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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 2dB and return loss of 15dB achieved for both polarizations
symmetrically at room temperature. It is concluded that insertion loss of less than
1dB and return loss of more than 20dB 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:

ADS Advanced simulation software, referring to Keysight ADS [1]
CWG Circular waveguide

FBW Fractional bandwidth

FEM Finite element method

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

OoMJ Orthomode junction

OoOMT Orthomode transducer
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TE Transversal electric

™ Transversal magnetic

TP Transversal probe
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1

Introduction

Radio astronomy is a sub-field 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 Pathfinder Experiment (APEX) [4] and the Sub-millimeter Array
(SMA) [5], all situated at high altitude deserts to minimize atmospheric absorption
from water vapor. Scientific 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 scientific
achievement receiving a lot of media attention in 2019 was the first 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 influence of magnetic fields [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 field 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 /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 between 84 — 950 GHz with
eight different receivers [3|, is an example of an observatory where two different
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1. Introduction

solutions are used for different 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,
specifically 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, exemplified by the
Boifot 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 some pm. Furthermore, as-
sembly of waveguide components needs to be very accurately done, in some cases in
the order of some pm 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 finline
designs [33], [34] and planar orthomode transducers [35]-[38]. Substrate-based de-
signs can however suffer 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 specifications.

The sensitivity of a radio-astronomy receiver is critical, and all components of the
system need to minimize their negative influence on sensitivity. The orthomode
transducer affect sensitivity mainly by its loss. Because it is a component placed
before amplifiers 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 —1.5dB at room temperature and predicted to be 0.4 — 0.5dB at
temperature of 4K [27]. A room temperature insertion loss of lower than 0.5dB
would therefore be a major improvement.

Another important characteristic of the orthomode transducer is the leakage between
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the two polarization components, called cross-polarization. This metric will evi-
dently from the previous sections affect 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, —25dB. Another measure is the reflected energy at the in-
puts and outputs of the orthomode transducer, quantified by return loss. Often a
specification of return loss below —20dB 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 different 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, firstly designing the differ-
ent parts of the orthomode transducer and later combining the parts. The combined
orthomode transducer was later changed to fit 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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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 differential equations. The solutions to these equations are electrical
vector-fields and magnetic vector-fields. In every point of space, the electric and
magnetic fields are both vectors pointing in some direction. The electric and mag-
netic fields 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 field 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 field is by phasor notation. For a plane
wave propagating in Z direction at position (x,y, z) the E-field can be described in
phasor notation as,

E(z,t) = (#A, + 9B )e™ 3% [40]. (2.1)

A, and B, complex amplitude constants, w angular frequency of the wave, k the
wave number, z the position in space and ¢ time. The polarization of this wave is
defined by the direction of the E-field. For example with A, = 0 and B, =1 we
have

E(z,t) = R{GB, ™77} = f cos(wt — k=) (2.2)

which means the E-field direction is always in § or —¢ direction. This is called
linear polarization because the E-field is always directed in a line. An example of
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Linearly

Olay ized

Figure 2.1: Illustration of linearly po-  Fjgure 2.2: Ilustration of circularly
larized wave. With time, vectors will  polarized wave. With time vectors will

point in the same direction or opposite  ;gtate around the axis of propagation.
direction.

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

E(z,t) = R{(—j& + 9)e™ %) = 2sin(wt — kz) + § cos(wt — kz) [40].  (2.3)

An illustration of a circularly polarized wave is shown in figure 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-field vector is a sum of a Z and { 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 field solution is a sum of field
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 different 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 between 0 — oo for TE modes and 1 — oo for TM
modes. There is an infinite number of modes, however for a certain signal, or wave,
with frequency f, only some modes will propagate. This is governed by the cut-off

6
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frequency, feugnq, given by

Feut(mm) = %\1/%\/(”?)2 + (T)Q (2.4)

where p and e 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-off frequency than the signal frequency. A rectangular waveguide
of size 0.76 x 0.38 mm would have the lowest cut-off for TE;q of feui1,0) = 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 the 0.76 x 0.38 mm waveguide, the next two modes start to propagate at
Jeut(0,1) = feur(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, defined by the E-
field phasor direction. To transmit dual polarizations in a waveguide, one mode for
each polarization needs to propagate. So, if the celestial 300 GHz source is radiating
a polarized signal, to receive that signal in a waveguide, a 0.76 x 0.76 mm waveguide
could be used. The two polarization components would be contained in the TE;q
and TEq; modes with cut-offs of fou1,0) = feur0,) = 197.2 GHz. These modes are
plotted in figure 2.3 together with the other modes with cut-offs lower than 385 GHz.
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Figure 2.3: The E-field of the first four modal solutions for a quadratic waveguide
of size 0.76 x 0.76 mm. The waveguide size a 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 flow, losses, reflected power and a
component’s influence 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 figure 2.4
where a four-port network is shown.

8
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L I;
Port1  Port3 *‘{/

o

Vi

I Z I
o &
V,
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Figure 2.4: Example of a four-port microwave network.

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

Vi le Zl2 ZlN [1
s 25)
VN ZNl ZN2 ZNN IN

where Viy and Iy is voltage and current for port N and elements Z;; 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 a N-port network is generally
written as,

Vi Su Sz Siv Vit
HIE R 26
Vy Sni Swa -+ Swnv ] Vs

where V,~ are exiting and V. are entering voltage waves at port n. Voltage waves
are related by the scattering parameters S;; 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 different 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 same physical
port, i.e., the same waveguide opening. However, they enter in two different modal
solutions (in other words, two different modes). For instance, in a square 0.76 x
0.76 mm waveguide they would enter through the TEy and TE;q mode shown in
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figure 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,

Vio Sii Sia Siz S ][V

V2_ — 521 5’22 523 524 VQJr (2 7)
Vs Ss1 Ssa Sz Saa | V5| '
Vi Sa1 Sio Siz Su Vi

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 means S;; = Sj; in the scattering
matrix (this is also valid for other passive components with reciprocal materials,
such as most combiners, waveguides [43]).

Analysing power reflected, 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 (I L), cross-polarization (X-pol) and isolation (/so0). Return
loss is the power lost for a reflected signal and at port n calculated through,

RL = | S| "% = —20log |S,,,,| dB. (2.8)

The insertion loss is the power lost between two ports, defined between port i and
J as,

Observe the negative sign for RL and I L in the above equations. The reflected and
transmitted power would be,

Rpower = |Snn|? = 201og | S| dB and, (2.10)
Toower = |Sj:1* = 201log |S;:| dB, (2.11)

which has no negative sign. Generally for passive networks, all \S;; are complex
valued with |S;;| < 1 which means RL, I L are positive and Ryouer, L power are negative
[39]. Isolation between two ports ¢ and j is defined as,

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

Vo 001 07([V
V,o| {00 o0 1] |w
Vil = l100 0w (2.13)
7 010 0]V

10
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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 defined as,

X-pol = |S,,|*> = 201log | S,,| dB, (2.14)

where p is the co-polarization (or wanted polarization) port and ¢ 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 different outputs. There are an extensive number of OMT designs. To compare
different 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 affect the modal field 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 field distribu-
tion with respect to either the XX’ or YY’ line in figure 2.5. A symmetric mode
is defined as a mode which if mirrored through an axis is left unchanged. An anti-
symmetric mode is defined as a mode which when mirrored through an axis its field
has opposite direction but its field pattern is the same.

A waveguide geometry perturbation will transfer the modes firstly 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 TE;q mode in figure 2.5.

If some field coupling aperture or other device is added into the waveguide symmet-
rically at points X, X', Y and Y’ as in figure 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 fields coupled through apertures at
X and X’ will have same amplitude and phase (direction). By adding these fields
with a 180° it is possible to cancel out the fields. Through apertures at Y and Y’
however the field amplitudes will be equal with opposite phase. By adding these
fields with 180° phase difference they will add constructively. [44]

By constructing the waveguide perturbations in a symmetric way as in figure 2.6 it
is possible to cancel some and add some modes. For instance, all first six modes

11



2. Theory

TEOL, fo =197 GHz TE10, fou =197 GHz TEIL, fo =279 GHz
. LB B S B m— ™Rk B KR R X
- - = e xx vy Y Y e=- xx o4 d A== xx
,>>>>i_.. Yy’ v"'i_.. Yy’ '7(4‘|—"YY
- - - vy v 'l' | I A - v ¢ AI; N W .
- B e B B Y YVRYY Y - - v~
e e [ | .-Y-T_V-;T;.-V-T-V_. [ o n [ - = —ad
»»»»»i»»»» Yy VlV Yvo L A A Vir Yy e
- e = e = = - v"'."" “"""'
] L L NIV ¥ . L L NIV ¥ .
TMIL, fo =279 GHz TE20, fou =394 GHz TE02, fou =394 GHz
L S S s m— AN g | 0 | w—— 0
\“VI-_' XX Vvv'l--' XX’ l<<<<|——- XX
A AU Y =y YYY =y E<<<ﬂ_.- vy
& S R N N ' > 3 B Y v | B N W' - < '~~~ = -
,»..;\!,4444 Y YV!AA IO B T T R R
L > v [ ~ < - -v-;-v--YTA--A-}-A_. '_._:_.__.T:_._ _____
Y ‘i‘ NQE— Y v Y ViA A A A »>>>>l>>>>J
r((‘iL\\w< vvaiAAAA »»»»»r»»»
(l“_‘k\\ VVVV_AAAA - > > . > > > N
gy g 1 X ] T ]

Figure 2.5: The E-field of the first six modal solutions for a quadratic waveguide
are shown with waveguide symmetry cuts XX’ and YY'. A symmetric mode is defined
as a mode which if mirrored through an axis is left unchanged. An anti-symmetric
mode is defined as a mode which when mirrored through an axis its field has opposite
direction but its field pattern is the same.

except TEqy (as shown in figure 2.5) will cancel when combining the fields from Y
and Y’ with 180° phase difference. When adding the fields from apertures at X
and X’ with 180° phase difference, out of the six first modes, only TE;q 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 figure 2.7
or no symmetry as shown in figure 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,

0

1
Scomb = V2
1

2

N [ = D |,
Sl
[}

m\»—lw\wg‘w
[N}

(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’

YV

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 with 180° phase shift. As
described previously, this kind of combiner with 180° 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
(TE10) 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 finlines reported in [33], [45] and probe based OMJ reported in [35]-[38], [46],
[47]. Also solely waveguide based designs such as the Bgifot 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 different
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,
finline, probe or coupler based OMJ, has some limitations for bandwidth, material
losses and use different 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 different 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 fulfills the highest number of design specifications for the
OMT designed in this thesis is at the top.

fo RL | IL X-pol Number of
FBW [GHz] | [dB] | [dB] | [dB] Type symmetries Tested? | Ref.
54% 91.5 23 0.25 -45 Bgifot 2 yes [2
49% 93 20 0.8 -40 Turnstile 2 yes [2
40% 12.5 20 - -50 Slot 1 yes [5
38% 92.5 17 0.3 -40 Bgifot 2 yes [24
27% 90 20 | 0.15 - Waveguide 1 yes [4
58% 387.5 17 2.5 -35 Bgifot 2 yes [26
40% 275 14 0.7 -20 Turnstile 2 yes (30
26% | 4425 | 20 2 - Boifot 2 yes [27
20% 96 20 - - Slot 1 yes [5
10% 680 20 4.7 -15 | Waveguide 1 yes [49
32% 100 17 | 035 | -30 Coupler 2 yes [3
30% 235 20 | 0.6 - Turnstile 2 no [2
26% 440 10 1 -30 Coupler 2 yes (3

Table 2.1: Comparison of different 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 Bgifot 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 Bgifot junction is shown in figure 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 difference. The vertical polarization is bent
out by a waveguide bend so the horizontal polarization can be recombined. In this
particular configuration 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 figure 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 Bgifot 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 figure 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 Bgifot 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] with 54% respectively 58% 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 Bgifot 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
figure 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] and 20% [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 of 32% [31] and 26% [32], however the couplers set
high requirements on manufacturing and assembly accuracy [32].

Manufacturing of the waveguide OMT has a major effect on OMT performance. The
Bgifot 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 [3§]
is shown in figure 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 figure
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 configuration needs, as the
turnstile or Bgifot 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 difference 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 around 400 €2 and typical microstrip line impedance is
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.................. Pol. 1

------- Pol. 2

Port3

/ ~Probe

Port 2 Substrae
Figure 2.12: Example of a probe Figure 2.13: Example of a probe
based OMT with two probes. The 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.

probes are made on a thin suspended
substrate. Port 2 and 3 are based on
microstrip lines in this example.

around 50 2. 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] and 14% for [47].

fo RL | IL X-pol Number of
FBW [GHz| | [dB] | [dB] | [dB] Lype 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 different 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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Port 2

———s

Port 1

Figure 2.14: Finline OMT example, with common input port 1 for both polariza-
tions. The fins are metal, deposited on a substrate, the substrate is not shown in
this figure for simplicity.

2.3.6 Finline based orthomode junctions

Finline OMTs transfer one of the polarizations to a finline [52], after which that
polarization can be guided to another waveguide via the finline. An example of
a finline design is shown in figure 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 finline structure
and the field is concentrated in the small gap between the fins. The finline 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 finline 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
finline 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 finline is more
broadband than a waveguide probe transition, which could be explained by the
wide range of realize-able impedances for the finline. This could also explain why
the fractional bandwidths of [33], [34], [45] are wider than for the probe designs
[35]-[38], [46], [47].

The finline production process is often done by depositing a metal on a thin layer
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fo RL | IL X-pol Number of
FBW | 1GHz] | [aB] | [aB] | [dB] | TYP® | symmetries | Losted” | Ref.
0% | 10 | 20 | 03 | -20 | Finline 1 ves | [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 different 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 fins has a strong effect on
matching and the dielectric layer is needed to achieve required accuracy [34]. The
effect of the dielectric layer needs to either be compensated through some extra
matching section before the finline [54], removal of dielectric before the finline [53]
or having a dielectric layer so thin that it does not affect as much [34]. These extra
processes complicate production compared to probe designs.

Thicker metal layers (5pm) have also been used for finlines [33], [53] than for
probe designs [35], [38] (<0.5pm). 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 specifications they fulfill. Both the Bgifot
and turnstile types perform well with wide bandwidths and good return loss. Their
insertion loss is also low, the Bgifot 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-off has a large effect on loss. This means with
a smaller band of operation [26] could have resulted in insertion loss and return
loss consistent with the specifications. A drawback of the Bgifot not presented in
the table is that it requires very fine 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 finline design fulfill all design specifications in table 2.4, however with a central
frequency of 10 GHz in [45] where a substrate was not used to support the fins. At
327.5 GHz some 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 finline or waveguide based designs in table 2.4. Only [46] of the probe designs
present a wider bandwidth than the design specifications, and that is with a return
loss of 13dB and center frequency of 22 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 specifications. If the bandwidth could be improved, then maybe
the design parameters could be fulfilled. Also [36] reaches a reasonable bandwidth.
There could be room for improvement in the probe based designs which would meet
the design specifications.
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fo RL | IL X-pol Number of
FBW 1 1GHz) | [dB] | [dB] | [dB] | TYP® | symmetries | TeSted” | Ref
54% 91.5 23 | 0.25 | -45 Bgifot 2 yes [25]
0% | 10 | 20 | 0.3 | 20 | Finline 1 ves | [45]
9% | 93 | 20 | 0.8 | 40 | Turnstile 2 ves | 28]
0% | 125 | 20 | - | 50 Slot 1 ves | [5]]
38% | 925 | 17 | 0.3 | 40 | Boifot 2 ves | [24]
27% 90 20 | 0.15 - Waveguide 1 yes 48]
58% | 3875 | 17 | 25 | 35 | DBoifot 2 ves | [20]
42% 950 15 7 -40 Finline 1 yes 33]
2% | 950 | 20 | 15 | 50 | Finline 1 1o 34]
40% 275 14 | 0.7 | -20 | Turnstile 2 yes [30]
36% 22 13 | 0.65 | -30 Probe 2 yes 46]
%% | 4425 | 20 | 2 - Boifot 2 ves | [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 > ves | [31]
31% 225 20 - - Probe 2 no 137]
30% | 1475 | 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]
4% | 600 | 15 | - | -30 | Probe 1 - [47]
Design specifications:
| 35% [ 3275 ] 20 | 05 | -25 | - \ - - -]

Table 2.4: Comparison of different 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, finline
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 specifications would require a bandwidth of 36%, return loss of better
than 20 dB, insertion loss better than 0.5 dB and cross polarization less than —25dB
which none of the probe designs in [35]-[38], [46], [47] achieve. This section aims at
investigating if it is possible to achieve these specifications with a novel probe design.
The idea is to transition into waveguide after the probe type orthomode junction,
as shown in figure 2.15 as a non-symmetric variant or figure 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 of 36%. If the bandwidth of [37]
could be improved from 31% 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 of 37% 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 over 38%, 32% and 38% fractional bandwidths. The
conclusion is that it could be possible to put together OMJ, microstrip to waveguide
transition and combiner and fulfill the design specifications.

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,
A i\ A\ b
0 g
alw) = — 1+(=—=] - |1+2-
() b, (Amya) <2a> < a>

Ao is the free space wavelength, 1 the free space impedance, o the waveguide metal
conductivity, A, the guided wavelength, a and b waveguide dimensions and ¥ a
constant to account for surface roughness and other effects. For a waveguide with
dimensions ¢ = 0.76 mm and b = 0.38 mm and material parameters from [59] the
maximum loss in the band would be about 0.02dB/mm. If for example a waveguide
length of 5mm is used, then the loss will be approximately 0.1 dB.

N

. 8.686 dB/m. (2.16)

For the microstrip loss Keysight ADS [1] can be used to estimate the loss by the
Linecalc feature. A gold microstrip line on 65 pm quartz substrate can be simulated
to have 0.17 dB/mm loss, which, using a 0.5 mm line would result in about 0.09 dB of
loss. A gold microstrip line on 30 jpm silicon substrate can be simulated to have about
0.3dB/mm of loss which would result in 0.15dB. Another effect that will appear
as loss is reflected power at all transitions from waveguide to probe and back. A
20dB return loss corresponds to about 0.05dB of insertion loss which, if assuming
at both probe interfaces give about 0.1 dB of insertion loss. The sum of these losses
become about 0.3 dB which is lower than the design specification of IL = 0.5dB. A
measurement supporting this is [60] where the back-to-back insertion loss of about
0.3dB for a waveguide to microstrip on 65 pm 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, specifically a dielec-
tric and it affects the field 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, ¢ = 9.5 is used in
[61]-[63]. The low frequency limit is therefore rather well-known to be about € = 9.5.
For the design of a receiver device for 1300 GHz permittivity was estimated by [64]
as € = 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
¢ = 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 figure 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 different effects are indicated in figure 2.17, which are, ionic,
orientation, atomic, and electronic effects. In GaN at sub-millimeter frequencies
atomic and electronic effects are most important. GaN is a crystal, which means
orientation effects are not present and ionic effects are mostly present at lower fre-
quencies [67]. The atomic effect and electronic effect will create resonances in €, and
at the corresponding frequencies, peaks in €’. The material losses increase with €”
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 for 270 — 385 GHz.

A

ionic /@ atomic

S . . electronic
¢ ; orientation

.

.

1V1

Permi

Frequency

Figure 2.17: Illustration of how the real part (¢ = R(¢)) and imaginary part
(" = —S(€)) of the complex permittivity are dependent on frequency. The different
phenomena are indicated.
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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 modified 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 figure 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 find 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 first. Simple
3D models were modelled in HF'SS for the different types of probes and substrates.
In HF'SS it is possible to run a large number of simulations and try many different
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 first
models the optimizer was run to get an indication out how promising the different
alternatives were.

The investigated substrates were quartz of thickness 65pum, silicon (Si) of thickness
65nm or 5pum and gallium nitride (GaN) of thickness 65 pum or 5 pm. 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.

Port 1 —Pol. 1

Figure 3.1: [Illustration of model
of OMJ with GaN thinfilm (5.5 pm
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 find 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 figure 3.1.
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The figure contains the thinfilm 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 figure 3.2 were simulated in HF'SS. For visibility some waveg-
uide walls are cut in figure 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 around 50 2. This con-
straint is not needed for the design in this work because the line will lead to a probe
which does not need a 50 €2 line impedance to work. In HFSS, wave ports were used
as port definitions. Then, the HFSS solver solves for a specified 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 wpigher < 200 um and channel height hp;gner < 150 pm.

Real probe imp.
""" Real port imp.
=== Imag. probe imp.
== [mag. port imp.

Imag. impedance, [Ohm]

0 1 - 0.0
> .
= =
/M
©)
—10 1 Polarition 1 ==
—01 - g
=== Polarition 2 S £
2
—920 2 %
-—02 & =
=
T T T T —03 ]‘00 L T T T T
270 300 350 385 270 300 350 385
Frequency, [GHz] Frequency, [GHz]
Figure 3.3: Power reflection and Figure 3.4: Real and imaginary
transmission for the two polarizations probe impedance of the optimized
after optimization of OMJ. OMJ as function of frequency. Also,

real and imaginary port impedance of
the output ports (port 2, 3, 4, 5 in fig-
ure 3.1).

After the simulations of just the channel the model shown in figure 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 first brought into the model
were the ones shown in figure 3.2 for the channel and backshort distance dysonry,
probe width wopsyp, probe length lpys7p, probe chamfer length lpasjeus, pin height
hpin, and pin radius 7,,,. The backshort distance dys is the distance from bottom of
the thinfilm to the bottom of the circular waveguide and the pin is visible in figure
3.1 in the bottom of the circular waveguide bottom.

The optimization was run firstly 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 figure 3.3. The
resulting probe impedance is shown in figure 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 figure.

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 figure 3.6 and the transition where the substrate is in the longitudinal
plane (LP) of the waveguide is shown in figure 3.7. Similarly to the OMJ model,
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wave ports were used in the channels and waveguides. The resulting channel and
strip-line dimensions were input into the model and probe length lrp, I;p, probe
width wrp, wrp, probe chamfer angle arp, arp and backshort distance dys7p, dysrp
were parameterized. These are shown in figure 3.5. Optimization was run with the
genetic algorithm first and then the gradient algorithm as for the OMJ.

S

=

@

¢

Figure 3.6: [Illustration of the opti- Figure 3.7: Illustration of the optimized
mized model for the transversal probe model for the longitudinal probe (LP)
(TP) with same input port dimensions as with same input port dimensions as was
was optimized for the OMJ. optimized for the OMJ.

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

To add the effect 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
figure 3.4, for the channel ports were exported. The channel wave ports for the two
RWG probe models (figures 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 figures

3.7 and 3.6.

After re-optimization of the probe dimensions the results shown in figure 3.10 and
3.11 were acquired for the longitudinal respectively transversal probes.
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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
92.5GHz/227.5 GHz ~ 0.28. An illustration is shown in 3.12. The model was
parameterized with the most important dimensions shown in figure 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, aswqg, the step lengths g, s, ls3 and the step widths
bs1, bsa, bsz shown in figure 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 reflection and transmission are shown
in figure 3.13. The return loss for the common port (port 1) is below —30dB over
more than the whole band and simulated insertion loss very low because of this.
Reflection coefficients for port 2 and 3 is about —6dB which is expected for this
kind of combiner. In figure 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 Figure 3.14: Optimized combiner
power reflection and transmission results. power isolation and and transmission re-
The transmission is calculated as the to- sults.

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.

3.1.4 Full orthomode transducer design

To assemble the full OMT consideration to the effect the different components have
on each other needs to be taken into account. This was done by simulating the parts
together in HF'SS. The models obtained after the optimization of the OMJ and RWG
probes were assembled as shown in figure 3.15. Dimensions were parameterized as
shown in figure 3.5 where half of the thinfilm 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 (dpsonrs), waveguide leading to port 2 and 4 (dpsrp), and
waveguide leading to port 3 and 5 (dpsyp) 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 figure 3.15.

After an initial optimization, to center the design over the specified band-width,
a feature called Tune reports in HFSS was used. The FEM solver of HFSS can
be configured to calculate derivatives of scattering parameters with respect to the
parameterized dimensions of the design [2]. In Tune 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 with Tune reports it is possible to
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Port 4

Port 5
Port 3 N N

Port 2

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 specified bandwidth.

An example of the tuning is shown in figure 3.16 where all parameters were changed
by some small value. The solid lines are both polarizations reflection coefficients as
simulated in HF'SS. The dashed lines are the extrapolated results after a small change
of one design parameter. For figures 3.16a-3.16¢ the lengths of orthomode junction,
transversal probe and longitudinal probe have been increased by 10 pm. For figures
3.16d-3.16f the widths have been changed by 4pm and for figures 3.16g-3.16i the
backshort distances have been changed by 10 pm. One parameter was changed per
figure and for the figures where only longitudinal probe dimensions change (figures
3.16a, 3.16d, 3.16g) the dimension only affects one of the polarizations as expected.
When the dimensions of the orthomode junction probes or backshort is changed
(figure 3.16¢, 3.16f, 3.16i) both polarizations are affected.
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Figure 3.16: Graphs displaying the extrapolated change of reflection 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 figure 3.16a-3.16¢c. An increase in probe width however seems to shift the
higher frequency resonance to higher frequency as seen in figure 3.16d-3.16f. Both
widths and lengths of probes affect 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 about 10%, 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 figure
3.17. Reflection of less than —20dB is achieved over 280 — 390 GHz and —25dB
over 285 — 372 GHz. After usage of Tune reports in HFSS the simulation results
shown in figure 3.18 were acquired. The simulated return loss is more than 20dB
over 265 — 388 GHz.
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|
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Figure 3.17: Optimized OMJ and Figure 3.18: Tuned OMJ and
RWG probe model (figure 3.15) RWG probe model (figure 3.15)
power reflection and transmission power reflection and transmission
simulation results. The return loss simulation results. The band has
is high but the band is not as been centered over the desired
wanted. 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 €, = 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 simplified and exploded view of the layout is shown in figure 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 figure 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
final 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 modifications 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 affect per-
formance. For reference the nominal simulation results of the whole OMT model is
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for GaN, other material parameters GaN, material parameters as default
as default in HFSS [2]. Plotted are in HFSS [2]. Plotted are the cross-
the reflected power (left axis) and polarization and isolation.

transmitted power (right axis).

shown in figure 3.20.

For the model shown in figure 3.19, designed for GaN permittivity of ¢, = 7, also
¢, = 7+x1and ¢, = 7+ 2 were simulated. The reflection and transmission of the
OMT are plotted in figure 3.23 for ¢, = 7+ 1 and in figure 3.23 for ¢, = 7 4+ 2. For
visibility, the nominal (¢, = 7) is only plotted in 3.22.

The actual value of GaN permittivity can be in the range of ¢, = 5 — 9 for these
frequencies. From the results in figure 3.22 and 3.23, the design is not tolerant
enough to be finished 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 £15pum in x and y direction in simulations as they
are defined in figure 3.19. These results are shown in figure 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 in y
direction is applied, only polarization 2 has resonances.
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3.2.1 Possible solutions to thinfilm misalignment sensitivity

As seen in figure 3.25 alignment of +7.51um could provide results that are good
enough. The channel widths (wpigne, in figure 3.2) had been set to 230 pm and the
width of the thinfilm chip to 250 pm, which would permit only 15 pm movement of
the chip in the channel. To enable better alignment, marks were added on the chip
as shown in figure 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
(figure 3.15) from HFSS into Keysight ADS [1] (ADS) it was possible to try what
effect 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 DModifications 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 €, = 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 reflection and transmission are shown in figure 3.26 for simulation with
tand = 0.18 and tand = 0.005. With tand = 0.18 the loss of the device is about
3dB, for tand = 0.005 however the insertion loss is about 0.04 dB. The return loss
for tan o = 0.18 is lower than for tand = 0.005 which could be an effect of the lossy
material absorbing some of the energy otherwise reflected.
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Figure 3.26: Chip alternative 1 Figure 3.27: Chip alternative 1
nominal simulation results. nominal simulation results.
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3.2.3 Chip manufacturability considerations

The thinfilm 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 thinfilm breaking upon mounting into the block three different designs
were made, shown in figure 3.28. Another risk was that of chip deformation during
production. To make the total deformation smaller the chip was divided as shown
in figure 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 with Tune reports in
HFSS. Nominal return loss and insertion loss simulations for chip alternative 2 is
shown in figure 3.29 and for chip alternative 3 in figure 3.30. The results are similar
to that of chip alternative 1 in figure 3.26.

Chip alternative 2

\

Cuts

/

Chip alternative 1 Chip alternative 3

Figure 3.28: The three alternative thinfilm 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 5.5 pm 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 definition through
photo-lithography. Chip alternative 3 is instead cut with straight edges, which
means chip definition can be done using dicing (or sawing). When different chips
were manufactured marks were added to distinguish between chips for longitudinal
probes and chips for transversal probes.
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Figure 3.30: Chip alternative 3
nominal simulation results.

Figure 3.29: Chip alternative 2
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 HE'SS to ensure
that GaN relative permittivity, €,, ranging from 5 to 9 would produce a measurable
resonance in the band 220 — 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 affected how pronounced the resonance
appeared in the reflection 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 figure
3.31 where two split rings of 300 nm gold have been evaporated onto a 5.5 pum GaN
substrate. The substrate in figure 3.31 sits in a 10 pm 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 figure 3.31. There was also
waveguide transitions added between extenders and the block. Full scattering pa-
rameters measurements were carried out and measured S;; and Ss;. These were
then imported into HFSS and simulations of S7; and Sy; were fitted to the mea-
surements. In the simulation model GaN relative permittivity, ¢(“*¥) GaN loss
tangent tan 6(“*N) | gold conductivity Ogold, aluminium conductivity o4, and waveg-
uide length was changed to fit measurement with simulation.
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Figure 3.32: Top view of the ring

Figure 3.31: Illustration of the resonator on GaN substrate mounted
two-port waveguide block with the inside the waveguide.

ring resonators on GaN substrate

mounted.

3.4 Orthomode transducer production

A design of one block and three different chip layouts were produced. The block
model was exported into Autodesk Inventor [70], waveguide flanges were added
and the block was split in the mid-planes of output waveguides, the same splits as
illustrated in figure 3.19. The thinfilm chips shown in figure 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 was 150 pm 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 flanges as both standard WR3.4 (IEEE WM-864 [71])
and WR2.2 (IEEE WM-570 [71]) use. Guiding pins to align the different 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 figure 3.33 where some of the pins, screws,
recessed surfaces and ports are indicated.

3.4.2 Thin film manufacturing

Thin-film manufacturing of the layouts shown in figure 3.28 was done using a process
using two photo-lithographies similar to the process described in [64]. The process
was based on a 1000 pm thick Si wafer with a 3 um AlGaN buffer-layer and a 2.5 pm
GaN layer. The wafer of size 1inch x 1inch was packed with the three designs from
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Figure 3.33: Exploded view of the manufactured block with screws, guiding pins
for assembly, recesses and waveguide flange layout.

figure 3.28. Chip alternative 1 and chip alternative 2 both required two lithographies,
the first for definition of the Au metal structures and the second for definition of
chip structures. Chip alternative 3 required one lithography for the metal definition,
the chip structure definition was done using dicing instead.

The full process is illustrated in figure 3.34 for chip alternatives 1 and 2. Positive
resist of thickness 1.3 um is used for the first lithography shown in figure 3.34a-3.34c.
A 10nm thick adhesion layer of Ti was deposited after which a 500 nm thick Au layer
was deposited, shown in figure 3.34d. After lift-off (figure 3.34¢) another layer of
positive resist of thickness 9pm was deposited. Another lithography was carried
out to etch away GaN/AlGaN for definition of chips shown in figures 3.34{-3.34h.
Reactive-ion etching was used to etch the GaN in figure 3.34i where-after the resist
was cleaned away. The piece was now diced in quarters out of which two were shared
by chip alternative 1 and 2. The other two quarters contained chip alternative 3
devices. For the separate quarters, the backside etching illustrated in 3.34j-3.341
was done.
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Figure 3.34: Description of the thin-film production process. The layer thicknesses
are not to scale.
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3.5 Orthomode transducer characterization

The characterization sought to measure the full scattering matrix of the orthomode
transducer described in section 2.2.1. A VNA [72] was used with millimeter wave
extender modules for the frequency ranges 220 — 330 GHz [69] and 330 — 500 GHz
[73] corresponding to the waveguide standards WR3.4 (IEEE WM-864 [71]) respec-
tive WR2.2 (IEEE WM-570 [71]). The orthomode transducer is designed for the
frequency range of 270 — 385 GHz and a waveguide size of 380 x 760 pm (here called
WM760) for which no extender module is available. The measurements were there-
fore done with both WR2.2 and WR3.4 extender modules and transitions to WM760
were used around the OMT. After measurements the data was stitched together. A
figure describing the symbols used in this thesis to describe measurement setups is
shown in figure 3.35 where the transitions from WR2.2 or WR3.4 (called WRXX)
to WM760 is shown.

Mm-wave absorber Mm-wave| Mm-wave extender for scattering
AAAAL extender ] parameter measurements in frequency
LOAD Wavfzgui.de matched load WRXX | range corresponding to WRXX.
= termination. . .
= WRXX (XX is 2.2 or 3.4) t 'Ez' OMT with P1 (pol.1 + pol.2) as circular
> is 2.2 or 3.4) to S

Q> dually polarized input port and
S =l WM760 waveguide transition. lp1 P3| yP putp

P2 (pol. 2 output), P3 (pol. 1 output) as

OMT WM760 output ports.

WM?750 rectangular waveguide
to circular waveguide transition .  |'Vector network analyser

Waveguide short circuit \/\/
termination. ﬁ

Circular corrugated horn
antenna.

OMO,
[ 1]
09L

VNA with two port
scattering parameters
measurement capability.

Coaxial cables
-

IR

Figure 3.35: Illustration of devices used in the measurements.

The physical port 1 for the OMT in figure 3.35 is input to both polarization 1 and 2.
The port is a circular dually polarized waveguide port which means the orientation
of the port will define which polarization is excited in P1. A WMT760 to circular
waveguide (CWG) transition was used to excite either polarization 1 or 2 in P1 of
the OMT depending on the rotation of the transition. Polarization 1 is expected to
mostly couple to P3 and polarization 2 to P2.

3.5.1 Input return loss and insertion loss

To measure return loss and insertion loss for polarization 1 the setup shown in
figure 3.36 was used and for polarization 2 the setup shown in figure 3.37. From
the definition of scattering parameters, all other ports should be matched when
measurement of return loss is carried out. For insertion loss measurements, the
ports not being measured insertion loss between should be matched. As described
in detail in [43] the WM760 to CWG adapter will not create a perfect match for the
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cross-polarization. This gives rise to errors which needs to be taken into account
when characterizing the OMT.

Vector network analyser

N\~

Mm-wave||XX XX||Mm-wave
extender extender
WRXX 760 |cw 760 | WRXX

Figure 3.36: Measurement setup for measurement of input return loss and insertion
loss for polarization 2. The transition from WM760 to CWG is rotated to that it
couples to polarization 2 in the OMTs P1. Polarization 2 in P1 is expected to mostly
couple to P2.

Vector network analyser

N\~

Mm-wave
extender
WRXX

— —
= >
O\ ¢=—p

S >

Figure 3.37: Measurement setup for measurement of input return loss and insertion
loss for polarization 1. The transition from WM760 to CWG is rotated to that it
couples to polarization 1 in the OMTs P1. Polarization 1 in P1 is expected to mostly
couple to P3.

The WM760 to CWG adapter cross-polarization coupling which will affect input
return loss measurements. If the cross-polarization is assumed to be —30dB and
the return loss to be —20dB the largest error will be from the wave first cross-
coupling, reflected and then cross-coupled back, having magnitude —80dB. The
other reflections will be even lower which means an expected input return loss level
of —20dB would be accurately measurable.

For the insertion loss measurements, the cross-polarization of the adapter will also
affect the measurements. The largest error will come from the wave coupled to the
other polarization input because of WM760 to CWG cross-polarization (assumed
—30dB). This wave will then couple back through the OMTs cross-polarization
(assumed —30dB). This means the largest error will be —60dB compared to the
expected measured transmission of about —0.5dB, so the error is negligible.
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Figure 3.38: Setup of measurements to de-embed the OMT from transitions from
WR2.2 or WR3.4 to circular waveguide. The WM760 to CWG transitions were
rotated to both measure when the two ports couple via the same polarization and
orthogonal polarizations.

3.5.2 Cross-polarization, isolation and output return loss

The setup shown in figure 3.36 and 3.37 could in theory be used for measurements
of OMT cross-polarization. This setup would use the WM760 to CWG adapter
rotated to couple to the polarization corresponding to the load output. In figure
3.36 the adapter would be connected to excite polarization 2 (polarization mostly
coupled to P2) for example. The largest error would be from the wave coupled
through the cross-polarization of the adaptor (assumed —30dB) and then coupled
by the transmission (assumed —0.5dB) through the OMT. Because the measured
OMT cross-polarization is assumed to be in the order of —30dB, then the error
has the same magnitude as the measured quantity. Cross-polarization of the OMT
is therefore not accurately measurable with this method if not the adapter cross-
polarization is lower or only a higher bound of cross-polarization is sought after.

Another method for measurement of OMT cross-polarization is described in [43] and
shown in figure 3.39. The extenders are connected to P2 and P3 and P1 is terminated
with a short circuit. A schematic view of the setup is shown in figure 3.40 to visualize
the contributions. The total transmission from P2 to P3 will consist of large number
of reflections, however all except the three signal paths indicated in 3.40 by three
different line styles will be negligible. Two paths are coupled through either P3
to P1, pol.2 cross-coupling or P1. pol.1 to P2 cross-coupling. One contribution is
the direct through the direct ISO path in figure 3.40. Depending on the value of
isolation, cross-polarization for the OMT can be deduced from this measurement.
The isolation can be subtracted from the measured transmission from P2 to P3.
Half of that quantity should then be cross-polarization.

The setup for measuring isolation is shown in figure 3.41. A horn directed at an
absorber is connected to P1 to terminate P1 in a matched load. With a reflection
coefficient of about —20 dB for the horn and assumed cross-polarization of the OMT
of about —30 dB the largest error when measuring isolation would be about —50 dB.
Isolation is expected to be as low as —50dB which would make it hard to make
accurate measurements of isolation, however an estimate can be obtained.

The setup in figure 3.41 can also be used to measure output return loss of the OMT.

49



3. Methods

N\~

Mm-wave

— —
R > 5
S X
Mm-wave
extender
WRXX

Figure 3.39:
measurement setup. A short circuit

waveguide termination is connected to
P1 of the OMT to short both polar-

Cross polarization

izations.

extender

Mm-wave

09L
13
XX

Absorber

Vector network analyser

P1, pol.1

P3
OMT
SC\v (

1<%, L

0dB
SC — 150
0dB l—~ xp
/‘ J XP
P1, pol.2 P2

Figure 3.40: Schematic description
of contributions to measurement of
cross-polarization. A short circuit
waveguide termination is connected to
P1 of the OMT to short both polar-
izations.

Vector network analyser

N\~

H

Mm-wave
extender
WRXX

Figure 3.41: Measurement setup for output return loss measurements and output
port isolation measurements. A radiating horn is connected to P1 of the OMT to

match P1 for both polarizations.
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4

Results and discussion

This chapter deals with results for material parameters, produced orthomode trans-
ducers and measured performance of these. Some short discussion is held at the
respective results. A more thorough discussion is done in section 4.4 to enable
discussion of both material parameters, production process and measured OMTs
simultaneously.

4.1 Characterization of gallium nitride

Gallium nitride permittivity was measured by fitting simulation with measured data
of the resonant rings. The measured and best fitted simulation is shown in figure
4.1. For the best fitting between simulation and measurement the swept parameter
values were, €, = 8, tand = 0.18, oypq = 4.4 - 107 S/m and waveguide length of
about 10 mm. When sweeping the parameter values manually, a rather good fit was
attained for €, = 7.8, tand = 0.005, ogpiq = 1 - 107 S/m and waveguide length of
about 10 mm shown in figure 4.2. For the fitting results, €, has a similar value for
both fitted simulations, however, the tan and o444 are profoundly different.

To accurately predict tan d is not seen as possible from these measurements because
of the different possible values of gold conductivity. Relative permittivity of GaN
however is found to be close to €, & 8 for this frequency range because the similarity
of ¢, for the two fitted data.

To investigate the certainty of the fitting of simulation to measurements the fitting
parameters €,, tand and og4q Were also swept in simulation. Results for e, =8 £1
are shown in figure 4.3, for tand = 0.18 £ 0.1 in figure 4.3 and for oypq = 4.4 -
10°S/m, 107S/m in figure 4.5.  As seen from figure 4.3, it is probable that e,
is measured with an uncertainty of less than 41 at most. Variations in €, also
change the depth of the resonance somewhat, another observation that makes the
extraction of tan d more difficult. Both variations in tand and 04,4 shift the depth
of the resonance from figures 4.4 and 4.5. There is no resonance shift in frequency
for 04014 and only a small shift for tan d, which further suggest that mostly e, affect
the resonance frequencies. This adds to the conclusion that €, for GaN is about 8
at these frequencies.
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4.2 Produced OMT devices

Figure 4.6: Picture of one set of produced block parts. There was also a second,
identical block, produced.

A picture of the produced OMT block parts is shown in figure 4.6. As earlier, the
block parts are called block A, B, C and D as shown in figure 3.19. Two OMT
devices were fabricated and therefore also two sets of the blocks shown in figure 4.6.
The dimensions of the parts were measured with ZeGage optical profilometer [74].
As a result of fabrication uncertainties, discrepancies from the model were found at
the channel widths (wypper) for block part B which were about 15 pm narrower than
expected. The margin on each side of the chip was then only about 7.51m or less
which made chip mounting challenging. On the other hand, the alignment was more
accurate because of the smaller channel width.

The recess for the chip was also found to be 5um deep instead of 10 pm. When
applying glue under the chip, the chip protruded above the surface of block part B.
The upper channel width (wype-) in block A was however about 235 um wide which
gave about 17 pm of margin on each side of the chip. This allowed for the chip not
to be crushed when block parts A and B were assembled.

Chip alternative 1 was mounted in block part B, which is shown in figure 4.7. As
seen from the top, chip alternative 1 aligned well in the channels. During mounting
the chip was seen to be almost self-aligning in the channels because of the beams
being connected. A scan with the ZeGage profilometer showed that the chip was
bent and only touched the block at the four RWG probes as seen in figure 4.8. The
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Figure 4.7: Top view of the placed Figure 4.8: Profilometer scan image of chip

but not glued chip alternative 1 to alternative 1, placed in block part B. The col-

block part B. ors indicate height. The height of the chip in
the 3D picture is not to scale and somewhat
exaggerated for visibility.

height of the chip was 46 pm at the channel opening into the circular waveguide and
at most 55 pm over the block. Gluing of this chip to the block was therefore difficult
to do without breaking the chip, which is why no device was fully assembled with
chip alternative 1. If possible however, either by mitigating chip bending or careful
mounting, the self-aligning feature of the chip would be preferred.

Chip alternative 2 was mounted in another block part B as shown in figure 4.9. The
chip bending from alternative 1 was also present here, however, because of the chip’s
smaller size, the chips could rest in the channels better. Magnified pictures of the
RWG probes and alignment marks are also shown in figure 4.9, alignment marker
size is 10pm x 10 pm with a distance of 10 pm between the markers. Alignment
accuracy of +5nm can therefore be observed. The alignment marks at the circular
waveguide were all misaligned with about 15m. One reason for this misalignment
could be the bending of the chips. Another possible reason could be the more limited
accuracy of the block manufacturing.

Chip alternative 3 mounted in another block part B is shown in figure 4.10. As
seen in the figure, the dicing process made the sides of the chip uneven and not all
alignment markers were preserved. With the remaining alignment markers however,
good alignment was achievable. The longitudinal RWG probes are misaligned by
about 5 — 10 pm and the transversal with less than +5pm. As for chip alternative 2
the alignment marks in the circular waveguide hole are misaligned by about 15 nm.
Similarly, this could be a result of chip bending and block manufacturing inaccuracy.
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Figure 4.9: Chip alternative 2 mounted in block part B. Alignment marks are
shown in magnified views. Alignment marker size is 10 pm x 10 pm with a distance
of 10 pm between the markers.
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Figure 4.10: Chip alternative 3 mounted into block part B. Several alignment
marks were destroyed in the dicing fabrication process, the remaining marks are
shown as cut-outs. Alignment marker size is 10 pm x 10 pm with a distance of 10 pm
between the markers.
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4.3 Measurement results

In this section, measurement results of OMT devices are presented. A deeper dis-
cussion of the results is done in section 4.4.

Chip alternatives 2 and 3 were mounted, as shown in figures 4.9 and 4.10, and the
blocks were assembled. The misalignments estimated from microscopic measure-
ments were implemented into HFSS and models re-simulated for both chip alter-
native 2 and 3 and the two fitted sets of material parameters of figures 4.1 and
4.2.

Gold DC conductivity was also measured using test structures on the same batches
as chip alternative 2 and 3 using a similar method as [75]. Before the back-side Si
etching process described in figure 3.34k, 04,4 was measured to 4.8 - 10’S/m and
5.25-107S/m for two different test structures. After the etching process, measured
conductivity was 0.82 - 10’S/m and1.1 - 107S/m. Hence, it is clear that after the
back-side etching, gold conductivity has deteriorated significantly. This adds to
the uncertainty of tand estimations from section 4.1 because it shows that as low
conductivity values as 107S/m are possible.

Furthermore, DC conductivity of GaN was measured after all processing steps using
test structures similar to the ones for gold conductivity measurements. Measured
conductivity was about 4-1073 S/m and 1.5-1073 S/m for two test structures. tan§
for a material can be expressed as

o+ 2mfe)

tand =
o 2w fe,

[40] (4.1)

where f is the frequency, € is the imaginary part and €, is the real part of the
complex permittivity. GaN conductivity would give tand = 107> and tand = 2.7 -
10~° if no dielectric loss was present. For GaN material losses, dielectric loss must
therefore be the dominant loss contribution.

To account for additional losses in waveguide transitions used, the transitions from
WR2.2 and WR3.4 to circular waveguide and WMT760 were measured back-to-back.
This is described for the circular waveguide transitions in figure 3.38. The insertion
loss of WR2.2 or WR3.4 to circular waveguide transitions measured back-to-back
are shown in figure 4.11. The insertion loss of the single transition is then assumed
to be about half of that of two transitions back-to-back which is around 0.35dB.
The transition from WR2.2 or WR3.4 to WM760 measured back-to-back is shown
in figure 4.12 and for a single transition this equals about 0.2dB. For the WR2.2
band, insertion loss is somewhat higher in both figure 4.11 and 4.12.
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Figure 4.11: Measured insertion loss of back-to-back measurements of the rectan-
gular to circular transition. The transition from WR2.2 or WR3.4 to WM760 is also
included as illustrated in figure 3.38. For one transition, approximately half of the
insertion loss is expected.
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Figure 4.12: Measured insertion loss of back-to-back measurements of the WR2.2
or WR3.4 to WMT760 transition. For one transition, approximately half of the in-
sertion loss is expected.

4.3.1 OMT measurement results for chip alternative 2

For the OMT with chip alternative 2 mounted, return loss and insertion loss for
polarization 1 are shown in figure 4.16 (measurement setup described in figure 3.36).
Estimated insertion losses for the transitions have been subtracted directly from the
measured insertion loss.

The measured return loss is higher than 15dB and insertion loss lower than about
3.5dB over 270—385 GHz in figure 4.13. A more detailed insertion loss plot is shown
in figure 4.19. Simulated results with misalignment’s are also plotted in figure 4.13
for the best fitted material parameters for GaN and gold presented before in figures
4.1 and 4.2.

The measured return loss and insertion loss for polarization 2 is plotted in figure
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Figure 4.13: Measured S;; and S for polarization 1 in the OMT with chip
alternative 2 mounted. In other words, the input return loss (left axis) and insertion
loss (right axis) with polarization 1 as co-polarization. The simulated fit is also
shown as solid line for comparison.

4.14 and similar to that of polarization 1. The measurement setup was described in
figure 3.37 and insertion loss is corrected as for polarization 1. The return loss is
above 12dB and insertion loss below about —3.5dB over 270 — 385 GHz.

The OMT isolation measured is shown in figure 4.15 using the method described
previously in figure 3.41. The isolation is above 30 dB over 270—385 GHz. The cross-
polarization, measured and calculated using the method described in section 3.5.2
is also plotted in figure 4.15. For the whole 270 — 385 GHz band, cross-polarization
is below —30dB.
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loss (right axis) with polarization 2 as co-polarization. The simulated fit is also
shown as solid line for comparison.
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Figure 4.15: Measured isolation (lower curve) and cross-polarization (upper curve)
of the OMT with chip alternative 2 mounted. The isolation was measured with the
input circular waveguide terminated with a radiating horn. The cross-polarization
was calculated using the method described in section 3.5.2.
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4.3.2 OMT measurement results for chip alternative 3

For the OMT with chip alternative 3 mounted, return loss and insertion loss for po-
larization 1 are shown in figure 4.16 (measurement setup described in figure 3.36).
The measured insertion losses of the transitions from figures 4.11 and 4.12 are sub-
tracted from measured insertion loss.

The measured return loss is higher than 15dB and insertion loss lower than about
2.4dB over 270 — 385 GHz in figure 4.16. A detailed view of the insertion loss is
shown in figure 4.20. Simulated results with misalignment’s are also plotted in figure
4.16 for the best fitted material parameters for GaN and gold presented before in
figures 4.1 and 4.2.

The measured return loss and insertion loss for polarization 2 are plotted in figure
4.17 and similar to that of polarization 1. The measurement setup was described
in figure 3.37 and insertion loss is corrected as for polarization 1. The return loss
is above 15dB and insertion loss below about 2.4dB over 270 — 385 GHz as for

polarization 1.
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Figure 4.16: Measured Si; and Si» for polarization 1 in the OMT with chip
alternative 3 mounted. In other words, the input return loss (left axis) and insertion
loss (right axis) with polarization 1 as co-polarization. The simulated fit is also
shown as solid line for comparison.

The OMT isolation measured is shown in figure 4.18 using the method described
previously in figure 3.41. The isolation is above 31 dB over 270 — 385 GHz and often
above 40dB. The cross-polarization, measured and calculated using the method
described in section 3.5.2 is also plotted in figure 4.18. For the whole 270 — 385 GHz
band, cross-polarization is below —26 dB and often below —30dB. Observe that
from 290 GHz to 365 GHz there are standing waves present, which could be effects
of trapped modes in the shorted input waveguide.
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Figure 4.17: Measured Si; and Sip for polarization 2 in the OMT with chip
alternative 3 mounted. In other words, the input return loss (left axis) and insertion
loss (right axis) with polarization 2 as co-polarization. The simulated fit is also
shown as solid line for comparison.
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Figure 4.18: Measured isolation (lower curve) and cross-polarization (upper curve)
of the OMT with chip alternative 3 mounted. The isolation was measured with the
input circular waveguide terminated with a radiating horn. The cross-polarization

was

calculated using the method described in section 3.5.2.
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4.4 Discussion of measured results

4.4.1 Return loss

The two fabricated devices have measured return loss better than 15dB over the
desired band of 270 — 385 GHz except for a few frequencies for the chip alternative 2
device. The goal was to produce return loss better than 20 dB which is not achieved.
For both devices and polarizations, the measured curves have more frequent bumps
than the simulated curves. These could be explained by the adaptors on input and
output which create additional reflections. If it was possible to measure the devices
without adaptors, the measured return loss could be higher. Quite large parts of
the band actually present return losses higher than 20 dB which is positive. This is
especially the case for the chip alternative 3 device in figure 4.16 and 4.17.

For both polarizations and devices, the return loss behavior is somewhat similar.
From the results, the stitching between WR2.2 and WR3.4 is also smooth for both
devices and polarizations.

4.4.2 Isolation and cross-polarization

Isolation is more than 30 dB for both devices and cross-polarization below —30dB.
This is good performance compared to the aim of 25dB and —25dB. The simu-
lated isolation is below —50dB and cross-polarization below —45dB, which is quite
different from measured values. This can be explained by the difficulty with esti-
mating these metrics in simulation. As discussed in [43], in theory a fully symmet-
rical OMT in theory has both isolation and cross-polarization that is zero. Non-
symmetrical geometry created by meshing in HFSS is what introduce isolation and
cross-polarization to simulations at all. The simulated values are therefore not ac-
curate. It is possible to predict cross-polarization and isolation by introducing some
non-symmetrical misalignment into the simulation [43]. This has not been done
however, because cross-polarization and isolation already achieve such good values.

Another observation from the device using chip alternative 3 in figure 4.18 are the
bumps in cross-polarization 290 GHz to 365 GHz. These could be standing waves in
the input circular waveguide because the input is shorted. This would mean that
the real cross-polarization level is approximately the mean of the curve in figure 4.18

for that frequency range. In turn this indicate a cross-polarization level of below
—36dB.

4.4.3 Insertion loss

In figure 4.19 a detailed plot of the insertion loss is shown for the device using chip
alternative 2. The insertion loss is below about 3 dB over the band of 270 — 330 GHz
and 3.5dB over the band of 330 — 385 GHz except for a resonance at 284 GHz. The
two bands stitch well at 325 GHz.

Another discrepancy from the desired insertion loss is the difference between po-
larizations. As seen in figure 4.19, over most of the band the insertion loss for
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Figure 4.19: Detailed figure of the measured insertion loss for the OMT using chip
alternative 2. The upper simulated insertion loss uses GaN material parameters
of tand = 0.005, 0yoq = 10’S/m and ¢, = 7.8 as fitted in figure 4.2. The lower
simulated insertion loss uses tand = 0.18, ogp1q = 4.4 - 10"S/m and ¢, = 8.

polarization 1 is 0.2dB higher and have two resonances at 265 GHz and 284 GHz.
In the tolerance analysis of chip displacement, resonances were observed. However,
the simulations presented in figure 4.19 include the observed misalignment’s of the
chips which would make this explanation less likely. Another possible explanation
could be the adapter from WM750 to circular waveguide. During measurements of
the transition in back-to-back configuration, a resonance was observed at the same
frequency visible in figure 4.11. By keeping the same alignment pins, unscrewing
the device and re-fastening the screws again the resonance could be removed from
the back-to-back measurements of the transition. In the case of measurement of the
orthomode transducer, a small rotational misalignment at the flange could possibly
create such a resonance as observed.

A third observation from the measured device with chip alternative 2 is the higher
insertion loss compared to simulations. In figure 4.19 the measured insertion loss
is similar to the simulated insertion loss with tand = 0.18. As described earlier
however, the ring resonator measurements could not provide an accurate value for
tan ¢ and og40q. The gold conductivity was also measured for the OMT GaN sample
to be around 107S/m, which suggests that the losses presented in the measured
OMT are caused by tand. The other simulated result in figure 4.19 is for material
parameters fitted to the ring measurements but with g,y = 107S/m which fits the
measured conductivity for the OMT. The simulated insertion loss for these material
parameters however is substantially lower than the measured in figure 4.19. Other
possible reasons to the higher insertion loss could be waveguide losses not accounted
for in simulations, imperfect contact between blocks and the glue material which
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Figure 4.20: Detailed figure of the measured insertion loss for the OMT using chip
alternative 3. The upper simulated insertion loss uses GaN material parameters
of tand = 0.005, 0yoq = 10’S/m and ¢, = 7.8 as fitted in figure 4.2. The lower
simulated insertion loss uses tand = 0.18, ogp1q = 4.4 - 10"S/m and ¢, = 8.

has not been characterized for example.

To further investigate the difference between simulations and measurements the in-
sertion loss for the device using chip alternative 3 is plotted in figure 4.20. In contrast
to the other OMT, this device has a very similar behavior for both polarizations. An
exception is the resonance at 284 GHz, similar to the one present in figure 4.19 and
previously discussed as a possible effect of misalignment of the chip or the adaptor.

The insertion loss of the device using chip alternative 3 is less than about 2.2dB
over 270 — 325 GHz and 2.5dB over 325 — 380 GHz. This is between the two sim-
ulated insertion losses for the two alternative fits to ring resonator measurements.
Waveguide losses of adaptors have been taken into account as described earlier. The
OMT block waveguide losses have only been simulated in HF'SS without any surface
roughness model and with bulk copper conductivity of 5.8 S/m. Simulated waveg-
uide loss for both the WM760 and circular waveguide in the model simulated were
about 0.1 dB/cm. The waveguide losses in similar waveguides have previously been
measured to be about 0.5 dB/cm for 385—500 GHz [76] and 0.15 dB for 150—220 GHz
[58]. For each polarization there is about 1.5 cm of additional waveguide (both circu-
lar and rectangular) inside the block apart from the OMT itself. This would equate
to somewhere between 0.1 — 0.6 dB of additional loss. For the chip alternative 3
device this would make the measured insertion loss between the two alternative
material parameter value simulations.

In conclusion of the measured insertion losses, they are higher than what was the
goal initially. From the analysis follows however that the most probable cause of the
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additional losses compared to simulation are material losses in the GaN substrate,
which by measurement of GaN conductivity, can be attributed to dielectric loss. As
the device would, in a radio astronomy receiver, be cooled to about 4 K, dielectric
losses could be lower during usage. For other similar materials such as silicon, this
is the case [77]. Also waveguide losses could be lower according to [78].
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Conclusion

In this thesis different design alternatives were investigated, a novel orthomode
transducer designed, manufactured and characterized. The design is compact, wide-
band and scale-able to higher frequencies. The fabricated devices prove that good
performance is possible. In simulation the design proved to achieve return loss
of 20dB or higher and insertion loss of 1dB or less depending on assumptions of
material parameters.

The two working orthomode transducers with acceptable performance has been pro-
duced as proof of concept in the frequency band of 270 — 385 GHz. Isolation between
outputs have been shown to be at least 40dB for most of the band and cross-
polarization below —35dB for most of the band. These are values well below the
desired isolation and cross-polarization of 25 dB and —25dB. The return loss results
prove that it is probably possible to reach a return loss of 20dB over the desired
band. The measured return loss is above 15 dB for the whole band and above 20 dB
for large parts of the band which is acceptable as proof of concept.

Insertion loss was concluded to be 2.4dB or less for one produced device, signifi-
cantly more than the aim of 0.5dB. The unexpected additional losses were seen to
largely depend on material losses of the substrate used and deterioration of metal
conductivity during micro-fabrication processes. The substrate material of gallium
nitride has proven to be lossy at room temperature measurements which is also
a new finding. To achieve lower insertion loss, other substrate materials could be
considered, such as Si, initially investigated in this work. Furthermore, in other
literature, losses have for similar materials been seen to decrease considerably when
cooled to cryogenic temperatures [77]. Together with the effect of lower waveguide
losses at cryogenic temperature [78], the device could prove to have considerably
lower insertion loss at these temperatures.

The symmetrical layout of the novel orthomode transducer has been shown to pro-
vide similar performance for both polarizations. This is important for polarization
sensitive radio astronomy observations where the correlation and relationship be-
tween polarization components need to be accurately observed.

Lastly, the design utilizes the higher accuracy of micro-fabrication compared to CNC
milling as was one of the goals of this thesis. Scale-ability of the design could be
evaluated through the fact that the smallest mill diameter used was 150 pm. By
using mill size of 60 pm this could in theory enable scaling to about 1 THz.
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A

Alternative combiner

During design, and alternative combiner was tested. These results and motivation
for its use is presented here.

A.1 Investigation of alternative combiner

During initial tolerance analysis it was found that movement of the chip in x and
y direction affected return loss and insertion loss largely. This was further inves-
tigated by simulating 15 pum misalignment of the chip in only x direction without
the combiners as shown in figure 3.15. The scattering parameters extracted from
this simulation were imported into Keysight ADS which is a program that can sim-
ulate the interaction between different components if their scattering parameters
are known. An illustration of this is shown in figure A.1 where the OMJ scattering
parameters are denoted Spp/r and combiner scattering parameters S omp-

Two different theoretical combiners were then tested in Keysight ADS [1] with scat-
tering parameters S.omp = S_15 and S,y = S_g being,

0.0l 05 —05 0.0l 05 —V05
Ss=| v05 V025 V025 |, S.is=| V05 003 003 |. (A1)
V05 V025 0.25 —05 0.03 0.03

This was done to test what a combiner with better isolation between the input ports
could affect the overall OMT tolerance to movement of the chip. S_g has a port
isolation and return loss between port 2 and 3 of —6 dB which is approximately what
the waveguide Y-junction combiner in figure 3.12 has. This is in accordance with
the simulation results presented in figure 3.14. S_;5 has port isolation of —15dB
between port 2 and 3 which is close to what the designed combiner in [58] achieve.

The insertion loss simulation results done in ADS is shown in figure A.2. Move-
ment of the chip was only done in y direction by 15 p1m which means the expected
resonances should be present in polarization 2. For the combiner with isolation of
—6dB the resonances are visible around 300 GHz but for the combiner with isolation
of —15dB no resonances are visible.

Based on the simulations of an alternative combiners with Keysight ADS the design
from [58] was testes. This particular combiner uses a lossy chip with a probe inserted
into the waveguide to improve isolation between port 2 and 3 as shown in figure A.3.
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Figure A'l.: Ilustration Of. the simu- Figure A.2: Simulated transmission in
la'FIOH done in ADS. Sour is a 6-port ADS. I is isolation of the combiner sim-
microwave network and Scomp 3-port ulated and RL input return loss for the
networks. two input ports of the combiners. Note

the resonances for polarization 2 and I =
—6dB around 300 GHz.

A model of the combiner in [58] was made and scaled from 185 GHz to 330 GHz.
The waveguide steps at the two branches to port 2 and 3 and the two steps in
the waveguide leading to port 1 as shown in figure A.3 were parameterized. The
waveguides leading to port 2 and 3 in figure A.3 are different from [58] because they
are angled in a Y-shape instead of T-shape. An optimization was run for maximum
return loss at port 1 and minimum insertion loss from port 1 to port 2 and 3. The
chip was scaled uniformly compared to [58] while the waveguide step dimensions were
re-optimized in HFSS [2]. After optimization the combiner was assembled with the
OMJ similarly as shown for the other combiner in figure 3.19 and simulated.

The HFSS reflection and transmission simulation results for the alternative combiner
are shown in figure A.4. A 15 pm misalignment of the GaN thinfilm was implemented
to evaluate if this model was as sensitive. As seen in figure A.4 the return loss was
only about 10 dB which means more development would be required to make it fulfill
the design specifications. Because of non-sufficient return loss and the simplicity of
the firstly designed combiner (figure 3.12) that simpler alternative was used for
production.
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Figure A.4: Tolerance analysis of thin-
Figure A.3: The optimized Y- film chip movement in z direction for
shaped combiner with a lossy chip. a full OMT utilizing the alternative Y-

shaped combiner shown in figure A.3.

A.2 Full-wave simulation of alternative combiner

For the other lossy combiner based on [58] simulated reflection coefficients and in-
sertion loss is shown in figure A.5. The reflection coefficient for port 1 worse than
for the simple combiner in figure 3.13, however the reflection coefficient for port 2
and 3 is substantially better. The insertion loss is actually similar between the two
combiners in the way that maximum insertion loss is below 0.1 dB in the band. Port
isolation and transmission from port 1 to 2 and 3 is shown in figure A.6. The port
isolation between port 2 and 3 is considerably higher than for the simple combiner
and transmission is close to —3 dB similarly to the simple combiner.
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B

Dielectric theory

In a simple case permittivity relate the electric field intensity (E) to the electric flux

density (D) in a material by,
D=¢ck (B.1)
where € is the permittivity. This equation is one of the constitutive relations used

when applying Maxwell’s equations to analyse materials. In this relation it is also
assumed that the material behaves in a homogeneous and isotropic way.

To model the interaction between material and electromagnetic fields some mod-
elling of the material is necessary. A commonly used model for dielectric materials
considers bound electrons with a presence of an electric field. The electric field E(t)
will displace the electron in the direction of the electric field and Newtons second
law is used to describe this by,

d*x(t)

o = e B(t) (B.2)

me

where e is the electric charge, m. is the electric mass and z(t) is the position of
the electron in the direction of applied electric field. If a first order restoring force
proportional to the electron displacement x with spring constant k is used to model
the binding of the electron equation B.2 changes to,

d*xz(t)
dt?

If also some damping effect is modelled by some friction force proportional to the

speed of the electron, equation B.3 can be modified to,

d?z(t) dz(t)
de? dt

For an applied sinusoidal electric field, described by E(t) = R(Ee’*"), the differen-

tial equation of B.4 can be solved by,

a:(t)=3%< _cB/me -eﬂ'wt>. (B.5)

w§ — w? + jwy

Me

=e-Et)—k-x. (B.3)

=e-E(t)—k-x(t) — mey (B.4)

Me

Now, remember that the electric flux density D can be written as

D=eE+P (B.6)
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B. Dielectric theory

where P is the polarization per unit volume. The individual electrons give rise to
a dipole moment of p = ex so by multiplying with the number of dipoles per unit
volume N its possible to rewrite B.6 as,

_ E/m, _
D:(eo—i— _— ém, )E (B.7)
wh — w? + Jwy

By comparing equation B.7 to B.1 we can see that € is now complex. This is usually
indicated as,
w) = € (w) — je' (@) (B3)

where €'(w) is the real permittivity and €”(w) is the imaginary permittivity [40].

Equation B.7 provide a simple model of a material where an electron is displaced
in its bound state. Real dielectrics can however be more accurately modelled by
several of these harmonic oscillators with different constants for N, e, m,, wy and
~. This could be expressed by some modification of equation B.7 to have,

2
Niei /mieo

w} — w? + jwy;

éw)=€e+e ),

i

(B.9)

If ¢ = R(é(w)) and €’ = J(é(w)) were plotted against frequency w, then resonant
structures schematically shown in figure B.1 for atomic effects and electronic effects
could be observed.

In figure B.1 two other effects are also shown. In some dielectric materials, for
example water, molecules can rotate to form different dipole moments [67]. This
effect is called orientation polarization. Figure B.1 highlight the decrease in ¢’ and
peak in €” that these effects could create [67]. At lower frequencies, also ionic
interaction affects losses by conduction in some materials [67]. Orientation and
ionic polarization are not very important for GaN at these high frequencies and the
frequency dependence can mostly be modelled as in equation B.9 [66].
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ionic /e atomic

S . . electronic
' orientation
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Permittivity
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Figure B.1: Illustration of how the real part (¢ = R(¢)) and imaginary part
(6" = —S(e)) of the complex permittivity are dependent on frequency. The different
phenomena are indicated.
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