
of produced orthomode transducers is presented in the results chapter (chapter 4).
Discussion of these results is included in the same chapter. Lastly, conclusions and
recommendations for future work is done in chapter 5.
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2
Theory

This chapter describes the fundamentals of electromagnetic wave propagation and
microwave network analysis, two topics essential to the understanding of orthomode
transducers. Also, there is a literature review of design alternatives for orthomode
transducers and a theoretical evaluation of the novel design presented in this thesis.

2.1 Fundamentals of electromagnetic wave prop-
agation

Electromagnetic wave propagation is described by Maxwell's equations, which is a
set of coupled di�erential equations. The solutions to these equations are electrical
vector-�elds and magnetic vector-�elds. In every point of space, the electric and
magnetic �elds are both vectors pointing in some direction. The electric and mag-
netic �elds are also time-dependent, which means all vectors in space can change
direction and amplitude during time. This enables waves to propagate. The the-
ory presented in this section is also presented in [40]. A thorough background of
electromagnetic �eld theory can be found in textbooks such as [39]�[41].

2.1.1 Free space propagation and polarization

Free space propagation is electromagnetic wave propagation in some vacuum-like
media with no electric charges or currents present. By solving Maxwell's equations
in this media, it's possible to show that waves can propagate.

A common mathematical description of the �eld is by phasor notation. For a plane
wave propagating inẑ direction at position (x; y; z) the E-�eld can be described in
phasor notation as,

�E(z; t) = ( x̂A + + ŷB+ )ej!t � jkz [40]: (2.1)

A+ and B+ complex amplitude constants,! angular frequency of the wave,k the
wave number,z the position in space andt time. The polarization of this wave is
de�ned by the direction of the E-�eld. For example with A+ = 0 and B+ = 1 we
have

~E(z; t) = <f ŷB+ ej!t � jkz g = ŷ cos(!t � kz) (2.2)

which means the E-�eld direction is always inŷ or � ŷ direction. This is called
linear polarization because the E-�eld is always directed in a line. An example of
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2. Theory

Linearly Polarized Microwave

Figure 2.1: Illustration of linearly po-
larized wave. With time, vectors will
point in the same direction or opposite
direction.

Circularly Polarized Microwave

Figure 2.2: Illustration of circularly
polarized wave. With time vectors will
rotate around the axis of propagation.

linearly polarized wave is shown in �gure 2.1. It is also possible to have elliptically
or circularly polarized plane waves which would mean that the E-�eld rotates, either
elliptically or circularly, around the axis of propagation. An example of a circularly
polarized wave is whenA+ = � j and B+ = 1 which would mean that the E-�eld is

~E(z; t) = <f (� j x̂ + ŷ)ej!t � jkz g = x̂ sin(!t � kz) + ŷ cos(!t � kz) [40]: (2.3)

An illustration of a circularly polarized wave is shown in �gure 2.2. An important
property of elliptically or circularly polarized waves are that they can be described
as a sum of to linearly polarized waves. In equation 2.3 this can be seen, when the
E-�eld vector is a sum of ax̂ and ŷ component.

2.1.2 Waveguides

Free space waves coming from an observable object can, using an antenna, be trans-
ferred into a waveguide or some other guiding structure. By solving Maxwell's
equations with boundary conditions according to the geometrical dimensions of the
guiding structure it is possible to show that the �eld solution is a sum of �eld
solutions [39]. These particular solutions are called modes.

There are a wide range of guiding structures such as coaxial lines, slotlines, striplines,
microstrip lines, and waveguides of di�erent shapes, such as circular, rectangular and
square [39]. At millimeter-wave frequencies, waveguides are often preferred, mostly
because they present lower loss [39].

In a rectangular waveguide the modes are categorized into transversal electric (TE)
and transversal magnetic (TM) modes. They are also given pairs of indices(m; n)
where n and m are integers between0 � 1 for TE modes and 1 � 1 for TM
modes. There is an in�nite number of modes, however for a certain signal, or wave,
with frequency f , only some modes will propagate. This is governed by the cut-o�
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2. Theory

frequency,f cut (m;n ) , given by

f cut (m;n ) =
1

2�
p

��

s � m�
a

� 2

+
� n�

b

� 2

; (2.4)

where � and � are the permeability and permittivity of the material inside the
waveguide. a is the cross-sectional height dimension of the rectangular waveguide,
while b is the cross-sectional width.

To illustrate this let us assume we are observing a celestial source which radiates
at f = 300 GHz. For our waveguide to propagate this signal, some mode needs to
have a lower cut-o� frequency than the signal frequency. A rectangular waveguide
of size0:76� 0:38 mmwould have the lowest cut-o� for TE10 of f cut (1;0) = 197:2 GHz
which means the signal could propagate. When only one signal, or one polarization,
is to be transmitted with a waveguide, it is preferred to have only one propagating
mode. For the0:76� 0:38 mmwaveguide, the next two modes start to propagate at
f cut (0;1) = f cut (0;2) = 394:4 GHz which restricts the bandwidth of the waveguide.

The polarization of a waveguide mode is, as for the free space case, de�ned by the E-
�eld phasor direction. To transmit dual polarizations in a waveguide, one mode for
each polarization needs to propagate. So, if the celestial300 GHzsource is radiating
a polarized signal, to receive that signal in a waveguide, a0:76� 0:76 mmwaveguide
could be used. The two polarization components would be contained in the TE10

and TE01 modes with cut-o�s of f cut (1;0) = f cut (0;1) = 197:2 GHz. These modes are
plotted in �gure 2.3 together with the other modes with cut-o�s lower than385 GHz.

7



2. Theory

Figure 2.3: The E-�eld of the �rst four modal solutions for a quadratic waveguide
of size0:76 � 0:76 mm. The waveguide sizea is in XX' directions and b in YY'
direction.

2.2 Microwave network analysis

The purpose of an orthomode transducer (OMT) is, as described earlier, to separate
the two components of polarization for a received wave. An OMT is one example
of a microwave component. To analyse power �ow, losses, re�ected power and a
component's in�uence on full system performance, microwave network analysis is
often used [39]. In this chapter, a review of microwave network analysis is carried
out, in large parts similar to the presentation done in [39].

It is possible to describe a microwave component in terms of a microwave network by
assigning terminals or ports to the component's inputs and outputs [39]. A port is
simply a point or plane where voltage and current are measured, and the microwave
network is a model of the component. An illustration of this is shown in �gure 2.4
where a four-port network is shown.

8



2. Theory

Figure 2.4: Example of a four-port microwave network.

Voltages and currents are related by an impedance matrix, in the general form of
2

6
6
6
6
4

V1

V2
...

VN

3

7
7
7
7
5

=

2

6
6
6
6
4

Z11 Z12 � � � Z1N

Z21 Z22 � � � Z2N
...

...
. . .

...
ZN 1 ZN 2 � � � ZNN

3

7
7
7
7
5

2

6
6
6
6
4

I 1

I 2
...

I N

3

7
7
7
7
5

(2.5)

where VN and I N is voltage and current for portN and elementsZ ij are complex
numbers.

At lower frequencies, direct measurements of voltages and currents are possible.
At millimeter wave frequencies however, those measurements are not possible. To
characterize microwave systems scattering parameters are used instead [39]. The
scattering matrix relates, instead of voltages and currents, outgoing and incident
voltage waves at the ports. The scattering matrix of aN -port network is generally
written as, 2

6
6
6
6
4

V �
1

V �
2
...

V �
N

3

7
7
7
7
5

=

2

6
6
6
6
4

S11 S12 � � � S1N

S21 S22 � � � S2N
...

...
. . .

...
SN 1 SN 2 � � � SNN

3

7
7
7
7
5

2

6
6
6
6
4

V +
1

V +
2
...

V +
N

3

7
7
7
7
5

: (2.6)

whereV �
n are exiting and V +

n are entering voltage waves at portn. Voltage waves
are related by the scattering parametersSij which are frequency-dependent complex
valued.

2.2.1 Orthomode transducer scattering parameters

Even though the two polarization components can have some relationship and tell
astronomers something about a celestial object [12], they can from a microwave
network viewpoint be seen as two di�erent signals [42]. As previously illustrated in
equation 2.3 even a circularly polarized wave can be seen as a sum of two independent
components.

The polarization components enter the orthomode transducer at the samephysical
port, i.e., the same waveguide opening. However, they enter in two di�erent modal
solutions (in other words, two di�erent modes). For instance, in a square0:76 �
0:76 mm waveguide they would enter through the TE01 and TE10 mode shown in
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2. Theory

�gure 2.3. For each mode, there is a voltage and current, and therefore, each mode
has its own port in a microwave network [39].

The orthomode transducer, which has two input modes, is therefore often repre-
sented by a four-port network with a scattering matrix,

2

6
6
6
4

V �
1

V �
2

V �
3

V �
4

3

7
7
7
5

=

2

6
6
6
4

S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

3

7
7
7
5

2

6
6
6
4

V +
1

V +
2

V +
3

V +
4

3

7
7
7
5

: (2.7)

where port 1 and 2 represent the two polarization inputs, while port 3 and 4 represent
the two outputs, one for each polarization. The OMT is a passive device most often
made by reciprocal materials, which means transmission between two ports does not
depend on the direction of propagation [43]. This meansSij = Sji in the scattering
matrix (this is also valid for other passive components with reciprocal materials,
such as most combiners, waveguides [43]).

Analysing power re�ected, dissipated and transmitted at or between ports of the
network is easily done once the scattering parameters of the orthomode transducer
is known. The main performance measures for the orthomode transducer are, return
loss (RL), insertion loss (IL ), cross-polarization (X -pol) and isolation (Iso). Return
loss is the power lost for a re�ected signal and at portn calculated through,

RL = jSnn j � 2 = � 20 logjSnn j dB: (2.8)

The insertion loss is the power lost between two ports, de�ned between porti and
j as,

IL = jSji j � 2 = � 20 logjSji j dB: (2.9)

Observe the negative sign forRL and IL in the above equations. The re�ected and
transmitted power would be,

Rpower = jSnn j2 = 20 log jSnn j dB and; (2.10)

Tpower = jSji j2 = 20 log jSji j dB; (2.11)

which has no negative sign. Generally for passive networks, allSij are complex
valued with jSij j < 1 which meansRL , IL are positive andRpower ; Tpower are negative
[39]. Isolation between two portsi and j is de�ned as,

Iso = jSji j2 = 20 log jSji j dB (2.12)

similarly to the transmitted power. Cross-polarization, also referred to as cross-talk
or polarization isolation, quanti�es the leakage of one polarization component to the
unwanted output port. For instance, an ideal scattering matrix for an OMT could
be, 2

6
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4
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2
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3
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4
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4
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3

V +
4

3
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7
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5

; (2.13)
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2. Theory

where polarization 1 is inputted at port 1 and polarization 2 at port 2. Polarization
1 is fully coupled to port 3 and polarization 2 to port 4. In the non-ideal case,
cross-polarization would be the power coupled from polarization 1 to port 4, i.e. the
wrong port. This is de�ned as,

X -pol = jSpqj2 = 20 log jSpqj dB; (2.14)

where p is the co-polarization (or wanted polarization) port andq is the cross-
polarization output port (port which the co-polarization should not be coupled to).

2.3 Orthomode transducers

As described earlier, an orthomode transducer separates two input polarizations into
two di�erent outputs. There are an extensive number of OMT designs. To compare
di�erent OMT design's performances in a structured way, some general theory on
OMT performance will be reviewed. Major parts of the theory in this section are
presented in [44] which is a good reference for further background.

2.3.1 Input waveguide symmetry

Any perturbation in the input waveguide will a�ect the modal �eld distribution. In
the orthomode transducer input waveguide there are two fundamental orthogonal
modes. There will also exist a number of higher order modes depending on the
desired bandwidth of the OMT. These modes can be divided into symmetrical and
non-symmetrical modes. The symmetrical modes have a symmetrical �eld distribu-
tion with respect to either the XX' or YY' line in �gure 2.5. A symmetric mode
is de�ned as a mode which if mirrored through an axis is left unchanged. An anti-
symmetric mode is de�ned as a mode which when mirrored through an axis its �eld
has opposite direction but its �eld pattern is the same.

A waveguide geometry perturbation will transfer the modes �rstly existing in the
waveguide to other modes. For a symmetric mode about the XX' axis, a perturbation
symmetric about the XX' axis will only generate modes symmetric to XX'. Moreover,
for a symmetric mode about the XX' axis, a perturbation symmetric about both
XX' and YY' will generate modes symmetric about XX' and anti-symmetric about
YY'. For example, this would be the case for the TE10 mode in �gure 2.5.

If some �eld coupling aperture or other device is added into the waveguide symmet-
rically at points X, X', Y and Y' as in �gure 2.6 and the input mode is symmetrical
about XX' the resulting generated modes would be symmetric about XX' and anti-
symmetric about YY' [44]. This means that the �elds coupled through apertures at
X and X' will have same amplitude and phase (direction). By adding these �elds
with a 180° it is possible to cancel out the �elds. Through apertures at Y and Y'
however the �eld amplitudes will be equal with opposite phase. By adding these
�elds with 180° phase di�erence they will add constructively. [44]

By constructing the waveguide perturbations in a symmetric way as in �gure 2.6 it
is possible to cancel some and add some modes. For instance, all �rst six modes
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Figure 2.5: The E-�eld of the �rst six modal solutions for a quadratic waveguide
are shown with waveguide symmetry cuts XX' and YY'. A symmetric mode is de�ned
as a mode which if mirrored through an axis is left unchanged. An anti-symmetric
mode is de�ned as a mode which when mirrored through an axis its �eld has opposite
direction but its �eld pattern is the same.

except TE10 (as shown in �gure 2.5) will cancel when combining the �elds from Y
and Y' with 180° phase di�erence. When adding the �elds from apertures at X
and X' with 180° phase di�erence, out of the six �rst modes, only TE10 will add
constructively. This is the working principle for the most wide-band OMTs [26].

It is also possible to use coupling structures with either one symmetry as in �gure 2.7
or no symmetry as shown in �gure 2.8. In [44] some types of OMTs are categorized
according to if the have either no, one or two symmetries in the input multi-mode
waveguide.

2.3.2 Waveguide bends and combiners

If an OMT design is using either one or two symmetries it will need some kind of
combiner component. A combiner taking two signals and adding them is a three-port
device, and often its scattering matrix is represented by,

Scomb =

2

6
6
4

0 � 1p
2

1p
2

� 1p
2

1
2

1
2

1p
2

1
2

1
2

3

7
7
5 : (2.15)
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Figure 2.6: Waveg-
uide cross-section with
perturbations (coupling
slots) symmetrically
placed around both XX'
and YY'.

Figure 2.7: Waveg-
uide cross-section with
perturbations (coupling
slots) symmetrically
placed around both YY'
but not around XX'.

Figure 2.8: Waveg-
uide cross-section with
perturbations (coupling
slots) not symmetrically
placed around XX' nor
YY'.

Here, port 2 and 3 are combined equally into port 1 but with180° phase shift. As
described previously, this kind of combiner with180° phase shift between the inputs
could be used in an OMT.

If a waveguide combiner is to be used, often there is a need for waveguide bends.
Either E-plane or H-plane bends can be used depending on full layout of the OMT.
An E-plane bend is a symmetric discontinuity with respect to the fundamental mode
(TE 10) in a rectangular waveguide. This means that an E-plane bend will only
add symmetric higher order modes. A H-plane bend however is a non-symmetric
discontinuity with respect to the fundamental mode which will generate more higher
order modes. Therefore, in theory, E-plane bends are easier to match and should be
preferred over H-plane bends if applicable [44].

2.3.3 Orthomode junction types

As described earlier, a general input to an OMT is a dual polarized waveguide, for
example the square waveguide. The orthomode junction (OMJ) in principle contain
some kind of structure dividing the two polarizations. Some common methods used
are �nlines reported in [33], [45] and probe based OMJ reported in [35]�[38], [46],
[47]. Also solely waveguide based designs such as the Bøifot type used in [24]�[27]
and the turnstile type used in [28]�[30] are often used. Other simpler designs such as
[48], [49] are also existing. There are some designs using waveguide couplers or slots,
for example [31], [32], [50], which here are called coupler type. All these di�erent
techniques of separating polarizations can implement either a two-fold, one-fold or
no symmetry as described earlier. Each type of OMJ, in terms of either waveguide,
�nline, probe or coupler based OMJ, has some limitations for bandwidth, material
losses and use di�erent types of manufacturing techniques. These aspects will be
discussed in coming sections.
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2.3.4 Waveguide based orthomode junctions

There exist a number of di�erent designs using only waveguide components for the
OMT, with one or two symmetries which are shown in table 2.1. The table is sorted
so that the design that ful�lls the highest number of design speci�cations for the
OMT designed in this thesis is at the top.

FBW
f 0

[GHz]
RL
[dB]

IL
[dB]

X-pol
[dB]

Type
Number of
symmetries

Tested? Ref.

54% 91:5 23 0.25 -45 Bøifot 2 yes [25]
49% 93 20 0.8 -40 Turnstile 2 yes [28]
40% 12:5 20 - -50 Slot 1 yes [51]
38% 92:5 17 0.3 -40 Bøifot 2 yes [24]
27% 90 20 0.15 - Waveguide 1 yes [48]
58% 387:5 17 2.5 -35 Bøifot 2 yes [26]
40% 275 14 0.7 -20 Turnstile 2 yes [30]
26% 442:5 20 2 - Bøifot 2 yes [27]
20% 96 20 - - Slot 1 yes [50]
10% 680 20 4.7 -15 Waveguide 1 yes [49]
32% 100 17 0.35 -30 Coupler 2 yes [31]
30% 235 20 0.6 - Turnstile 2 no [29]
26% 440 10 1 -30 Coupler 2 yes [32]

Table 2.1: Comparison of di�erent waveguide OMT designs sorted by how relevant
they are to this design. The fractional bandwidth (FBW) referring to the bandwidth
with the minimum return loss for both polarizations are shown under RL and max-
imum insertion loss for both polarizations shown in IL columns. Cross polarization
(X-pol) is shown when given. If the device has been tested or not is shown in the
"Tested?" column.

One design is the mentioned Bøifot junction [24]�[27] which either uses a septum or
ridge to make one polarization continue straight through the junction. The other
polarization is divided equally to the sides and then recombined. An example of
the Bøifot junction is shown in �gure 2.9. On the left side, the square waveguide,
which support both polarizations, is shown. The junction will act as a waveguide to
ridge waveguide transition and then ridge waveguide to rectangular waveguide for
the vertical polarization. For the horizontal polarization it will act as a divider with
equal amplitude and negative phase di�erence. The vertical polarization is bent
out by a waveguide bend so the horizontal polarization can be recombined. In this
particular con�guration it is fully symmetric and only has E-plane bends, from [44]
this design could therefore theoretically be one of the most wide-band designs.

Another waveguide based design is based on the turnstile junction reported in [28]�
[30] where both polarizations are divided equally and then recombined which is
shown in �gure 2.10. On the right, the cut-out shows the inner structure of the
junction where a pin provide matching. Both input polarizations are divided equally
with opposite phase to rectangular waveguide outputs. Each polarization is then
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Figure 2.9: Illustration of the design often called Bøifot or double-ridged OMT.
Port 1 hosts both polarization 1 and 2 as indicated. For visibility, the waveguide is
cut open to reveal the bottom ridge.

recombined as shown on the left in �gure 2.10. For both polarizations, the turnstile
junction is a symmetric structure and E-plane bends can be used instead of H-plane
bends which make the turnstile design one of the most broad-band theoretically [44].

To summarize, both Bøifot and turnstile types are symmetric for both input po-
larizations which enable these designs to cover wide bandwidths with high return
loss. It is possible to achieve bandwidths similar to the whole rectangular waveguide
band, shown in [25], [26] with54%respectively58%fractional bandwidth.

In table 2.1 the turnstile type is shown to have bandwidth close to the whole waveg-
uide band [28]�[30] with 40%, 49%and 30%. From its layout however it needs more
waveguide bends and is not as compact as the Bøifot OMT which also degrade its
insertion loss [25], [26].

There are also some simpler waveguide designs only symmetric for one polarization,
which in table 2.1 is called waveguide type. An example of a layout is shown in
�gure 2.11 which is similar to [48]. The vertical polarization will continue straight
through the junction while the horizontal polarization is bent out to the side. The
junction is symmetric only for the horizontal polarization. Some examples achieve
bandwidths of 27%[48], 40%at 12:5 GHz [51] and20%[50]. These do not need any
recombination of separated signals which makes their layouts simpler.

A fourth type of waveguide OMT has also been tested using backward coupling
technique to achieve bandwidths of32%[31] and26%[32], however the couplers set
high requirements on manufacturing and assembly accuracy [32].

Manufacturing of the waveguide OMT has a major e�ect on OMT performance. The
Bøifot and simpler waveguide designs are possible to make in split-block technique
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Figure 2.10: Illustration of the turnstile OMT design. The input port 1 hosts
both polarizations as indicated. The junction is cut to reveal the turnstile junction,
containing a pin.
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Figure 2.11: An example of a waveguide based OMT with one symmetry (similar
to [48]). Port 1 inputs the two polarizations which are then split into port 2 and 3.

with only one split [25], [26], [48], [50], [51], however this also means that at some
point one of the output waveguides will have a H-plane cut which degrades the
insertion loss for one polarization seen in [26] for example. CNC milling is the most
commonly used manufacturing technique for waveguide OMTs which also puts some
limitations on scale-ability to higher frequencies.

2.3.5 Probe based orthomode junctions

The probe based OMT designs make use of probes inserted into the multi-mode
input waveguide to separate polarizations. A simple design similar to that in [38]
is shown in �gure 2.12 where a circular dual polarization waveguide is the input
from the top. Two probes on a substrate are inserted in the waveguide which couple
to each of the two polarizations. A fully symmetric example is shown in �gure
2.13 where a quadratic waveguide input supporting the two polarizations enter from
the top. Four probes are inserted into the waveguide and each polarisation will
be divided into the to opposite probe out-puts. This con�guration needs, as the
turnstile or Bøifot junctions, some recombining circuitry. In [35], [37], [46] this is
done on chip which will require some crossover of the lines.

Some probe-based designs are shown in table 2.2.36% fractional bandwidth is
achieved in [46],31%in [37] and 26%in [35]. These three examples are symmetric
for both polarizations (using two probes per polarization) and combine the signals
on chip. Even though a two-fold symmetry is used, the bandwidth is less than for
waveguide based designs. The di�erence between waveguide based and probe base
OMTs could be explained by a general review of impedance matching. A component
is easier to match to another component if their impedances are similar generally [39].
The waveguide impedance is around400 
 and typical microstrip line impedance is
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Figure 2.12: Example of a probe
based OMT with two probes. The
probes are made on a thin suspended
substrate. Port 2 and 3 are based on
microstrip lines in this example.

Figure 2.13: Example of a probe
based OMT with four probes. The
probes are made on a thin suspended
substrate. Port 2, 3, 4 and 5 are based
on microstrip lines in this example.

around 50 
 . A fully waveguide based OMT therefore have more similar impedances
of the input and outputs to match. The general case of impedance matching can be
reviewed in [39]. Non-symmetric probe designs also exist, for example a reported
fractional bandwidth of 16%for [38] and14%for [47].

FBW
f 0

[GHz]
RL
[dB]

IL
[dB]

X-pol
[dB]

Type
Number of
symmetries

Tested? Ref.

36% 22 13 0.65 -30 Probe 2 yes [46]
16% 340 20 - - Probe 0 yes [38]
31% 225 20 - - Probe 2 no [37]
26% 144 18 - - Probe 2 yes [35]
14% 600 15 - -30 Probe 0 - [47]

Table 2.2: Comparison of di�erent OMT designs sorted by how relevant they are
to this design. The fractional bandwidth (FBW) refers to the bandwidth with the
minimum return loss for both polarizations are shown under RL and maximum
insertion loss for both polarizations shown in IL column. Cross polarization (X-pol)
is shown when given. If the device has been tested or not is shown in the "Tested?"
column.

The probe based OMTs are easy to implement because there is no need for intricate
waveguide matching structures as for the waveguide based OMTs. The accuracy
of chip manufacturing is also higher than for waveguide components. If the most
important design parameters are part of the chip, tolerance to block manufacturing
could be improved. Introducing dielectric loss into the design will degrade insertion
loss which is a drawback of these designs.
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Figure 2.14: Finline OMT example, with common input port 1 for both polariza-
tions. The �ns are metal, deposited on a substrate, the substrate is not shown in
this �gure for simplicity.

2.3.6 Finline based orthomode junctions

Finline OMTs transfer one of the polarizations to a �nline [52], after which that
polarization can be guided to another waveguide via the �nline. An example of
a �nline design is shown in �gure 2.14 where the input quadratic waveguide is on
the right. Polarization 1 is transferred straight through the OMJ after which the
quadratic waveguide is converted to rectangular waveguide. For this polarization
the junction is not symmetric. Polarization 2 is picked up by the �nline structure
and the �eld is concentrated in the small gap between the �ns. The �nline is then
bent out of the waveguide and transferred to a rectangular waveguide output which
is all symmetric. This OMT therefore has one symmetry.

Some �nline OMT designs are shown in table 2.3. Fractional bandwidth of more
than 40% is achieved for [33], [34], [45] which is in parity to waveguide designs
symmetric to both polarizations. A resistive strip is often added at the end of the
�nline septum just before the quadratic to rectangular waveguide to suppress the
generation of unwanted modes [45]. If not suppressed, these could degrade cross-
polarization of this OMT. Generally, a transition from waveguide to �nline is more
broadband than a waveguide probe transition, which could be explained by the
wide range of realize-able impedances for the �nline. This could also explain why
the fractional bandwidths of [33], [34], [45] are wider than for the probe designs
[35]�[38], [46], [47].

The �nline production process is often done by depositing a metal on a thin layer
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FBW
f 0

[GHz]
RL
[dB]

IL
[dB]

X-pol
[dB]

Type
Number of
symmetries

Tested? Ref.

40% 10 20 0.3 -20 Finline 1 yes [45]
42% 950 15 7 -40 Finline 1 yes [33]
42% 950 20 1.5 -50 Finline 1 no [34]

Table 2.3: Comparison of di�erent OMT designs sorted by how relevant they are
to this design. The fractional bandwidth (FBW) refers to the bandwidth with the
minimum return loss for both polarizations are shown under RL and maximum
insertion loss for both polarizations shown in IL column. Cross polarization (X-pol)
is shown when given. If the device has been tested or not is shown in the "Tested?"
column.

of dielectric as in [33], [53]. The distance between the �ns has a strong e�ect on
matching and the dielectric layer is needed to achieve required accuracy [34]. The
e�ect of the dielectric layer needs to either be compensated through some extra
matching section before the �nline [54], removal of dielectric before the �nline [53]
or having a dielectric layer so thin that it does not a�ect as much [34]. These extra
processes complicate production compared to probe designs.

Thicker metal layers (5µm) have also been used for �nlines [33], [53] than for
probe designs [35], [38] (< 0:5µm). The thicker metal also complicates the micro-
fabrication process compared to probe designs.

2.3.7 Comparison of OMT designs

There are a vast number of publications on OMT designs and production. The focus
in this thesis is on wide-band (> 30% fractional bandwidth) and with millimeter
wave (30 GHz-300 GHz) or sub-millimeter wave (300 GHz-3 THz) operating frequen-
cies. Also, OMTs that have been produced and tested are preferred because it is
expected that simulated values are not representative because of uncertainties in the
manufacturing processes.

The designs already mentioned are summarized for comparison in table 2.4 and
sorted according to how many design speci�cations they ful�ll. Both the Bøifot
and turnstile types perform well with wide bandwidths and good return loss. Their
insertion loss is also low, the Bøifot type having somewhat lower loss probably
because of the shorter waveguide lengths. The most wide-band design presented
is [26] which also has a center frequency close to the desired one. In this case
the high insertion loss is due to the wide bandwidth of the OMT because at the
lower frequencies, the waveguide cut-o� has a large e�ect on loss. This means with
a smaller band of operation [26] could have resulted in insertion loss and return
loss consistent with the speci�cations. A drawback of the Bøifot not presented in
the table is that it requires very �ne machining of the matching sections. It also
introduces a part of waveguide cut in H-plane and therefore needs to be assembled
with high accuracy and especially good electrical contact between the blocks at the
part cut in H-plane.
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One �nline design ful�ll all design speci�cations in table 2.4, however with a central
frequency of10 GHz in [45] where a substrate was not used to support the �ns. At
327:5 GHzsome substrate would be needed which make the design more complicated
as seen in [33], [34] where the return loss is too low but especially the insertion loss
too high.

A design simpler to produce is the probe design even though it is not as wide-band
as the �nline or waveguide based designs in table 2.4. Only [46] of the probe designs
present a wider bandwidth than the design speci�cations, and that is with a return
loss of13 dB and center frequency of22 GHz. However [46] uses coaxial cables as
lines and only use simple probes in the input waveguide which could be improved
upon. The insertion loss could probably also be improved by reducing the length of
coaxial lines. In simulation, [37] reaches a bandwidth and return loss that almost
achieve the design speci�cations. If the bandwidth could be improved, then maybe
the design parameters could be ful�lled. Also [36] reaches a reasonable bandwidth.
There could be room for improvement in the probe based designs which would meet
the design speci�cations.
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FBW
f 0

[GHz]
RL
[dB]

IL
[dB]

X-pol
[dB]

Type
Number of
symmetries

Tested? Ref.

54% 91:5 23 0.25 -45 Bøifot 2 yes [25]
40% 10 20 0.3 -20 Finline 1 yes [45]
49% 93 20 0.8 -40 Turnstile 2 yes [28]
40% 12:5 20 - -50 Slot 1 yes [51]
38% 92:5 17 0.3 -40 Bøifot 2 yes [24]
27% 90 20 0.15 - Waveguide 1 yes [48]
58% 387:5 17 2.5 -35 Bøifot 2 yes [26]
42% 950 15 7 -40 Finline 1 yes [33]
42% 950 20 1.5 -50 Finline 1 no [34]
40% 275 14 0.7 -20 Turnstile 2 yes [30]
36% 22 13 0.65 -30 Probe 2 yes [46]
26% 442:5 20 2 - Bøifot 2 yes [27]
20% 96 20 - - Slot 1 yes [50]
16% 340 20 - - Probe 1 yes [38]
10% 680 20 4.7 -15 Waveguide 1 yes [49]
32% 100 17 0.35 -30 Coupler 2 yes [31]
31% 225 20 - - Probe 2 no [37]
30% 147:5 13 1.8 - Probe 2 yes [36]
30% 235 20 0.6 - Turnstile 2 no [29]
26% 440 10 1 -30 Coupler 2 yes [32]
26% 144 18 - - Probe 2 yes [35]
14% 600 15 - -30 Probe 1 - [47]

Design speci�cations:
35% 327:5 20 0.5 -25 - - - -

Table 2.4: Comparison of di�erent OMT designs sorted by how relevant they are
to this design. The fractional bandwidth (FBW) refers to the bandwidth with the
minimum return loss for both polarizations are shown under RL and maximum
insertion loss for both polarizations shown in IL column. Cross polarization (X-pol)
is shown when given. If the device has been tested or not is shown in the "Tested?"
column.
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2.4 Theoretical evaluation of novel design

From the comparison of some orthomode transducer designs in section 2.3.7 there
are some positive and negative aspects for all design alternatives, waveguide, �nline
and probe-based designs. The probe-based design is appealing because of its simple
production and scale-ability to higher frequencies. Its main drawback being band-
width and increased losses of microstrip transmission lines compared to waveguide.
The design speci�cations would require a bandwidth of36%, return loss of better
than 20 dB, insertion loss better than0:5 dB and cross polarization less than� 25 dB
which none of the probe designs in [35]�[38], [46], [47] achieve. This section aims at
investigating if it is possible to achieve these speci�cations with a novel probe design.
The idea is to transition into waveguide after the probe type orthomode junction,
as shown in �gure 2.15 as a non-symmetric variant or �gure 2.16 as a symmetric
variant.

Figure 2.15: Non-symmetric vari-
ant of the novel orthomode trans-
ducer idea. The polarizations are
extracted from circular input waveg-
uide via probes and re-launched into
waveguides. Figure 2.16: Symmetric variant of

the novel orthomode transducer idea.
The polarizations are extracted from
circular input waveguide via probes
and re-launched into waveguides.

To make some prediction of return loss and bandwidth, the full OMT was divided
into orthomode junction (OMJ), microstrip transmission line, microstrip to waveg-
uide transition and waveguide combiner. Only the fully symmetric probe designs in
[35]�[37], [46] come close to the desired bandwidth of36%. If the bandwidth of [37]
could be improved from31% then it would be possible to have an OMJ with the
desired bandwidth.

The next transition that could limit bandwidth and return loss is the transition from
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microstrip to rectangular waveguide. In [55] a bandwidth of37%with return loss of
18 dB is reported which if improved upon could be used in the OMT.

Lastly the combiner needs to be broad-band enough. In [56]�[58] return losses of
better than 20 dB are achieved over38%, 32%and 38%fractional bandwidths. The
conclusion is that it could be possible to put together OMJ, microstrip to waveguide
transition and combiner and ful�ll the design speci�cations.

To make a prediction of the expected insertion loss also line losses can be taken
into account. A loss model presented in [59] were used to estimate the losses for
waveguides via,
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� 0 is the free space wavelength,� the free space impedance,� the waveguide metal
conductivity, � g the guided wavelength,a and b waveguide dimensions and	 a
constant to account for surface roughness and other e�ects. For a waveguide with
dimensionsa = 0:76 mm and b = 0:38 mm and material parameters from [59] the
maximum loss in the band would be about0:02 dB=mm. If for example a waveguide
length of 5 mm is used, then the loss will be approximately0:1 dB.

For the microstrip loss Keysight ADS [1] can be used to estimate the loss by the
Linecalc feature. A gold microstrip line on65µm quartz substrate can be simulated
to have0:17 dB=mm loss, which, using a0:5 mm line would result in about0:09 dBof
loss. A gold microstrip line on30µm silicon substrate can be simulated to have about
0:3 dB=mm of loss which would result in0:15 dB. Another e�ect that will appear
as loss is re�ected power at all transitions from waveguide to probe and back. A
20 dB return loss corresponds to about0:05 dB of insertion loss which, if assuming
at both probe interfaces give about0:1 dB of insertion loss. The sum of these losses
become about0:3 dB which is lower than the design speci�cation ofIL = 0:5 dB. A
measurement supporting this is [60] where the back-to-back insertion loss of about
0:3 dB for a waveguide to microstrip on65µm quartz substrate was reported at
100 GHz.

2.5 Permittivity modelling and measurement

Some alternative materials could be used as substrate out of which Gallium Nitride
(GaN) initially was simulated as the most promising. To design probes with sub-
strate material of Gallium Nitride (GaN) a reliable value of GaN permittivity is
needed. Permittivity describes the polarizability of a material, speci�cally a dielec-
tric and it a�ects the �eld distribution in the material [40].

There is uncertainty about the permittivity of GaN at about 300 GHz. In some
sources describing design of millimeter wave active components,� 0 = 9:5 is used in
[61]�[63]. The low frequency limit is therefore rather well-known to be about� 0 = 9:5.
For the design of a receiver device for1300 GHzpermittivity was estimated by [64]
as � 0 = 4:9 by measuring a resonator using GaN. This agrees with time-domain
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spectroscopy measurements done by [65] which also have measurements as low as
500 GHz. There is some disagreement with other reported values being [66] where
� 0 = 9:5 is reported at 1300 GHz. This suggest that the dielectric properties of GaN
have a strong dependence on frequency, especially in the band of operation and
raises the need for characterizing the GaN sample being used for the OMT at the
frequency of operation.

In �gure 2.17 an illustration of the complex permittivities dependence on frequency
is shown as also shown in [67]. A more detailed review of dielectric theory is given
in appendix B. Four di�erent e�ects are indicated in �gure 2.17, which are, ionic,
orientation, atomic, and electronic e�ects. In GaN at sub-millimeter frequencies
atomic and electronic e�ects are most important. GaN is a crystal, which means
orientation e�ects are not present and ionic e�ects are mostly present at lower fre-
quencies [67]. The atomic e�ect and electronic e�ect will create resonances in� 0, and
at the corresponding frequencies, peaks in� 00. The material losses increase with� 00

which means the material losses are high at the atomic and electronic resonances in
a material. If a resonance is in the frequency band of operation, losses could increase
drastically. This also motivates the characterization of GaN for270� 385 GHz.

Figure 2.17: Illustration of how the real part (� 0 = < (� )) and imaginary part
(� 00= �= (� )) of the complex permittivity are dependent on frequency. The di�erent
phenomena are indicated.
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3
Methods

The aim of this thesis was to design, manufacture and characterize a novel ortho-
mode transducer. The method chapter describes and motivates the methods used.
The design contained substrate of gallium nitride which as described in section 2.5
motivated a characterization of dielectric properties of gallium nitride. Initially the
design assumed the electrical properties of GaN but was later modi�ed for mea-
sured properties. The manufacturing processes are described in separate sections
then followed by characterization and measurement methods used.

3.1 Orthomode transducer design

The orthomode transducer design (OMT) process was divided into some steps de-
scribed by the coming sections. Firstly, the orthomode junction (OMJ) part of
the OMT was designed for optimum bandwidth. In the case of the probe design,
the OMJ includes only what is shown in �gure 2.13, the input waveguide, several
probes and a short line. Using the full-wave solver software Ansys HFSS (HFSS)
[2] the OMJ scattering parameters were simulated. The impedance of the output
microstrip lines was not decided at this stage to be able to �nd the best probe input
impedance.

Secondly, after the initial OMJ design, rectangular waveguide probes were designed
to transfer the microstrip lines into rectangular waveguide. The microstrip dimen-
sions and therefore impedance was set after the initial step of OMJ design.

Lastly, the combiners were designed separately. The OMJ and rectangular waveg-
uide probes were assembled and simulated together in HFSS, some adjustments
were done and then all three components were put together to create the full OMT.
Coming sections describe the process in more detail.

3.1.1 Orthomode junction design

3.1.1.1 Design comparison

Some alternative substrates and probe geometries were investigated �rst. Simple
3D models were modelled in HFSS for the di�erent types of probes and substrates.
In HFSS it is possible to run a large number of simulations and try many di�erent
geometries of probes. It is also possible to optimize the geometrical dimensions
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to achieve optimum return loss and insertion loss for example [2]. For these �rst
models the optimizer was run to get an indication out how promising the di�erent
alternatives were.

The investigated substrates were quartz of thickness65µm, silicon (Si) of thickness
65µm or 5µm and gallium nitride (GaN) of thickness65µm or 5µm. The thinner
substrates are what [35]�[38] all used. The probe shapes tried were radial probes
as in [36] and rectangular probes as in [35], [37], [38] which all are OMTs with two
symmetries, meaning that they use four probes.

After the initial simulation runs, it was decided that the results for thin substrates of
Si and GaN and probes of rectangular shape were most promising. Another positive
prospect is that Si or GaN can be etched into shapes other than rectangular, this
could in theory enable for some self-alignment of the substrate within the block. For
quartz, the substrate needs to be diced, which means four pieces are needed for the
four probes.

Figure 3.1: Illustration of model
of OMJ with GaN thin�lm ( 5:5µm
thick) and four probes. Simulation
ports (wave ports) are indicated and
the two input polarizations.

Figure 3.2: Illustration of simulated
the channel with GaN substrate and a
microstrip-like or stripline-like trans-
mission line.

3.1.1.2 Optimization of OMJ

The optimization of the OMJ served to �nd the optimum shape and dimension to
transfer the two modes in the circular waveguide to the four output lines. For the
GaN substrate a more detailed model was created similar to the model in �gure 3.1.
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The �gure contains the thin�lm substrate of GaN with four probes extended into
the waveguide input circular waveguide.

Before optimization of the whole OMJ, some limits were put on the dimensions. The
four channels shown in �gure 3.2 were simulated in HFSS. For visibility some waveg-
uide walls are cut in �gure 3.2. The simulation was to ensure that only one mode
existed in the channels at these frequencies and investigate what line impedance
was possible to realize. A wide range of impedances were needed to be realizable
to allow the probe shape not to be constrained by the line impedance. In [35]�[38]
the output lines are constrained to low impedance values of around50 
 . This con-
straint is not needed for the design in this work because the line will lead to a probe
which does not need a50 
 line impedance to work. In HFSS,wave portswere used
as port de�nitions. Then, the HFSS solver solves for a speci�ed number of modes
the propagation constant and wave impedance for those modes [2]. Wave ports with
four modes were used at the two sides of the channel to simulate the scattering
parameters of the channel. No higher order modes were found to exist in the band
for channel width whigher < 200µm and channel heighthhigher < 150µm.

Figure 3.3: Power re�ection and
transmission for the two polarizations
after optimization of OMJ.

Figure 3.4: Real and imaginary
probe impedance of the optimized
OMJ as function of frequency. Also,
real and imaginary port impedance of
the output ports (port 2, 3, 4, 5 in �g-
ure 3.1).

After the simulations of just the channel the model shown in �gure 3.1 were pa-
rameterized, meaning the modelling was done so that all relevant dimensions of the
model could be changed by the program HFSS itself. This is needed for HFSS to
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run optimization of the dimensions. The dimensions �rst brought into the model
were the ones shown in �gure 3.2 for the channel and backshort distancedbsOMJ ,
probe width wOMJP , probe lengthlOMJP , probe chamfer lengthlOMJcut , pin height
hpin and pin radius rpin . The backshort distancedbs is the distance from bottom of
the thin�lm to the bottom of the circular waveguide and the pin is visible in �gure
3.1 in the bottom of the circular waveguide bottom.

The optimization was run �rstly with the Multi-Objective Genetic Algorithm(genetic
algorithm) and then the Adaptive Single-Objective(gradient algorithm) which are
both built-in optimization features in HFSS [2].

The optimized results for the orthomode junction only are shown in �gure 3.3. The
resulting probe impedance is shown in �gure 3.4 together with the simulated port
impedance of the channel.

Figure 3.5: Probe dimensions for the OMJ probes, longitudinal probes and
transversal probes are shown. The chip is symmetric for each of the arms and
for visibility half of the chip is cut away in this �gure.

3.1.2 Rectangular waveguide probe design

The next components of the orthomode transducer are the two microstrip or stripline
to waveguide transitions, here called rectangular waveguide probes (RWG probes).
The transition where the substrate is in the transversal plane (TP) of the waveguide
is shown in �gure 3.6 and the transition where the substrate is in the longitudinal
plane (LP) of the waveguide is shown in �gure 3.7. Similarly to the OMJ model,
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wave portswere used in the channels and waveguides. The resulting channel and
strip-line dimensions were input into the model and probe lengthlT P ; lLP , probe
width wT P ; wLP , probe chamfer angle� T P ; � LP and backshort distancedbsT P; dbsLP

were parameterized. These are shown in �gure 3.5. Optimization was run with the
genetic algorithm �rst and then the gradient algorithm as for the OMJ.

Figure 3.6: Illustration of the opti-
mized model for the transversal probe
(TP) with same input port dimensions as
was optimized for the OMJ.

Figure 3.7: Illustration of the optimized
model for the longitudinal probe (LP)
with same input port dimensions as was
optimized for the OMJ.

Resulting re�ected and transmitted power for the initially optimized RWG probe
dimensions with plain wave ports at all ports are shown in �gure 3.8 and 3.9. Figure
3.8 corresponds to the longitudinal probe (LP) (�gure 3.7). For the transversal probe
(TP) in �gure 3.6 the results are shown in �gure 3.9.

To add the e�ect of the OMJ into the optimization of the RWG probes without the
need to simulate both OMJ and probes in the same model post-processing functions
in HFSS were used. From the OMJ model, active impedance parameters, plotted in
�gure 3.4, for the channel ports were exported. The channel wave ports for the two
RWG probe models (�gures 3.6 and 3.7) were then re-normalized for this impedance.
A second iteration of optimization was then run for the two probe models in �gures
3.7 and 3.6.

After re-optimization of the probe dimensions the results shown in �gure 3.10 and
3.11 were acquired for the longitudinal respectively transversal probes.
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Figure 3.8: Power re�ection and
transmission after initial optimiza-
tion of the longitudinal probe.

Figure 3.9: Power re�ection and
transmission after initial optimiza-
tion of the transversal probe.

Figure 3.10: Power re�ec-
tion and transmission after re-
optimization using a re-normalized
port impedance for the longitudinal
probe.

Figure 3.11: Power re�ec-
tion and transmission after re-
optimization using a re-normalized
port impedance for the transversal
probe.

32



3. Methods

3.1.3 Combiner design

The third component of the OMT is the combiners for the two outputs. From the
theoretical considerations in section 2.4 there exist several designs that could work.
For its simplicity and bandwidth, a model similar to the one in [57] was created,
which is originally for 75� 110 GHz. The model was then scaled by approximately
92:5 GHz=227:5 GHz � 0:28. An illustration is shown in 3.12. The model was
parameterized with the most important dimensions shown in �gure 3.12 where there
are three milled waveguide steps. The distance between the output ports were set
to match the OMJ and RWG probe outputs. The model was parameterized with
the angle of the outputs, � SW G , the step lengthsls1; ls2; ls3 and the step widths
bs1; bs2; bs3 shown in �gure 3.12. The return loss at port 1 and the insertion loss
from port 1 to ports 2 and 3 was optimized with the genetic algorithm and then a
gradient algorithm in HFSS [2].

Figure 3.12: Combiner 3D model and inner top view. Its most important dimen-
sions are annotated.

For the simple combiner optimized results for re�ection and transmission are shown
in �gure 3.13. The return loss for the common port (port 1) is below� 30 dB over
more than the whole band and simulated insertion loss very low because of this.
Re�ection coe�cients for port 2 and 3 is about � 6 dB which is expected for this
kind of combiner. In �gure 3.14 the port isolation between port 2 and 3 is shown
together with the transmission from the common port (port 1) to the other ports 2
and 3. The isolation is expected� 6 dB and a close to equal power split is simulated.
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Figure 3.13: Optimized combiner
power re�ection and transmission results.
The transmission is calculated as the to-
tal power transmitted 180� out of phase
from port 1 to both port 2 and 3. This
corresponds to the actual simulated in-
sertion loss that this device would have if
used in an OMT.

Figure 3.14: Optimized combiner
power isolation and and transmission re-
sults.

3.1.4 Full orthomode transducer design

To assemble the full OMT consideration to the e�ect the di�erent components have
on each other needs to be taken into account. This was done by simulating the parts
together in HFSS. The models obtained after the optimization of the OMJ and RWG
probes were assembled as shown in �gure 3.15. Dimensions were parameterized as
shown in �gure 3.5 where half of the thin�lm is shown. The probes laying in the
transversal plane of the rectangular waveguide have the same dimensions and the
two laying in the longitudinal plane have the same dimensions. All four probes
in the circular waveguide have the same dimensions. The backshort distances in
the circular waveguide (dbsOMJ ), waveguide leading to port 2 and 4 (dbsLP ), and
waveguide leading to port 3 and 5 (dbsT P) were also parameterized. These model
dimensions were optimized with the genetic algorithm to maximize the return loss for
polarization 1 and 2 in port 1, minimize the insertion loss from port 1, polarization
1 to port 3 and 5, and minimize the insertion loss from port 1, polarization 2 to port
2 and 4. The ports and polarizations are indicated in �gure 3.15.

After an initial optimization, to center the design over the speci�ed band-width,
a feature calledTune reports in HFSS was used. The FEM solver of HFSS can
be con�gured to calculate derivatives of scattering parameters with respect to the
parameterized dimensions of the design [2]. InTune reports it is possible to change
the value of a dimension and view how the scattering parameters changes according
to a interpolation using the derivative. The optimizer needs to simulate the whole
geometry for each set of parameter values but withTune reports it is possible to
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Figure 3.15: Model of the orthomode junction and RWG probes together. The
direction of polarization 1 and 2 is indicated in port 1. Polarization 1 should couple
to port 3 and 5 while polarization 2 should couple to port 2 and 4.

change the parameter values manually and approximate the change in scattering
parameters. Because the optimizer had found parameter values close to the optimum
Tune reports was used to center the design over the speci�ed bandwidth.

An example of the tuning is shown in �gure 3.16 where all parameters were changed
by some small value. The solid lines are both polarizations re�ection coe�cients as
simulated in HFSS. The dashed lines are the extrapolated results after a small change
of one design parameter. For �gures 3.16a-3.16c the lengths of orthomode junction,
transversal probe and longitudinal probe have been increased by10µm. For �gures
3.16d-3.16f the widths have been changed by4µm and for �gures 3.16g-3.16i the
backshort distances have been changed by10µm. One parameter was changed per
�gure and for the �gures where only longitudinal probe dimensions change (�gures
3.16a, 3.16d, 3.16g) the dimension only a�ects one of the polarizations as expected.
When the dimensions of the orthomode junction probes or backshort is changed
(�gure 3.16c, 3.16f, 3.16i) both polarizations are a�ected.
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(a) Longitudinal probe
length lLP increased
10µm (3:8%).

(b) Transversal probe
length lT P increased
10µm (3:4%).

(c) OMJ probe length
lOMJP increased 10µm
(3:6%).

(d) Longitudinal probe
width wLP increased
4µm (9:4%).

(e) Transversal probe
width wT P increased
4µm (8:8%).

(f) OMJ probe width
wOMJP increased 4µm
(5:6%).

(g) Longitudinal probe
backshort distancedbsLP

increased10µm (3:6%).

(h) Transversal probe
backshort distancedbsT P

increased10µm (3:8%).

(i) OMJ backshort dis-
tancedbs increased10µm
(3:9%).

Figure 3.16: Graphs displaying the extrapolated change of re�ection of the OMT
with Tune reports in HFSS. The nominal curves are dotted lines, pol. 1 with short
red dots and pol. 2 with longer green dots. The extrapolated curves are dash-dotted,
pol. 1 with short blue dots and pol. 2 with longer purple dots.
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Other conclusions drawn from the tuning are that increase in backshort distance
and probe length seems to shift the lower frequency resonance to lower frequencies
seen in �gure 3.16a-3.16c. An increase in probe width however seems to shift the
higher frequency resonance to higher frequency as seen in �gure 3.16d-3.16f. Both
widths and lengths of probes a�ect the middle resonance in some way.

By combining changes in all the dimensions re-tuning of the design can be done.
Re-running the simulation for a set of changed dimensions and comparing to the
corresponding extrapolated results showed that in the range of about10%, the
extrapolated results were similar to the simulated results. This proved very useful
when some minor change needed to be done for the permittivity of gallium nitride
for example.

The optimized OMJ together with RWG probe model results are shown in �gure
3.17. Re�ection of less than� 20 dB is achieved over280� 390 GHz and � 25 dB
over 285� 372 GHz. After usage ofTune reports in HFSS the simulation results
shown in �gure 3.18 were acquired. The simulated return loss is more than20 dB
over 265� 388 GHz.

Figure 3.17: Optimized OMJ and
RWG probe model (�gure 3.15)
power re�ection and transmission
simulation results. The return loss
is high but the band is not as
wanted.

Figure 3.18: Tuned OMJ and
RWG probe model (�gure 3.15)
power re�ection and transmission
simulation results. The band has
been centered over the desired
bandwidth.

After OMJ and rectangular waveguide probes simulated together to have return
loss lower than -20 dB for both polarizations, the combiner models were added
to combine ports 2 and 4, ports 3 and 5. This became the nominal design for
GaN permittivity of � r = 7. To be able to parameterize the block misalignment in
simulation the model was split at the points where the actual block splits should
be. A simpli�ed and exploded view of the layout is shown in �gure 3.19. These
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splits ensure all waveguides are split in the middle of the longer wall minimizing
loss. Observe the small recess in the middle block in �gure 3.19. The recess is to
allow for easier mounting of the chip.

Figure 3.19: Layout of full OMT simulation model used for tolerance analysis and
�nal simulations. Four metal blocks, A, B, C and D are indicated and a coordinate
system for reference in tolerance analysis. Polarization 1 couples to port 3 and
polarization 2 to port 2. The small cut-out on the right shows the small recess for
the chip in block B.

3.2 Tolerance analysis and modi�cations of design

After creation of the full model, a tolerance analysis was run to see what accuracy
of OMT assembly was needed and how the permittivity of GaN would a�ect per-
formance. For reference the nominal simulation results of the whole OMT model is
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Figure 3.20: Nominal simulation
results of the full OMT for � r = 7
for GaN, other material parameters
as default in HFSS [2]. Plotted are
the re�ected power (left axis) and
transmitted power (right axis).

Figure 3.21: Nominal simulation
results of the full OMT for � r = 7 for
GaN, material parameters as default
in HFSS [2]. Plotted are the cross-
polarization and isolation.

shown in �gure 3.20.

For the model shown in �gure 3.19, designed for GaN permittivity of� r = 7, also
� r = 7 � 1 and � r = 7 � 2 were simulated. The re�ection and transmission of the
OMT are plotted in �gure 3.23 for � r = 7 � 1 and in �gure 3.23 for � r = 7 � 2. For
visibility, the nominal ( � r = 7) is only plotted in 3.22.

The actual value of GaN permittivity can be in the range of� r = 5 � 9 for these
frequencies. From the results in �gure 3.22 and 3.23, the design is not tolerant
enough to be �nished without knowledge about the value of GaN permittivity. This
motivated the measurements of GaN permittivity described in the methods section
3.3 for which results are presented in results section 4.1.

A tolerance analysis was also run on the misalignment of the chip compared to the
blocks. The chip was moved� 15µm in x and y direction in simulations as they
are de�ned in �gure 3.19. These results are shown in �gure 3.24 where throughout
the whole band, resonances have appeared. Observe that when movement is done
in the x direction, resonances appear only for polarization 1. When movement iny
direction is applied, only polarization 2 has resonances.
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Figure 3.22: Initial tolerance
analysis for the design for GaN� r =
7. Re�ection and transmission are
plotted for � r = 7 � 2.

Figure 3.23: Initial tolerance
analysis for the design for GaN� r =
7. Re�ection and transmission are
plotted for � r = 7 � 1.

Figure 3.24: Initial tolerance
analysis for the design for GaN
� r = 7. Transmission is plotted
for thin�lm movement in x (lower
graphs) andy (upper graphs) di-
rection by 15µm.

Figure 3.25: Initial tolerance
analysis for the design for GaN
� r = 7. Re�ection and transmis-
sion are plotted for movement in
x and y direction by 7:5µm. The
depth of the resonance result in
an insertion loss of about maxi-
mum 0:5 dB.
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3.2.1 Possible solutions to thin�lm misalignment sensitivity

As seen in �gure 3.25 alignment of� 7:5µm could provide results that are good
enough. The channel widths (whigher in �gure 3.2) had been set to230µm and the
width of the thin�lm chip to 250µm, which would permit only 15µm movement of
the chip in the channel. To enable better alignment, marks were added on the chip
as shown in �gure 3.28.

Another alternative solution was investigated but not implemented because of its
complexity. By exporting the scattering parameters of the OMJ with RWG probes
(�gure 3.15) from HFSS into Keysight ADS [1] (ADS) it was possible to try what
e�ect other combiners would have on the sensitivity to chip movement. Further
details are given in appendix A. It was found that an alternative combiner can make
the design more tolerant to movement of the chip but will complicate the OMT
structure substantially. Therefore, the simple combiner was used as initially done.

3.2.2 Modi�cations after measurement of gallium nitride
permittivity

After the measurements described in section 3.3, it was concluded that some re-
designing was needed. The permittivity for GaN was set to� r = 8 and the feature
Tune reports was used to re-center the design. This process was the same as previ-
ously described in section 3.1.4.

Simulated re�ection and transmission are shown in �gure 3.26 for simulation with
tan � = 0:18 and tan � = 0:005. With tan � = 0:18 the loss of the device is about
3 dB, for tan � = 0:005however the insertion loss is about0:04 dB. The return loss
for tan � = 0:18 is lower than for tan � = 0:005which could be an e�ect of the lossy
material absorbing some of the energy otherwise re�ected.

Figure 3.26: Chip alternative 1
nominal simulation results.

Figure 3.27: Chip alternative 1
nominal simulation results.
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3.2.3 Chip manufacturability considerations

The thin�lm production process, described in section 3.4, which was based on photo-
lithography allowed for several designs to be produced simultaneously. To minimize
the risk of the thin�lm breaking upon mounting into the block three di�erent designs
were made, shown in �gure 3.28. Another risk was that of chip deformation during
production. To make the total deformation smaller the chip was divided as shown
in �gure 3.28, where chip alternatives 2 and 3 would have smaller deformation if the
chips were bent.

The dimensions of the metal structures needed to be tuned withTune reports in
HFSS. Nominal return loss and insertion loss simulations for chip alternative 2 is
shown in �gure 3.29 and for chip alternative 3 in �gure 3.30. The results are similar
to that of chip alternative 1 in �gure 3.26.

Figure 3.28: The three alternative thin�lm chip designs that were produced. Arms
with two square markers go to longitudinal probes and arms with one square marker
go to transversal probes.

Chip alternative 1 is the nominal alternative. It should have some self-aligning
ability with respect to the block. There is however a risk that it could break because
the chip is only 5:5µm thick and could bend. Chip alternative 2 is similar to 1,
however it is cut in four parts to minimize the risk of breaking and bending.

Chip alternative 1 and 2 have curved edges which require chip de�nition through
photo-lithography. Chip alternative 3 is instead cut with straight edges, which
means chip de�nition can be done using dicing (or sawing). When di�erent chips
were manufactured marks were added to distinguish between chips for longitudinal
probes and chips for transversal probes.
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Figure 3.29: Chip alternative 2
nominal simulation results.

Figure 3.30: Chip alternative 3
nominal simulation results.

3.3 Characterization of gallium nitride

As motivated by section 2.5 and the tolerance analysis of the OMT performance
with respect to the permittivity of GaN it was measured. The measurement method
made use of a resonator structure described in [63], [68] and previously used for GaN
permittivity measurements in [64]. The resonator was simulated in HFSS to ensure
that GaN relative permittivity, � r , ranging from 5 to 9 would produce a measurable
resonance in the band220� 330 GHz because that is covered by only one type
of VNA extender module [69]. The permittivity of GaN did in simulation shift the
resonance in frequency while the loss tangent a�ected how pronounced the resonance
appeared in the re�ection measurements.

The resonator structure was constructed on a GaN substrate inserted into a waveg-
uide for measurement, a method also used in [64]. The setup is illustrated in �gure
3.31 where two split rings of300 nmgold have been evaporated onto a5:5µm GaN
substrate. The substrate in �gure 3.31 sits in a10µm pocket milled from the lower
waveguide block. The waveguide continues through the block so the setup become
essentially a 2-port network.

The measurements were carried out by connecting two VDI WR3.4 VNA extender
modules [69] to the two ports of the block shown in �gure 3.31. There was also
waveguide transitions added between extenders and the block. Full scattering pa-
rameters measurements were carried out and measuredS11 and S21. These were
then imported into HFSS and simulations ofS11 and S21 were �tted to the mea-
surements. In the simulation model GaN relative permittivity, � (GaN )

r , GaN loss
tangent tan � (GaN ) , gold conductivity � gold, aluminium conductivity � alu and waveg-
uide length was changed to �t measurement with simulation.
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Figure 3.31: Illustration of the
two-port waveguide block with the
ring resonators on GaN substrate
mounted.

Figure 3.32: Top view of the ring
resonator on GaN substrate mounted
inside the waveguide.

3.4 Orthomode transducer production

A design of one block and three di�erent chip layouts were produced. The block
model was exported into Autodesk Inventor [70], waveguide �anges were added
and the block was split in the mid-planes of output waveguides, the same splits as
illustrated in �gure 3.19. The thin�lm chips shown in �gure 3.28 were produced in
the clean-room at Chalmers.

3.4.1 Block manufacturing

The block was manufactured at GARD at Chalmers with the use of a CNC milling
machine. The smallest mill used was150µm in diameter because of the smallest
dimension being the lower channel width. Flanges of standard type UG-387/U were
added. These are the same �anges as both standard WR3.4 (IEEE WM-864 [71])
and WR2.2 (IEEE WM-570 [71]) use. Guiding pins to align the di�erent parts of
the block were added at the furthest possible distances to give the highest alignment
accuracy. Furthermore, several screws between all blocks were added and at the split
interfaces recesses were introduced to enable better contact between waveguide split
blocks. An exploded view is shown in �gure 3.33 where some of the pins, screws,
recessed surfaces and ports are indicated.

3.4.2 Thin �lm manufacturing

Thin-�lm manufacturing of the layouts shown in �gure 3.28 was done using a process
using two photo-lithographies similar to the process described in [64]. The process
was based on a1000µm thick Si wafer with a 3µm AlGaN bu�er-layer and a 2:5µm
GaN layer. The wafer of size1 inch� 1 inch was packed with the three designs from
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