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Synopsis

In this research, a design and simulation of a waveguide termination for WR03 band,
using SU8 based micromachined waveguides is reported. To achieve low level reflection for
the termination, two basic ideas are considered. Firstly, an open-ended waveguide port inside
the lossy material of SU8 has been investigated. Secondly, thin film conductor layers (silver
and platinum) are considered for waveguide walls. Additionally, for the improvement of the
final result, different kinds of tapering of the SU8 open-ended waveguide have been
analysed. Horn shaping of the waveguide structure in combination with tapering of SU8 has
also been evaluated. The best structure was WRO03 Platinum termination with height tapering

with a predicted return loss of better than -30 dB over the WR03 band.
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Chapter 1 INTRODUCTION

This thesis presents a fundamental study for the design of a waveguide termination in
millimetre wave frequency band. Several possible ways for the improvement of the
termination structure, using thin metal film waveguide, tapering, and horn shaping, have been

evaluated.

The field of sub-millimetre wave technology has recently been a subject of substantial
scientific research due to the development of new potential applications. This part of the
electromagnetic spectrum occupies the range from about 300 GHz to several thousands of
GHz; being between the microwave and infrared regions. Nowadays, both microwave and
optical regions are widely developed and have found many different industrial applications.
In the past the sub-millimetre frequencies were used mainly in radio-astronomy. The current
state of technology and science permits more utilisation of these widely unused band of
frequencies [1].

The engineering techniques at millimetre-wave frequencies bands are similar to the
microwave technology on one side, and with the optics on the other. The same solutions for
waveguides and resonators can of course be used in the millimetre frequency range.
However, there are many distinctive features specific to the millimetre-wave structures that
require further research and development, and implementation of the new technology [2].
Waveguides are a suitable choice for millimetre-wave devices. The difficulty in the
fabrication of small waveguides in sub-millimetre wave region can be solved by using

MEMS (MicroElectroMechanical Systems) technology[3].

One of the important waveguide components is the waveguide termination. A

termination is a one-port device with an impedance that matches the characteristic impedance



of a given transmission line or waveguide. It is placed at a specific termination or port of a
device to absorb the power transmitted to that terminal. Important properties of a termination
are its low reflection coefficient and good power handling capability. Terminations have
many applications such as the isolated port in a directional coupler, realisation of an isolator
by a circulator, the unused port of a power divider and calibration kits of measurement
instruments [1]. Terminations designed to accommodate high power are generally termed
dummy loads. Absorber, matched load and terminating load are other terms which are used

for termination.

The aim of this project is to study, design, and simulate a WR03 band waveguide
termination. WRO03 is a standard waveguide for the standard frequency range of 220-325 GHz

and has a cut-off frequency of 173.58 GHz; its dimensions are described in Table 1-1.

Table 1-1 Dimensions of WRO03 rectangular waveguide [3]

a(mm) b(mm) Cut-off frequency

0.8643 0.4318 173.58

Some of the recent projects carried out by the Emerging Device Technology (EDT)
research group at the University of Birmingham, have been focused on the design and
fabrication of different waveguide structures in the frequency band of 220-325 GHz such as a
diplexer [5], a slotted antenna [6], and waveguide filters [7]. The termination is useful for
future development of integrated waveguide structures like directional couplers, circulators
and non-reflecting filters. The measurement approaches at this frequency band have been

described in [8] and [9].

Consider a WR03 waveguide supported by the SU8 which the waveguide walls are

realised with evaporation of a good conductor like Silver or Platinum. Electrical conductivity



of Silver and Platinum are 6.3x10 (S/m) and 9.43x10° (S/m) respectively. SU8 is an epoxy
based, negative, near ultraviolent (UV) photoresist used for MEMS and other microelectronic
applications and was developed by IBM-Watson Research Centre in 1989. SU8 is highly
transparent in the UV range. This allows the fabrication of relatively thick structures (with
thicknesses being up to several hundreds of micrometres), with nearly vertical side
walls [10]. SU8 is the desired type of material for this work due to its good sensitivity to UV
light and the low cost instrumentation. SU8 has permittivity of 4.1 and loss tangent of 0.08 at
100GHz [3]. For the implementation of a termination there are different structures. These
specific characteristics of SU8 lead to use it as a suitable material for micromachining a

termination.

In this thesis the analysis and simulation of various terminating structures are
performed to find the best methods for realization of a good termination with the SU8
fabrication available. In this project the figure of merit for termination is its’ Sy; (the
corresponding reflection coefficient) which should be as small as possible. The small
thickness of the metallic wall increases absorption of the propagating signal and energy leaks
in to the SU8 resulting in better S;; for the termination. Additionally different methods of
tapering such as wedge and pyramidal tapering, for matching between open-ended waveguide
and SU8, have been used. Horn shaping at the open-ended port of waveguide has been
investigated. CST Microwave Studio has been used for full-wave simulation of the designed
structures. At the final stages of this project, the best structure has been chosen and an

accurate analysis has been carried out.



1-2 Thesis Overview

This thesis consists of eight chapters. The first chapter includes an overall definition of

the project and an overview of the thesis.

Chapter 2 contains a review of fundamental theory of waveguides and waveguide
terminations and discussion of other important literature. In this chapter a few waveguide

terminations which are published in the available literature are discussed.

Chapter 3 provides fundamental theory of loss in SU8 rectangular waveguide for thick
conductor and thin film conductor walls. The proposed approach, for reducing the reflection,
is discussed in this chapter. This approach contains two separate categories of path loss and
radiation from the open end into SU8, each one of which are thoroughly discussed. The path

loss consists of conductor loss, dielectric loss and radiation loss.

In chapter 4, the simple termination with different kinds of conductors is simulated and
analyzed. This simple termination contains an open ended rectangular waveguide which is

supported by SU8.

Chapter 5 presents different types of tapering on the previous simple termination
described in chapter 4 for the improvement of the return loss. These tapered structures consist

of three kinds of triangular tapering and a pyramidal tapering.

Chapter 6 describes a horn shaping approach for the improvement of the performance

of the termination.

Chapter 7 discusses the complete design of SU8 micromachined WRO03 termination
waveguide circuit which has been simulated with H-plane bend. The H-plane 90 degree bend

has been design to help the measurement technique. Both of these two circuits, WR03



waveguide termination and H-plane bend were designed using the separate SU8 single layer

technique.

Chapter 8 presents the key conclusion of the present study and discusses possible

future directions of this work.



1-3 Structure of the thesis

The structure of the thesis has been summarised in Fig. 1-2 which illustrate the

approach of this research and the information in of this thesis.

p
Chapter2
Study of loss in rectangular
Chapterl waveguide.
Study of fundamental theory of . Theory of an open ended
rectangular waveguide and y waveguide
waveguide terminations Theory of loss in thick
conductor walls of rectangular
waveguide
- / -
Chapter 3
Chapter 4 Theory of thin film conductors
Design of simple open ended into ‘ Validation of proposed
SU8 rectangular waveguide in . approach
comparison with Simulation
o e
Chapter 5 Chapter 6
Investigation triangular open ‘ R n
. : tangular waveguide horn
ended into SU8 waveguide cc ;
terminations shape open ended into SU8
/ /
s -
Chapter7
Chapter 8 ‘ Complete design of WRO03
Conclusion and further work N matched load and H-plane bend
and fabrication process
o / \

Fig. 1-1  Illustration of the structure of the thesis
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Chapter 2 FUNDAMENTAL THEORY OF

WAVEGUIDE AND TERMINATIONS

2-1 Introduction

This chapter contains two main sections; first, the basic theory of rectangular
waveguide, propagation modes; second, the discussion of published papers on waveguide

terminations. The theory used in this chapter can be found in [1] , [12] and [13]-[14].

In section 2-2 the general configuration of the rectangular waveguide is presented

including the definition of transverse electric field (TE), transverse magnetic field (TM) and

the cut-off frequency (femn).

Section 2-2-1 introduces the TE mode in more depth followed by TE wave impedance

formula (Z+g), intrinsic impedance (7), propagation constant (5), wave number (k) , cut-off

wave number (k;) and cut-off frequency (femn) equations.

In section 2-2-2 , the final section of Chapter 2, a published paper on waveguide

terminations is reviewed.

2-2 Rectangular Waveguide

In microwave engineering, rectangular waveguides were one of the earliest types of
transmission lines, they are used to transport microwave signals for many applications [1].

The geometry of the rectangular waveguide is shown in Fig. 2-1.
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Fig. 2-1  General configuration of a rectangular waveguide (a) Structure (b) Rectangular waveguide

with flange

Rectangular waveguides cannot support transverse electromagnetic (TEM) waves,
because they consist of just one separated metal. Waves in rectangular waveguide
propagate in transverse electric (TE) and transverse magnetic (TM) modes. There is a
cut-off frequency (f;), below which, the propagation is impossible [12]. Since it has
been assumed thata > b, the lowest cut-off frequency (which is called dominant one)

occurs for TE1g. The TE mode is discussed in the next section.

2-2-1 TE mode

The TE mode consists of a zero electric field and non-zero magnetic field in the
direction of propagation. Thus the characteristic of TE mode is E;=0 and Hz#0. The TE

mode impedance is given by [12],

ZTE:—X———Y—%—k—n (2-1)

where 7 is the intrinsic impedance of the material which fills the waveguide [12].



n= g (2-2)

The propagation constant, S is defined as [12]:

p- o (2-3)

k, is the free space wave number, defined as [12]:

k= wa_g (2-4)

and, k. is the cut-off wave number [12]:

K, = \/(%f T (”{)z (2-5)

Each mode has a cut-off frequency given by (2-6), for frequencies below this

propagation is not possible [12]:

fcmn = 1 \/(Ejz +(n_7fj2 (2'6)
27\ e a b

The propagation mode with lowest frequency is called the dominant mode. TEj is the

dominant mode for TE modes. The distance between two equal phase planes along the

waveguide is called the guided wavelength given by [12]:

Ay =— (2-7)



2-2-2  'Waveguide Terminations

Matched loads for waveguides are reported frequently in literature but most of them are
for microwave frequencies. In the millimetre wave band, the implementation of a suitable
termination is a new topic for researchers and engineers. The usual methods for realisation of
termination at microwave frequencies are based on the use of a tapered wedge or slab of lossy
materials, like graphite, inserted into waveguide as shown in Fig. 2-2. The dielectric loss of
the material leads to absorption of the incident power. Tapering the shape of the lossy
material causes a suitable low reflection coefficient. A length of one or more wavelengths is
usually enough to have a termination with VSWR of better than 1.01:1 and return loss better

than 46 dB [1]. An increase in length may be needed for high power terminations.

(@) (b)

Fig. 2-2  Terminations for a rectangular waveguide, a) wedge of a lossy material, b) tapered slab of a

lossy material taken from [1]

The geometrical shape of the lossy material can be varied to achieve lower reflection
and suitable high power capability. Fig. 2-3 shows two more structures for matched load of

waveguide [13].
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Short circuit

-
Lossy material || Reetangulaf
aveguide

Fig. 2-3  two other structures for matched load of waveguide [13]

In [22] suitable termination structures are proposed for single-ridged waveguide and

double-ridged waveguide with pyramid absorber which are shown in Fig. 2-4.

@ (b)

Fig. 2-4  Termination structure for a) single-ridged waveguide, and b) double-ridged waveguide [22].

Green areas show lossy materials.

In [14] two novel methods are proposed, both of which use a single thin resistive sheet
absorber supported by Styrofoam walls and total length of 50 mm for the waveguide
dimensions of WR90, which a = 22.86 mm, b = 10.16 mm to achieve nominal absorption of-

120 to -30 dB.

Fig. 2-5 (a) shows a standard tapered-wedge absorber. The wedge shape allows a
gradual transition between waveguide and absorbing media. As the E-field is in Y-direction

and the TE;o mode of the waveguide reaches a maximum at x=a/2, the best positioning of the

11



wedge is to place it vertically in the centre of the waveguide to achieve maximum

absorption [14].

Fig. 2-5 (d) shows the structure of V-shaped wedge where in (e) it shows 40 mm taper
with 10 mm deep rectangular base. In (f) the taper has been extended over the full length of

50 mm of absorber [14].

Waneg icde
Wy \“»\
\A
- Ly Ax N
A _ incoent wave ~A X
Weage /
" Wedge
(a) Basic Structure (d) Basic structure
= 10mm o
50 mm / > .
~ 40 mm_ /’ =
‘/_/- <
. = s L
O | e (L L
\_ Styrofoam ; 2 o f : ’\ NG
Wedpe e \ Styrofoam

Wedge

(e) Vertical Styrofoam walls, 40mm taper

Wedge

Wedge

(c) Tapered Styrofoam walls (f) Tapered Styrofoam walls, SOmm taper

Fig. 2-5 Innovative structures for waveguide termination, (a) Basic Structure (b) Vertical Styrofoam
Walls (c) Tapered Styrofoam Walls, (d) Basic Structure (e) Vertical Styrofoam walls with 40 mm taper

(f) Tapered Styrofoam Walls with 50 mm taper [14].

At sub-millimetre wavelengths similar ways of power absorption can be used, but certainly
more detailed considerations are required. Dimensions at millimetre wave frequencies are

very small and therefore such devices need very accurate fabrication [10].

12



2-3 Conclusion

In this chapter a few fundamental concepts in waveguide theory have been discussed
and the available literature on theory and fabrication of waveguide terminations has been
investigated. At microwave frequencies there are many designs and products for dummy
load, but at the millimetre waves there is a considerable lack for the suitable waveguide
terminations. Microwave waveguide terminations are usually designed based on tapered
absorbers inside the waveguide, but this concept has not been validated for mm-wave

applications.
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Chapter 3 LLOSS IN SUS8 RECTANGULAR

WAVEGUIDE

3-1 Introduction

This chapter starts with a description of finding a suitable structure for the waveguide

termination which provides the lowest reflection coefficient.

Fig. 3-1 presents the general configuration of the SU8 rectangular waveguide and SU8
rectangular waveguide termination. In this design the WRO03 rectangular waveguide walls

made by conductor and they are surrounded by dielectric which in this project it is SU8.

.
Weovegude Tetmmaton Pom for

| WROS rectanguiar
| wavegude, made by
f conductor

et gral

(a) (b)

Fig. 3-1  General configuration of (a) WRO03 rectangular SU8 waveguide (b) WRO03 rectangular

waveguide termination

Section 3-2 presents dissipations concept for increasing return loss. Section 3-3 contains a
review of literature on open ended rectangular waveguide and the reflection coefficient from

an ideal open ended waveguide. Additionally in this section, a comparison between the result

14



of the theory and the ones obtained by electromagnetic full-wave simulation using CST

Microwave Studio will be discussed.

Section 3-4 describes the possible approaches in increasing the attenuation of the signal
travel in to the rectangular waveguide. This section is divided into two sub-sections.
Section 3-4-1 looks into the literature on attenuation of a signal in rectangular waveguide
made by thick conductor walls. The graph of the attenuation for WRO03 rectangular
waveguide with different conductors versus frequency is shown in this section. The theory in
this section can be found in [1] and [12]. This is followed by the theory of thin film
conductors. Section 3-4-2 presents the equation of the attenuation of the signal in rectangular
waveguide fabricated with thin film walls which is validated by the comparison with other

works and simulations. The theory used in this section can be found in [12] and [15].

3-2 Dissipations Concept for Increasing Return Loss

The main focus of this project is to find a suitable terminating structure which provides
the lowest reflection coefficient. Tapering structures such as triangular, pyramidal or cone are

potentially suitable for this aim.

The low reflection coefficient means that the reflected power is essentially very low,
which means that the power is dissipated in the termination. There are two general
components of dissipation in the termination: First, from the open-ended side of waveguide,
some amount of power will be radiated into the environment filled area (Fig. 3-1 (b) SUS, in
this case). Second component is the path loss of power in the forward and backward
directions in the waveguide. This path loss is due to two different sources: a) conductor loss

of waveguide walls, b) leakage of wave into waveguide environment, part of which will be

15



dissipated due to dielectric loss of the dielectric environment and the remainder will be

radiated. Fig. 3-2 depicts the above-mentioned procedure for increasing the return loss.

l Increase of Return Loss |

Path Loss (Due to Open End
Waveguide

Using Thin Film
Radiation Loss

waveguide walls)

Conductor f d
Leakage Loss rom open en
2 Loss into SU8
Dielectric Radiation Open-end Dielectric
Loss Loss Loss Loss

Fig. 3-2  Block diagram of dissipations concept for increasing return loss

One strategy to have higher losses is using very thin conductor walls (adequately
thinner than the skin depth J5) to increase conductor loss and also allow radiation into the
SU8. This approach is potentially feasible as the fabrication can include controlled

evaporation of metal layer on SU8 waveguide walls.

Therefore, for analysis and design of a termination two separate cases are considered:
1- Open-ended waveguide to realise the reflection from an open ended waveguide in to the
air, 2- Path loss (leakage waveguide and resistive loss). Finally the termination will be a

combination of these two cases.

Additionally, to compare the level of matching between waveguide and SUS8
environment at the open-end, various types of tapering on SU8 have been evaluated.
Matching decreases the amount of reflected wave at open-end and therefore increases the

radiation loss.
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3-3 Open-Ended Waveguide

As mentioned previously an open-ended waveguide may be a suitable platform for
realisation of a waveguide termination. There are closed form expressions for radiation from
an ideal open-ended waveguide [16]-[17]. Fig. 3-3 shows the general configuration of a

rectangular waveguide with a wall thickness t.

[

¥
1
4

4

l———>]

! a !
Fig. 3-3  The general configuration of a rectangular waveguide

An expression from [18] is used for reflection coefficient from an ideal open-end

waveguide, which is given by:

—8.023+24.083r — 27.624r? +15.747r° —4.484r* + 0.51r° + t ,0< t <0.11
3.3a a 3-1
ITl= 0.009r 4.412(In(r)) 3.849 't t S
—4.31+0.496r +— +— +— - 5 ,0.11<—<0.31
In(r) r r 5.5ar a
where r is the normalized frequency given by:
r=t (3-2)
fC

Comparison of the results obtained from the aforementioned theory with ones obtained

by electromagnetic full-wave simulation using CST Microwave Studio has been

17



performed. Fig. 3-4 shows the comparison between above-mentioned theory, with CST

results for a WRO03 open ended waveguide into the air with PEC* walls.

S, @8)

A5 ! ) L . . .
220 230 240 250 260 270 80 280 300
Fraguency (GHz)

3:113 320
Fig. 3-4  The comparison between S;; evaluated theory from eq (3-1) and CST for an open-ended
WRO03 waveguide with PEC walls.

However in this project, the waveguide is not open-ended into the air as it is enclosed

by SU8, as shown in Fig. 3-5.

Grey zone-
Conductors
X

Waveguide Termination Port for
incident signal

Fig. 3-5 Section view of the WR03 waveguide supported by the SU8 in CST enviroment. The green

region is SU8, gray parts are metal and the red part is the port.

! perfect Electric Conductor
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Fig. 3-6 displays Si; for a WR03 waveguide open-ended into SU8 which simulated
with open boundary condition, with its structure defined in Fig. 3-5. As expected, the
mismatch between open-ended waveguide and waveguide environment which is filled with
SU8 is increased (in comparison with waveguide and air environment). The reflection

coefficient at the open end depends on the wave impedance outside the waveguide. As this

has changed to a value close to 50 Q (77 =1,/4/¢, ) hence the reflection has increased.

s, (@B)

r r r r r r r r r

-10
220 230 240 250 260 270 280 290 300 310 320

Frequency(GHz)

Fig. 3-6  Sy; in dB for a WR03 waveguide open-ended by SU8 shown in Fig. 3-5

Comparison between Fig. 3-4, S;; versus frequency for open ended waveguide into air
and Fig. 3-6, Si1; versus frequency for open ended waveguide into SU8, it can be seen that
SU8 increases reflection and hence degrades the termination performance, but SU8 is

preferred for the physical realization of the structure of this project.

Improvement of the reflection by the second method, path loss, will be investigated in

the next part.
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3-4 Path Loss

To have a termination with minimum amount of reflection, the signal must be
attenuated in the waveguide as much as possible. Therefore the path loss is going to be

increased and it is consists of:

1) Conductor Loss: because of conductor loss of waveguide walls (thick and thin

conductors are looked at)

2) Leakage Loss: because of leakage of wave into waveguide environment (SU8), the
wave will be dissipated due to the dielectric loss of SU8, and the remaining power will be

radiated.

Absorber’s material is previously determined to be SU8 which has loss tangent of 0.08
at frequency of 100 GHz [3]. Hence only the optimization of the waveguide walls is required.
If the waveguide walls become too thin, the energy escapes as the wave travels down the
waveguide which increases the leakage loss and conductor loss and this effectively acts as an
absorber. To calculate the values of conductor losses we begin by investigating the normal

conductor case and then extend it for relatively thin conductors.

3-4-1 Thick Conductor Walls

There exist two sources for attenuation of the signal in waveguides, conductor loss and
leakage loss. In this section it is assumed that within the body of the conductor the current
density is zero. For a hollow rectangular waveguide with width a and height b, the
attenuation due to conductor loss in Np/m (for dominant mode of TEi) can be written

as [12]:

20



(3-3)

Where P_ is power loss and Py is the propagated power in the rectangular
waveguide [12]. Therefore, the attenuation due to conductor loss can be calculated by the
following equation [12]:

a p‘a’
) 27°R, (b+§+72 )

R
= = T — S__(2brz® +a’k? Np/ m
Ger 2P, oua’ a3bﬂk77( g ) (Npfm)

(3-4)

In equation (3-4) g is the propagation constant, k is the wave-number and 7 is the

inherent impedance of free space,

(3-5)

n= /ﬂ=3779
&g

and Rs is the surface resistance of waveguide conductor walls, which at an angular frequency

of w is equal to [12]:

O (3-6)

s 20 00

In equation (3-6), o is the conductivity of waveguide conductor walls and Js is the skin
depth which is a function of the frequency and defined as the depth below the surface of the
conductor where the current density has fallen to 1/e for any planar conductor. The current

density is maximum near the surface and decrease with greater depths into the conductors [1]:

5 = |- (3-7)
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Fig. 3-7 shows the attenuation in dB/mm versus frequency which has been calculated
from eq.(3-4) for six different conductors with different conductivity values. From Fig. 3-7,

silver and platinum have been chosen to use in this project.

0.09¢ T T T T T T T T T
------ Silver, o© =6.3e7
0.08 Copper, o =5.81e7
"""" Gold , o = 4.09e7
""" Nickel, o = 1.44e7
o007~ T~ e Platinum, c = 9.52e6
Titanium , c = 2.38e6
€ 0.06-
E
)
=
_5 0.05 N
]
>
c
S (I
< 0.04 e ,
T N
0.02F =r=emuo_ _. -
\___.-._ ---------------------------------------------
0.01° e
220 230 240 250 260 270 280 290 300 310 320

f (GHz)

Fig. 3-7  The attenuation for WRO3 rectangular waveguide with different conductors versus frequency

based on proposed theory from [12] in eq. (3-4).

In the case of this design, for the silver conductor at frequency of 300 GHz, from (3-7)

the skin depth is 115.768 nm, from (3-6) Rs= Xs=0.137 Q/sq s0, Zs= 0.137 + j0.137 Q/sq.

For Platinum, another candidate for the realization of this waveguide structure, the skin

depth is found to be, 6s= 297 nm, Rs= Xs=10.354 Q/sq. S0 Zs= 0.354 + j0.354 Q/sq.

a is usually described by Np/m but it can be also useful if it is shown by dB/m. To

change between these two units, the following equation can be used [12]:

a (dB/m) = 8.686 x a. ( Np/m) (3-8)
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In equation (3-8), 8.686 is 20log(e). Fig. 3-7 shows the attenuation in dB/mm for WR03

waveguide with different conductors versus frequency.

Additionally the value of the attenuation in WRO03 for different frequencies versus

conductivity is displayed in Fig. 3-8.

0.09

3 3 L L

Titanium

—O— f= 220 GHz
0.08 - --EF- = 240 GHz -
Qe £ = 260 GHz
—4— = 280 GHz
0.07 —%— f= 300 GHz -
—<— =320 GHz

0.06 [~ K

0.05 -

Attenuation (dB/mm)

0.04 -

0.03 -

0.02 -

0.01

Fig. 3-8  Loss versus conductivity in WRO3 rectangular waveguide for different frequencies
3-4-1-2 Comparison with Simulation

In this stage, for the validation of the presented approach, the calculated results from
the proposed theory from [12] are compared with simulation results which are obtained from
CST Microwave Studio. Fig. 3-9 compares the calculated amount of the attenuation with the

CST simulation results. There is good agreement between the two results.
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Fig. 3-9  Attenuation in dB/mm versus frequency for WR03 Silver rectangular waveguide, comparing

theory from eq. (3-4) and simulation from CST.

The values of attenuation for a normal thickness conductor are not sufficient for this
case to adequately improve the reflection coefficient. For example for a return loss of -20 dB
a | = 1667 mm long waveguide is needed. Therefore to increase the attenuation thin film
conductors are to be used as waveguide walls. To achieve this goal the concept of finite

thickness thin films should be analysed [15].
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3-4-2 Thin Film Conductors

It has been mentioned that in order to increase the attenuation level, thin film
conductors shall be used as waveguide walls. Fig. 3-10 shows a plane wave incident onto a

thin film of conducting material. The thickness of the substrate is assumed to be infinite.

Incident Plane Wave
Vacuum

F 3
ThinFilm  Z. tmm)

A 4

Substrate Z4

Fig. 3-10 Film of conducting material with thickness of t on the surface of a substrate showing an

incident plane wave [15].
As shown in Fig. 3-10, if a film of conducting material with surface impedance Zs and
complex propagation constant ys is grown on a substrate with surface impedance Zq, then the

impedance, looking from the upper surface of the film towards the substrate as shown in Fig.
3-10, is fundamentally similar to the input impedance of a transmission line with impedance
of Zs and length of t which is loaded by load impedance of Z4 and therefore can be given

by [15]:

Zd + Zstgh( ’Yst )

Zf =&
Z,+Ztgh(y,t)

(3-9)

Where ‘t’ is the thickness of the thin film. This is a well-known expression for
calculating the impedance of a block of material. Z is the normal conductor impedance [12]

given by:
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Zs =Ry + jXs =1+ J)«,Z)_ﬂ (3-10)
o

Therefore it can be inferred that:

X, =R, = /% L (3-11)
20 00

Assuming the dielectric is not lossy, in eg. (3-9) the impedance of Z4 can be written as, [15],

. Y7, . O Ko -
Zy =Ry + JX, zq}(?) (1+12—w€—ﬁ) (3-12)

w &

Hence from eq ( 3-12) it can be concluded that:

R, =.[(£) (1_3L222) (3-13)
e 20°¢

and

X, =\E =) (3-14)
& 2we

In addition it is known that:

oc=wstand (3-15)

In this case where the dielectric is SU8 withg, =4.1, tan =0.08we have o =5.474122 .

Therefore, for the SU8, from (3-13), Ry = 184.26 Q, from (3-14), Xq= 7.44 Q, hence Z4=

184.26 +j7.44 Q.

The complex propagation constant of a conductor is [12]:
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.\ |ouoc 3-16
Vs = (1+ J) L ( )
2
Based on the aforementioned equations the amount of conductor loss of the waveguide
with thin film walls can be calculated. For this purpose, R in eq. (3-4) must be calculated by
real part of Z; in eq. (3-9). This means that considering Z; = R;+ jX;, then according to eq. (3-

4) the attenuation constant for a thin film conductor can be calculated by the following

equation.

R
der =———(2bz® +a’k?) (3-17)
a’bpkn
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3-4-2-1 Validation of the proposed approach

In order to validate this approach a comparison between this method and another
formulation has been performed for the attenuation constant derived from Lucyszyn, et.
al., [25]. They proposed a formulation for the complex propagation constant that is dependent
on surface impedance, the attenuation constant will be the real part of the propagation
constant. For the surface impedance the expression of eq. (3-9) must be used. According
to [25], the propagation constant of a metal dielectric-filled rectangular waveguide in TEmg

mode can be expressed as follows [25]:

Where; I', is [25]:
Mo ke’ ke (3-19)
In which, K. cut off wave number is [25]
ko = axJue (3-20)

And, K, wave number in TEqg mode is [25]

k,, = oJus(l— jtan5) (3-21)

where tan 9§ is the loss tangent of dielectric inside the waveguide which is equal to zero
in the case of air-filled waveguide. Now in the case of thin films Z; of eq. (3-9) has been used

instead of Zs, and therefore attenuation constant for TE;o mode can be written as [25]:
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27,

Ocr = Re{\/rdz — J a)ﬂb

The attenuation curves for different values of waveguide height, b, for a rectangular

waveguide with a=1.5 mm (the cut-off frequency in TE;, of f. =100 GHz) versus normalized

[ 5y - Kc2(1+2—b)]}
ca a

frequency (normalized to f.) have been calculated and then compared with the reported

results in [25]. These are shown in Fig. 3-11. There is good agreement between two

approaches.
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Fig. 3-11 The attenuation curves (in dB per guided wavelength) for the different values of ‘b’, for an

air-filled rectangular waveguide with a=1.5 mm (f. =100GHz) versus the normalized frequency (f/fc), a)

reported in [25] from eq. (3-18), and b) Results obtained from eq (3-17) for t = a/100.

Fig. 3-12 displays a comparison of these two methods for loss of 0.018s thickness of

Silver WR03 waveguide. Hence the validity of the proposed approach based on eq. (3-17) has

been confirmed.
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Fig. 3-12 Comparison of two different theory methods based on Pozar [12] from eq(3-17)and Lucyszyn,

et. al., [25] from eq (3-22) for loss of 0.0135 thickness of Silver WR03 waveguide

3-4-2-2 Theoretical Results

It has been inferred that the formulations of eq. (3-17) and eq. (3-22) have same results
and therefore either of them may be used. Fig. 3-13 displays the calculated loss versus

relative thickness (ratio to skin depth) of Silver thin film using eq. (3-17).
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Fig. 3-13 The amount of the conductor loss in dB/mm for Silver.

Fig. 3-14 displays the loss versus frequency for the different thicknesses of Silver

relative to skin depth at 300 GHz (which is equal to: 6s=115.7 nm) for WR03 waveguide.
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Fig. 3-14 Conductor loss versus frequency for different relative thicknesses in WRO03 Silver rectangular

waveguide (relative to skin depth of Silver at 300GHz) from eq. (3-17)

As expected, it can be seen that for the thinner conductors, the values of losses are

considerably increased. Also the loss versus frequency has been plotted for the different
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thicknesses of Platinum relative to its skin depth at 300 GHz (here &s= 297 nm) for WR03

waveguide the results are shown in Fig. 3-15.
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Fig. 3-15 Conductor loss versus frequency for different relative thicknesses in WR03 Platinum

rectangular waveguide (relative to skin depth of Platinum at 300GHz) from eq. (3-17)

It can be concluded that the value of losses for Platinum is considerably greater than

Silver. Therefore Platinum is better than Silver as a possible attenuator or a termination.

3-4-2-3 Comparison with Simulation

In this section the results of the thin film theory will be compared with the results of
simulations carried out in CST Microwave Studio to confirm the accuracy of the proposed
method and to validate the calculations. For this purpose a WR03 waveguide with thin film

walls supported by SUS8, as shown in Fig. 3-16, is considered.
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Fig. 3-16 A thin film WRO3 rectangular waveguide supported by SU8 in CST. (a) Side View- (b) Top
View. Grey zone show the thin film walls, green zone shows SU8, and two red sections show waveguide

ports.
For good simulation of a thin film waveguide in CST, at first the usual waveguide
structure was used and thin film walls were modelled with a very thin built-in lossy metal

material. But with this approach CST cannot simulate thin film walls properly and results
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were independent of wall thicknesses, as the built-in lossy metal material model in CST
supposes that the metal thickness is much greater than the skin depth. Therefore modelling
thin walls with thin metal bulks is not suitable and another solution should be found. It was
seen that the best solution for modelling of thin film lossy metals in CST is by using
tabulated surface impedance materials which are dedicated for thin layer of lossy metals. For
these materials, there are tables which contain the values of the normalized surface

resistances (Rsn) and reactances (Xsy) for different frequencies which can be calculated by:

Zd + Zstgh(yst)

Ry = Re(Z,
AR IVAY

) (3-23)

Zd + Zstgh(yst)

X =IM(Z
" (st+zdtgh(nt>

) (3-24)

Therefore by using this approach thin layer of lossy metals can be modelled in CST. Fig. 3-17
shows the values of the attenuation versus frequency for WRO03 air-filled Silver rectangular
waveguide supported by SU8 for different thicknesses relative to its skin depth at 300 GHz

(which is equal to: s =115.7 nm).
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Fig. 3-17 Comparison of theory and simulation for the values of the losses versus frequency for WR03

air filled Silver rectangular waveguide supported by SU8 for a) t =105, b) t =4, , ¢) t =0.15, and d)

t =0.015; . Theory is based on proposed formulation of eq. (3-17).

It can be seen that the simulation results obtained with CST have good agreement with
the theoretical results. At first glance, more losses at higher frequencies may be expected, but
it must be noted that t is assumed constant (is equal to skin depth of Silver at 300 GHz =
115.7 nm) and therefore the relative thickness of waveguide walls (t ratio to skin depth at

each frequency) at lower frequencies is lower than the relative thickness at higher frequencies
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and therefore the amount of attenuation at lower frequencies will be greater than those at high

frequencies.

Additionally, Fig. 3-18 displays the values of the attenuation versus frequency for

WRO03 air-filled Platinum rectangular waveguide supported by SU8 for different thicknesses

relative to its skin depth at 300 GHz (which is equal to: 8s= 297 nm).
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Fig. 3-18 The values of the losses versus frequency for WRO3 air filled Platinum rectangular waveguide

supported by SU8, for: a) t =105;, b) t =6, ¢) t =0.15; and d) t =0.015 . Theory is based on

proposed formulation of eq. (3-17)

In the case of Platinum also, the theory and CST agreed.
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Another method described in the CST literature is by using the formula of sheet
resistance, this is the resistance of thin film that are uniform in the thickness. It is applicable
to two dimensional systems in which thin films are considered as two dimensional objects. In

the three dimensional case, as shown in, Fig. 3-19 the resistance can be written as [33]:

ot (3-25)

In equation (3-25) p is the resistivity, A is the cross-sectional area and L is the length.

The cross sectional area is split into the width and the sheet thickness.

(@) (b)

Fig. 3-19 a) Resistivity of a bulk conductor b) resistivity in a thin conductor. In both cases, the current

is parallel to the double arrow near the letter L [35]

By dividing the resistivity by thickness, the resistance can be written as [33]:

(3-26)

Where, R; is the sheet resistance. So if the thickness of the film is known the sheet

resistance can be calculated from:

&:§ (3-27)
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Moreover, the mentioned formula can also be concluded based on eg.(3-9). Assuming a

good level of conduction (Z, tgh(yt) >>Z;), then regarding to small amount of t, we will

also have tgh(y.t) <<1, therefore the eq. (3-9) can be approximated by:

Zy+Zgh(rt) _ 7 Zy __ 4 (3-28)

Z. = = =
TR Z o4 Z4gh(rt)  C Zytgh(rt)  tgh(r)

By assuming the film is adequately thin (.t <<1), then it is clear that:
z, === (3-29)
Using eq. (3-10) for Zs and eq. (3-16) for ys, it can easily be concluded that

G “"‘

(1+ J)«/

Therefore: R, :% X, =0 (3-30)

3-5 Conclusion

In this chapter, the dissipation strategies for increasing return loss have been discussed
and then each loss component has been analyzed separately. These strategies are increasing
path losses due to using thin film conductor wall waveguide and having open-ended into
dielectric environment. The conductor loss of different materials has been discussed and
finally an analytical formulation for calculating of thin film conductor has been proposed. Its

validation has been confirmed by comparison with other works and simulation results.
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Chapter 4 WAVEGUIDE TERMINATIONS

4-1 Introduction

The reflection from an open-ended waveguide is discussed in Chapter 3. The main
objective of this chapter is to propose a design of simple WRO03 rectangular waveguide
termination using the theory of open ended waveguide which is discussed in Chapter 3,
section 3-3 and using thin film conductors for waveguide walls, by electromagnetic full-wave

simulation using CST Microwave Studio.

In section 4-2 the general configuration and dimensions of the termination will be
followed by sections 4-3 , 4-4 and 4-5 which PEC, Silver and Platinum has been used for the

design and simulation.

4-2 General Configuration

The reflection from an open-ended waveguide and path loss of thin film waveguides
has been discussed previously. Now the combination of these two concepts will be
considered. The general configuration of a simple termination is shown in Fig. 4-1. For SU8
reasonable values of width, ap=2a and height, bo=a are assumed. Therefore, the final size of

termination to be studied will be (L+d)x2axa.

Waveguide with thin Silver and Platinum to help form terminations will be discussed in
the separate sections. For the case of Silver and Platinum, relative thicknesses of skin depth

fraction of 0.1 J; and 0.016 at 300 GHz will be investigated.
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Fig. 4-1 General configuration of a half section, of simple open ended into SU8 termination. Grey zone

show the thin film conductor walls, green zone shows SU8. (a) ZY sectioned view, (b) XZ sectioned

view
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4-3 Simple Termination with PEC

First a simple termination with PEC, shown in Fig. 4-1 has been designed and
simulated for different amounts of d. The boundary conditions are considered as open to see
the radiation. By comparing the results of the simulation from Fig. 4-2, it can be seen that for
d, 5 mm Sy; has optimum result as it has uniform ripples in the whole frequency band with
less changes and as it moves toward the higher frequency the ripples decreased
considerably. Fig. 4-3 displays the magnitude of S;; of a WR03 termination with PEC for
L=10 mm and d=5 mm. Also the loss tangent of SU8 in this simulation has been considered
as 0.08 at 100 GHz, which quantifies the dielectric material’s inherent dissipation of the

electromagnetic energy into heat.

55+

6.5 A — =7 mm 4

s,, (dB)

751 RN -

-85~ -

95~ -

-10 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 4-2 The Sy; of a WRO03 simple open ended into SU8 termination with PEC for L=10 mm and

different values of*d’.
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Fig. 4-3 The Sy; of a WRO03 simple open ended into SU8 termination with PEC for L=10mm and d=5

mm.

As it can be seen from the Fig. 4-3 the WRO03 simple termination with PEC is a poor

termination due to the high amount of reflection it.

4-4 Simple Termination with Silver

First a WR03 waveguide termination as shown in Fig. 4-1 with Silver thin layer walls has
been simulated. Fig. 4-4 shows the magnitude of S;; for the WRO03 Silver termination with
metal thickness of t =0.15; (skin depth of Silver at 300GHz which it is equal to: ds= 115.7
nm) for L=10mm and d=5mm. A tabular surface impedance model for thin films was
used [34]. According to eq. (3-9) discussed in section 3-4-2, thin film conductors, the
impedance, looking from the upper surface of the thin film towards the SUS8, has been

calculated. The calculated resistance and reactance for silver thin film sheet at 3 different

frequencies is been given in Table 4-1.
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Table 4-1 Tabular surface impedance model, used for Silver in CST for t=0.1 ¢, where §, =115.7 nm

Frequency (GHz) Resistance (Q) Reactance () ‘
220 RSN =1.3617 XSN=OOO73
270 R5N=13618 XSN=00087
300 Rsy=1.3618 Xsn=0.0096
9.4 - -
9.6~ .
-9.8
g -
U)H
-10.2
-10.4 - -
-10.6 - .
_ 08 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 4-4  The Sy; of a WRO3 Silver termination with thickness of t = 0.1 §; where §;=115.7 nm at 300

GHz for L=10 mm

The effect of the length of SU8 in the front of the open-end (parameter of d), for three

different values of d have been compared and displayed in Fig. 4-6.

For constant amount of thickness it is clear that the ratio of t/d is increased at higher

frequencies (because the skin depth (o) is decreased at higher frequencies) therefore the effect

of using thin film for improvement of reflection will be decreased at higher frequencies.
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Additionally from open ended equations (which it is shown for PEC waveguide in Fig. 3-4)

we expect that S;; will be decreased at higher frequencies.

These two mentioned independent trends make frequency behaviour of total reflection.
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d=1 mm
d=2 mm
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Fig. 4-5 Comparison of the S;; of a WRO3 Silver termination with thickness of t =0.1 5, where 6=

115.7 nm at 300GHz for different values of d and L=10 mm.
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Fig. 4-6  Comparison of the S;; of a WRO3 Silver termination with thickness of

t=0.1 6, =11.57nm for different values of d and L=10 mm.

It can be seen that the small values of d degrade the termination a little and higher values do
not improve the result considerably. Therefore, it can be deduced that d=5 mm will be a good

value for this termination structure with a film thickness of t =0.1x 5, -

Additionally, to evaluate the effect of the thickness of thin film conductor walls on reflection

coefficient of the desired termination Fig. 4-7 shows the value of the S;; for a WRO03 Silver
termination with metal thickness of t =0.016; for L=10 mm and d=5 mm. The values of

resistance and reactance have been calculated and are shown in Table 4-2.
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Table 4-2 Tabular surface impedance model, data for Silver in CST for t =0.01 5, where 5, =115.7 nm

Frequency (GHz) Resistance (Q) Reactance () ‘
220 | Rsn =12.7636 | Xsn=0.0501
270 Rsn=12.7681 Xsn=0.0407
300 Rsn=12.7698 Xsn=0.0367

The reflection in this case is acceptable for a termination and it is considerably better

than a normal Silver thick waveguide, but it must be noted that the thickness of Silver is very

small (1.157 nm which approximately is equal to height of 4 atoms of Silver).
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Fig. 4-7  The Sy; of a WRO3 Silver termination with thickness of t =0.015; =1.157nm for L=10

mm and d=5 mm.
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In this case the value of the reflection coefficient is compared for different values of d

and L=10 mm which it is shown in Fig. 4-8.
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Fig. 4-8 Comparison of the S;; of a WRO03 Silver termination with thickness of

t =0.016, =1.157nm for different values of d and L=10 mm.

In the case of t=0.015; also the value of d=5 mm seems to be a proper value.

4-5 Simple Termination with Platinum

Here Platinum is used for carrying out a comparison with Silver. Platinum is a metal

with lower conductivity. Fig. 4-9 shows the S;; of a WRO03 Platinum termination with metal
thickness of t =0.105 (skin depth of Platinum at 300 GHz which it is equal to: ds=297 nm)

for L=10mm and d=5mm. Data for the tabular surface impedance model, according to eq.(3-

9), is given in the following table:
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Table 4-3 Tabular surface impedance model data for Platinum in CST for t =0.1 5, where 5, =29.7 nm

Frequency (GHz) Resistance (Q) Reactance ()
220 | Rsn =3.4698 | Xen=0.0212
270 Rsn=3.4702 Xen=0.0244
300 Rsn=3.4703 Xsn=0.0265
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Fig. 4-9  The Sy; of a WRO3 Platinum waveguide termination with thickness of t =0.15, for L=10 mm

and d=5 mm.

In this case also the value of reflection is compared for different values of d and L=10
mm which it is shown in Fig. 4-10. Therefore from Fig. 4-10 for Platinum d=5 mm is an
optimal value as it has less ripples and changes in the whole frequency band comparing with
d=2 mm. As the total size of the device at the end will be important and it would be great to

be able to make it as small as possible, between d =5 mm and d = 10 mm, d =5 mm will be

chosen.
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Fig. 4-10 Comparison of the S;; of a WRO03 Platinum termination with thickness of t =0.15, for

different values of d and L=10 mm.
Moreover Fig. 4-11 shows the value of the S;; for a WRO03 Platinum termination with
metal thickness of t=0.015 for L=10 mm and d=5 mm. For defining this thickness of

Platinum in CST as a tabular surface impedance model, eq. (3-9) has been used to define the

values which are given in the following table.

Table 4-4 Tabular surface impedance model, data for Platinum in CST for t =0.015,

Frequency (GHz) Resistance (Q) Reactance () ‘
220 | Rsn =29.6448 | Xsn=0.2683
270 Rsn=29.6697 Xn=0.2174
300 Rsn=29.6790 Xsn=0.1955
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Fig. 4-11 The Sy; of a WRO03 Platinum termination with thickness of t =0.015; =2.97nm for L=10 mm
and d=5 mm.
In this case as can be seen from the Table 4-4 , the values of Rgy and Xsy are high so
the S;; result is completely different from all previous plots and it does not look reasonable

result this is because CST cannot simulate very thin conductor films.

4-6 Conclusion

Simple terminations for PEC, Silver and Platinum waveguide have been simulated in this
chapter. To model thin film conductor in CST, tabular surface impedance model has been
used. It can be concluded that Platinum is better than Silver, but both of them in this simple

form have not enough return loss to use as a good waveguide termination and the
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modification of the structure may be needed. One of the good approaches for this purpose is

the tapering of dielectric material, in this case SU8, in open-ended terminal.

The open ended waveguide is not a good choice for termination. Despite its lower
conductivity, Platinum termination has less return loss in comparison with Silver termination
but due to its very small thickness, physical realization of the Platinum termination is too

difficult. For this reason the following chapter will look at the new design techniques.
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Chapter 5 TAPERED TERMINATIONS

In chapter 4 simple waveguide, open ended terminations with silver and platinum for
different conductor thicknesses has been proposed and simulated. To improve the
performance of the termination, a suitable technique is to taper the SU8 at the open-end of the

waveguide. To see the effect of the tapering, different kinds of SU8 tapering will be proposed

in the following subsections.

5-1 Triangular Tapering open ended into SU8

5-1-1 Height Tapering
First kind of tapering which is considered is height tapering, as shown in Fig. 5-1. The

length of the taper is named Lizp.

Conductive walls

Input port of the
waveguide
termination

L_tap(mm) d{mm)

=
[}
i
=
=
3
2

Fig. 5-1  General configuration of a waveguide termination with height tapering inside the SU8.
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Fig. 5-2  (a) Side view (b) Top View

The height tapered terminations will be discussed for PEC, Silver and Platinum.

5-1-1-1 Height Tapering with PEC

According to Fig. 5-1 a waveguide termination where the waveguide walls are PEC and
with height tapering inside the SU8 has been considered. To demonstrate the effects of height
tapering and produce the optimum length for taper, Fig. 5-3 displays Si; of a WRO03 height

tapered termination with PEC for different values of L with L=10 mm and d=5 mm.
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Fig.5-3 The S;; of a WRO3 height tapered termination with PEC for different values of L, and

L=10mm and d=5 mm.
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From Fig. 5-3, comparing the results of the CST simulation it can be concluded that
Lap=0.2 mm is very small value for tapering and it is almost the same result as having no

taper.

It can be seen that as Lp increases, the reflection decreases for the structure of the
termination. With L,=0.5 mm the reflection is less than -25 dB. So L;»=0.5 mm can be good

value to start the design of height tapered termination with PEC.

5-1-1-2 Height Tapering with Silver
Fig. 5-1 is the configuration of the WRO03 height tapering waveguide termination, here
it is modified to demonstrate the effect of different conductors and their thickness. PEC has
been replaced by thin film silver and the simulation has been repeated. Fig. 5-4 shows S;; for

a WRO3 silver termination with metal thickness of t =0.15;, for different amount of tapering

length (Ltap) and L=10 mm and d=5 mm.
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g R - -
70l- E For t=0.1 85 & Ltap—3mm |
|

For t=0.1 85 & Ltap:4.5mm

r r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
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Fig. 5-4 The Sy; of a WRO03 Silver height tapered termination with thickness of t = 0.1 J; for different

values of Ly, .L=10 mm and d=5 mm.
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It can be seen that for configuration of WRO03 Silver waveguide termination with
Liap=0.5 mm the mean of Sy; is better than 30 dB and it is a good choice as in the frequency
range of 250 GHz to 310GHz the reflection is less than -30 (dB).

Now, to see the effect of the thickness of WRO3 Silver in a height tapered termination with
conductive walls, a WRO03 Silver waveguide termination witht =0.015;, height tapering has
been simulated. Fig. 5-5 shows the S;; of a WRO03 Silver termination with metal thickness of
t=0.016;, for different amount of tapering length and with L=10 mm and d=5 mm. To

define the thickness for Silver in CST, tabular surface impedance model discussed in Chapter

4 and Table 4-2 has been used.

-10 T T T T T T T T T
----- For t= 0.015 & Ltap=0.2 mm
20 For t= 0.015 & Ltap:0'5 mm |
----- For t= 0.015 & Ltapzl mm
————— For t= 0.015 & Ltap=3 mm
-30

For t= 0.016 & Ltap:4'5 mm

S,, (dB)

-80 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 5-5 The Sy; of a WRO03 Silver height tapered termination with thickness of t =0.010, for

different values of L, . L=10 mm and d=5 mm.
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From Fig. 5-5 it can be seen that for WRO03 Silver height tapered termination with
thickness of t=0.018s = 1.157 nm, in the whole frequency band, 220 GHz to 320 GHz the Sy;
is better than -32 dB. In this case also Lp=0.5 mm seems to be the best value for tapering

length inside the SU8 as the Sy; in better than 46 dB for Lp=0.5 mm.

Lap=0.5 mm has been chosen but because Silver material with t=0.01 J,= 1.157 nm is
very thin and it is hard to make, the simulation has been repeated by replacing Silver with

Platinum for t=0.16,=27.9 nm. This is discussed in the next section.

5-1-1-1 Height Tapering with Platinum
In Chapter 3, Fig. 3-7, the attenuation for WRO03 rectangular waveguide with different

conductors has been shown. Also it has been discussed that the value of attenuation (dB/mm)
for WRO3 rectangular waveguide made by platinum is about 8 times more than the WRO03

rectangular waveguide made by Silver.

This time to see the effect of using thin film platinum and to compare the results with
thin film Silver, as in the Fig. 5-1, the WRO03 height tapering waveguide termination, the thin
film Silver has been replaced by thin film Platinum and the WRO03 Platinum waveguide
termination with height tapering has been simulated. Fig. 5-6 displays the S;; of a WR03

Platinum termination with metal thickness of Platinum t=0.15; for different amount of

tapering length (Ltap) and with L=10 mm and d=5 mm.
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Fig.5-6  The Sy; of a WRO03 Platinum height tapered termination with thickness of t =0.15, for

different values of Ly, . L=10 mm and d=5 mm.

It shows that in the case of platinum with t=0.1 6,=29.7 nm, Lp=0.5 mm, the Si; is

better than -36 dB.

Also by comparing Fig. 5-4 and Fig. 5-6 it can be concluded that between Silver and

Platinum, Platinum gives better results for the WR03 waveguide termination.

In this section, different lengths of tapering have been tested and simulated. The CST
simulation results, show that L= 0.5 mm is the proper value for the length of tapering. Also
CST simulation has been done for both Silver and Platinum with different thickness which
can be inferred that Platinum has the best result because in comparison with Silver it leads to

less reflection.
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The effect of the direction of the tapering which means inner or outer height tapering

will be discussed in section 5-1-2 for PEC and platinum with L= 0.5 mm.

5-1-2 Inner Height Tapering

A second kind of tapering is the inner height tapering which is similar to height
tapering with tapering inside the waveguide as shown in Fig. 5-7. This kind of tapering is
common for implementation of microwave waveguide terminations, which use a triangular

absorber inside a short circuited waveguide.

L-tap (mm)

Waveguide termination port
Fig. 5-7  General configuration of a waveguide termination with inner height tapering inside the

Waveguide

To compare the inner height tapering model with height tapering termination, PEC

has been used to model the WR03 PEC termination.

As discussed in the previous section that Lip = 0.5 mm gives the best results comparing
with the other tapering length. Fig. 5-8 presents the S;; for the WR03 PEC termination with
inner height tapering for Lizp=0.5 mm with L=10 mm and d=5 mm. It can be seen that in the

whole frequency band S;; is better than - 20 dB.
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Fig. 5-8  The Sy; of a WR03 PEC termination with inner height tapering for Li,=0.5 mm, L=10 mm

and d=5 mm.

Different length of tapering for WR03 PEC inner height tapering has been simulated by
Microwave CST Studio design and then the S;1 (dB) has been compared. From Fig. 5-8 it can

be seen that the average value of Sy; for Lzp=0.5 mm the Sy is better than -24 dB.

Comparing the average value of Sy versus L, for height tapering PEC termination and
inner height tapering termination, it can be concluded that between the height tapering and
inner height tapering, the height tapering method for L;p=0.5 mm with S, better than 30 dB

gives less return loss and it is a more convenient design.

As it is shown in section5-1-1 , a WR03 waveguide termination with Platinum, Lz =0.5
mm, L=10 mm has a good result in comparison with Silver. In this section CST simulation

have been done for WR03 Platinum termination with waveguide wall thickness of t=0.15

=29.7 nm, for L2p=0.5 mm, L=10 mm and d=5 mm.
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Fig. 5-9 displays the S;; of the WRO03 platinum termination with inner height tapering

and metal thickness of t =0.16g for Liap= 0.5 mm, L=10 mm and d =5 mm.
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Frequency(GHz)

Fig. 5-9 The Sy; of a WRO03 Platinum termination with inner height tapering and metal thickness of

t =0.16¢ =29.7 nm for Li,,=0.5 mm, L=10 mm and d=5 mm.

The value of S;; for WRO03 Platinum inner height tapering with t =0.15s can be seen from Fig.
5-9. It can be seen that L, = 0.5 mm gives the S;; about -31 dB. In this case the return loss

will be more than the return loss from WRO03 platinum height tapering t =0.1 &s.

Comparison between this case and height tapering technique, which has been discussed in
section 5-1-1, shows that the inner height tapering technique is not as good as the height

tapering one.
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Other tapering methods which can be investigated are tapering in width direction. This

method is discussed in the next section.

5-1-3 Width Tapering
A third type of tapering is width tapering. This is shown in Fig. 5-10.

In this section PEC and Platinum have been used for Microwave CST Studio design

simulations.

d {mim)

Conductive walls

Input port of
Waveguide
termination

Conductive walls

d {mm)

/™

P

() zfe

8o =2a (mm)

Fig. 5-10 General configuration of a waveguide termination with width tapering inside the SU8
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From Fig. 5-11 and comparing different values of Ly it can be seen that Ly = 0.5 mm
is good enough for width tapering method as it has less ripples and smooth manner in the

whole frequency range in compare with other values of Liap.

To compare the width tapering and height tapering design, WR03 termination with PEC
has been modelled and tapered in width direction. Fig. 5-11 shows that the WR03 PEC
termination with width tapering for different length of tapering. It can be seen that the
average value of S;; in width tapering design is about -20 dB while from Fig. 5-3 in

section 5-1-1-1 the average value of Sy; for height tapering design is about -35 dB.

s,, (dB)

_50 —~ -

B0~ e For Ltap:0'2 mm -
For Ltap=0.5 mm

S For Ltap:1 mm |

—— For Ltap:S mm

For Ltap=4'5 mm

-80 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 5-11 The S;; of a WR03 PEC termination with width tapering for different Li,,, L=10 mm and d=5

mm.
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The CST simulation has been repeated for WR03 width tapering. PEC has been

replaced by Platinum with thickness of t=0.16; for Li;p=0.5 mm, L=10 mm and d=5 mm.

In Fig. 5-12, the comparison between WRO03 Platinum, height tapered termination and

width tapered termination for t=0.16; design has been done.

It can be seen that for the frequency range of 220 GHz to 260 GHz, the magnitude of
S11 for width tapered design is almost better than -24 dB but for the range of 260 GHz to 320
GHz the reflection has been increased and Si; varies between -20 dB to -25 dB. For height

tapered termination in the whole frequency range the S;; is better than -30 dB.

This is not as good as the S;; of height tapering method.

-15 T T T T T T T T T

20 -

1

25 - o

S, (dB)

Height tapered termination
— Width tapered termination
L L L

_50 L L L L L L
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 5-12 The S;; of a WRO03 Platinum termination with height tapering and width tapering. Metal

thickness of t =0.15; =29.7 nm for Ly,=0.5 mm, L=10 mm and d=5 mm.
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5-1-4 Comparison Triangular Tapers

Here the optimum results of three kinds of triangular tapering, Height tapering, Inner height
tapering and width tapering from sections 5-1-1, 5-1-2, 5-1-3 are compared in the similar

conditions, L=10 mm, d=5 mm, Lyp = 0.5 mm for PEC. The comparison result is shown

in Fig. 5-13. From the CST simulations results it can be

kinds of tapering, height tapering (dotted blue line) shows best result as in the whole

concluded that between the three

frequency band, from 250 GHz to 320 GHz the Sy; is better than -25 dB.

-10 T T T T T T

s, (dB)

-70~ i
----- Height Tapered Termination
Inner Height Tapered termination
""""" Width Tapered Termination
-80 r r r r r r C r r
220 230 240 250 260 270 280 290 300 310
Frequency(GHz)

Fig. 5-13 Comparison of the S;; of a WRO03 PEC termination with different kinds of triangular tapering.
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Fig. 5-14 Comparison of the Sy; of a WR03 Platinum termination with different kinds of triangular
tapering fort = 0.10, , Li2p=0.5 mm, L=10 mm and d=5 mm.

Fig. 5-14 shows the results after repeating the procedure above but Platinum is chosen
as the material and the thickness of the conductor has been considered in CST simulation.
The comparison of the three kinds of triangular tapering for Platinum has been carried out
and they are compared in the similar manner, that means t = 0.13. It can be concluded that
between the three kinds of tapering, height tapering (dotted blue line) shows best result as in

the frequency band, from 250 GHz to 320 GHz the Sy; is better than -30 dB.

Beside the triangular shape for tapering, pyramid can be used for tapering too.

Therefore section 5-2 will discuss about pyramidal tapering.
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5-2 Pyramidal Tapering

Another kind of tapering is the pyramidal tapering. As shown in Fig. 5-15, in this kind

of tapering, a pyramid with same cross section of waveguide is cut out inside the SU8 the

depth of this pyramid is called length of tapering, Lap.

Conductive walls

L_tap(mm)

N

£
)
3
2

Fig. 5-15 General configuration of a waveguide termination with pyramidal tapering inside the SU8

(a)ZY sectioned view (b) XZ sectioned view
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Fig. 5-16 displays the comparison of S;; of a WRO03 termination with PEC for different
values of Ly with pyramidal tapering for L=10 mm and d=5 mm. Results show that Lp=1

mm has optimal result but not as well as result of triangular tapering.
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Fig. 5-16 Comparison of the S3; of a WRO03 PEC termination for different values of L, with pyramidal

tapering for L=10mm and d=5mm.
Fig. 5-17 shows the comparison between the S;; of a WRO03 termination with Platinum
conductor for different values of Lip with pyramidal tapering for t =0.15,, L=10 mm and

d=5 mm. The results show that for Lip=1 mm the Si; is lower than -27 dB at the whole
frequency range. So Lip = 1 mm is the best value for the length of the pyramid but is not as

good as triangular tapered design.
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Fig. 5-17 Comparison of the Sy; of a WRO3 Platinum termination for different values of L, with

pyramidal tapering for t = 0.1, L=10 mm and d=5 mm.

5-2-2 Inner Pyramidal Tapering

For complete evaluation of pyramidal tapering, the inner pyramidal tapering is also

simulated as shown in Fig. 5-18.

As discussed in previous section, pyramidal tapering, the Lup= 1 mm has the best
results between other lengths of tapering. So for inner pyramidal tapering the design has been

done for Lgp=1 mm.
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Fig. 5-18 General configuration of a waveguide termination with inner pyramidal tapering inside the

Waveguide

The Sy; results of the WR03 PEC termination, inner pyramidal tapering is shown

in Fig. 5-19. It can be seen that the S1; changing between -12 dB to -25 dB for the frequency

band of 220 GHz to 320 GHz.
Comparing Fig. 5-16 which is the S;; of the WR03 PEC pyramidal tapering termination

and Fig. 5-19, it can be inferred that the pyramidal tapering is given the better result but for

both pyramidal and inner pyramidal the physical implementation would be very hard.
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Fig. 5-19 The Sy; of a WRO03 PEC termination with inner pyramidal tapering for Lip=1mm, L=10mm

and d=5 mm.
Also the WRO03 inner pyramidal termination has been designed with Platinum with
thickness of t= 0.18s = 29.7 mm, L=10 mm and d=5 mm.
Fig. 5-20 shows the S;; of a WRO3 platinum termination with inner pyramidal

tapering.

Comparison between Fig. 5-17 and Fig. 5-20 indicates that WRO03 Platinum inner

pyramidal is not as good as the WRO03 Platinum pyramidal design.
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Fig. 5-20 The S;; of a WRO3 Platinum termination with inner pyramidal tapering and metal thickness of

t=0.16; for Ligp=1 mm, L=10 mm and d=5 mm.

Different values of Lp has been tested in Microwave CST Simulation for WR03 inner
pyramidal tapering with t=0.15;, L=10 mm and d= 5 mm. It can be seen that the mean value

of Sy1 for Liap =1 mm is better than -28 dB.

Comparing the results of inner pyramidal tapering and pyramidal tapering, it can be

seen that the first one is not a good approach for matched load for WR03 band waveguide.
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5-3 Conclusion

In this chapter, different kinds of tapering for PEC, Silver and Platinum waveguide

terminations have been analyzed and the optimum length of tapering has been discussed in all

cases. Height, inner height and width tapering as well as the triangular tapers and also

pyramidal tapering and inner pyramidal tapering are discussed in this chapter. It can be

inferred that the triangular tapering shows better results in comparison to the pyramidal one.

Additionally, for fabrication of the termination and physical realisation, the triangular

tapering is easier than the pyramidal one, because it just needs tapering in two faces and not

in all four ones. When the magnitude of Sy; is high, this must mean that the impedance of the

load is closely matched to the terminating rectangular waveguide. At the minima of the Si;

there must be a resonance in termination.
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Fig. 5-21 Comparison of the Sy; of a WR03 PEC termination with different kinds of tapering for, L=10

mm and d=5 mm.
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As discussed above and according to Fig. 5-21 which is the comparison of the Si;
versus frequency for all kinds of PEC tapered termination it can be concluded that among, the
height tapering, inner height tapering, width tapering, pyramidal tapering and inner pyramidal

tapering the height tapering approach has the best results for a matched load for WR03

waveguide.
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==©-= Width tapered termination, PEC
—&— Pyramidal tapered termination, PEC
-10~ Q ---@--- Inner pyramidal tapered termination, PEC -
15~ a
o
z
pa
n
20 i
25 |- i
-30 r r r r r
0.2 0.5 1.0 3.0 45
Ltap (mm)

Fig. 5-22 Comparison of mean values of S;;(dB) versus L, (mm) for different tapering methods
Fig. 5-22 compared the mean values of Si; versus Ly for all kinds of discussed
tapering methods with PEC. It can be seen that the PEC height tapering termination with Liap
= 0.5 mm has the best result, less reflection, in comparison to other kinds of tapering where

its magnitude of Sy; is better than -29 dB.
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Fig. 5-23 Comparison of maximum values of S3;(dB) versus L, (mm) for different tapering methods

Also Fig. 5-23 compared the maximum values of Sy; versus different values of Ly, it can be
seen that the maximum reflection will occur for inner height tapering design with L =0.2

mm its S;; will be about 5 dB.
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Chapter 6 HORN SHAPED WAVEGUIDE

TERMINATION

6-1 Introduction

In Chapter 4 and Chapter 5 a WRO03 termination, the use of simple rectangular
waveguide with tapered SU8 has been investigated. To improve the value of reflection
coefficient a conventional component is now considered i.e. a horn shaped waveguide.

Chapter 6 will focus on the use of horn shaped waveguide terminations.

To decrease the reflection of a load one way is to flare out its ends into horn. Horns

provide a low voltage standing wave ratio (VSWR) [27].

There are three basic types of horn shaping for rectangular waveguides as shown in Fig.

@ %T% % E,

H{!

6-1.

(a) (b) (c)

Fig. 6-1 (a) H-plane sectoral horn,(b) E-Plane sectoral horn,(c) Pyramidal horn

Horns can be flared exponentially, providing better matching over a broad frequency
range but technically more difficult and more expensive to produce. Horns are suited for

rectangular waveguide feeders as the horn acts as a gradual transition from waveguide mode
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to a free space mode for the electromagnetic wave. Rectangular feed-horns are fed with the

fundamental TE1o mode of the rectangular waveguide [27].

6-1-2 E-plane horn

The ‘a’ dimension of the rectangular waveguide is constant and the waveguide is only
flared out in ‘b’ dimension (the direction of E-field). The complication in the analysis arises
from the fact that arriving waves at the horn aperture are not in-phase due to the different

path lengths from the horn apex (this is also called phase centre of horn) [28].

— !
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a‘(%' 22 g E a
- E
| .
b(mm>I B N =
) v
Fig. 6-2  E-plane horn waveguide
0
4V A
L(mm)
Horn Apex
b(mm) i ag (mm)
v

Fig. 6-3  Cross section of E-plane horn waveguide with dimensions used in analysis [28]

76



Fig. 6-2 and Fig. 6-3 present the E-plane horn dimensions where © is a flare angle and
ag known as aperture for E-plane in mm. The horn length which is an axial length of the horn

from the throat to the aperture of the horn is called L and the path length is defined as 6 [28].

As it can be seen from the Fig. 6-3 [28]:

cos (Q): L (6-1)
2" L+o
0 a
Y= E 6-2
n (2) 2(L+0) (6-2)
tan (g):a_E (6-3)
2" 2L

From the geometry of Fig. 6-3 [28]:

H:Ztan‘l(a—Ej:ZCOS‘l( L ) (6-4)
2L L+o

Usually o consider as 0.25A or even less in the E-plane of the horn. The reason is if J is

sufficiently small then the field would have uniform phase over the whole aperture.
Additionally to have uniform horn aperture distribution, the long horn length is required but
this would make the process of fabrication hard. To make the device more practical the horn

length should be as small as possible [28].

An optimum horn length (optimal in directivity) should be in the middle of the extreme
values. For constant value of L, an increase of the aperture ag and the flare angle 6, leads to

improvement of the directivity of the horn and decrement of the beam width [28].

For extremely large values of flare angle the ratio of %_+5W0uld be nearly one that

leads the effect of & on the distribution of the field magnitude is negligible. However when ¢
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becomes 180 degrees, at the edges of the aperture, the phase reversal will reduce the

directivity[28].

Consequently the maximum directivity happens at the largest flare angle for which the

o does not exceed a certain value which in this project called ;. Hence, the optimum horn

length can be calculated by the following equations [28]:

Fig.

O, cos(g)
L = 2

opt

6-5
1- cos(g) (65)

6-4 confirms accuracy of the above theory based experimental results measured by

Donald Rhodes [28], and determines optimum dimensions (optimum relation between the

flare angle and the length) for rectangular horn antennas to achieve most directivity.

Flare angle, 6, or 6,,

| |
H-plane

)
'\J o " Half-power
E\\{ - beam widths
N 7
LB ~NT Y
R g g Ap\
e \\TQ\ 9 /Apertures
1 . e —t—11 ;\\\2\ wavelengths
Half-power agpx
be‘am widlths
W, =734 5 6 7 8 910 12 14 161820 25 30

Horn length, L,

Fig. 6-4 Relation of flare angle for both E-plane and H-plane to horn length. Solid lines shows
experimentally determined optimum dimensions for rectangular horn antennas. Dashed lines show

calculated dimensions for §,=0.25 and 0.4A-Taken from [28].
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There are only a few papers in the literature which discuss the reflection coefficient of a

horn shaped waveguide [29]-[32]. According to [31], the reflection coefficient of a sectoral

E-plane long horn can be calculated by:

[=I,+T, (6-6)

Fig. 6-5 Different definition for the reflection coefficients in a horn structure

As shown in Fig. 6-5, T'; is the reflection coefficient due to junction, and is given

by [31]:

_ H1(2) (ﬂpo) - jHéZ) (ﬂpo) (6-7)
Y HP (By) + HP (Boy)

Where pq is depicted in Fig. 6-3 and H{? and H® are respectively zero and first order of

second kind of Hankel function. And T, is the reflection coefficient due to aperture [31].

T, = —exp{— j2L81 - #(Bp)] - jl(sec(gj—l)}x

1 1 k 1 |2k . T
Y +%(E -1 EXP{E \/gexp[j(ka+ Z)]}}

(6-8)

{

Where ¢(fp,) is the phase angle of first order of first kind of Hankel function,

H®(Bp,), and ¢, is equal to 6/2 and 0 is illustrated in Fig. 6-3.
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6-2 Simulations

Here CST is used for simulation of the horn shaped structures. According to design
purpose, which is the minimizing of the amount of reflection, accurate simulation may lead to

optimal values of horn dimensions.

6-2-1 E-Plane or H-Plane

First, between E-plane and H-plane, one has to be chosen with respect to their
advantages. It is noticeable that the pyramidal horn shaping is not feasible for fabrication and
therefore one of the E-plane or H-plane sectoral horns should be chosen. To achieve this
purpose a comparison between the amount of reflection coefficient in both cases of the E-
plane and the H-plane with a simple open-ended waveguide in case of free space environment

and PEC waveguide has been done.

6-2-1-1 E-Plane Sectoral Horn

Fig. 6-6 and Fig. 6-7 show the E-plane sectoral horn waveguide and the considered

dimensions.

b (mm) =0.431% m11¢

A&
1

L (mm)

Fig. 6-6  E-plane horn shaped WR03 waveguide
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Fig. 6-7  Side view of E-plane horn shaped and considered dimensions

An E-plane horn shape WRO03 rectangular waveguide with 6=20° =a/2 has been
designed as shown in Fig. 6-8. The length of the waveguide is 10 mm and constant. As it is
expected, changing the length of the waveguide does not significantly affect the result as the
material is PEC. The length of the horn wall changes, LH = 0.5, 1, 2, 3 mm, to see its effect

on Sy;. It can be seen in Fig. 6-9 that for this case, the values of S;; are better than -11 dB.

b (mm)

a/2 (mm) Air filled Conductive walls ﬁ
z

Fig. 6-8 PEC E-plane horn shaped WRO03 rectangular waveguide

Input port
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Fig. 6-9 Sy versus frequency for L=10mm and 6=20, LH =0.5, 1, 2, 3 mm. Time domain simulation,

open add space boundary condition.

It can be seen that for length of horn equal to 1 mm, the average of S;; is about -23 dB

which is very small amount of reflection.

6-2-1-2 H-Plane Sectoral Horn

Here the design of WR03 PEC rectangular waveguide H-plane horn with 6=20°=a/2 is

reported as shown in Fig. 6-10. The length of the waveguide is 10 mm and constant. The

length of the horn changes, LH = 0.5, 1, 2, 3 mm, to see the effect of it on Sy;.
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Fig. 6-10 H-plane horn shaped PEC WRO03 rectangular waveguide

The reflection has been displayed in Fig. 6-11. It can be seen that, the values of S;; are

varying between -7dB and -14 dB.

s, (@B)

R r r r
220 230 240 250 260

[ [ [ [ [

270 280 290 300 310
Frequency(GHz)

320

Fig. 6-11 Sy versus frequency for L=10mm and 6=20, LH =0.5,1,2,3 mm. Time domain simulation,

open add space boundary condition
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Comparing E-plane horn shape, Fig. 6-9, and H-plane horn shape, Fig. 6-11, shows that
PEC WRO03 rectangular waveguide E-plane Horn shape has better results and therefore must
present a better impedance match. Note the different scales. Therefore E-Plane horn shaping

has been chosen.

6-2-2 Optimum Length and angle

The length of the horn walls and the flared angle are two important factors in this
design. To choose the optimum LH, length of the horn walls, 6 must be assumed to be
constant and LH has been evaluated for LH = 0.5, 1, 2, 3 mm. The following three figures
show S;; versus frequency, PEC WRO03 rectangular waveguide E-Plane Horn shaped for

different values of angles, 6 = 10, 15, 20 degree, has been chosen.

10 -

s,, (dB)

50+ i

-70 [ r r r [ [ r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 6-12 Sy, versus frequency, PEC WRO03 rectangular waveguide E-Plane Horn shape for constant

0=10 degree and different length of horn part.
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Fig. 6-13 Sy, versus frequency, PEC WRO03 rectangular waveguide E-Plane Horn shape for constant

6=15 degree and different length of horn part.
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Fig. 6-14 Sy, versus frequency, PEC WRO03 rectangular waveguide E-Plane Horn shape for constant

0=20 degree and different length of horn part.
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Moreover for E-Plane horn shape with LH = 1 mm and different values of 8 the Sy is

displayed in Fig. 6-15. 6=15 degree is the optimum result where its Sy, is better than -15 dB.

s, (dB)

— 0 = 10 Degree

6 = 15 Degree
""" 0 = 20 Degree
""" 6 = 25 Degree
s 6 = 30 Degree
60~ 0 = 35 Degree

.......... 0 = 40 Degree

50+~

-70 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 6-15 S11 versus frequency, PEC WRO03 rectangular waveguide E-Plane Horn shape for constant

LH=1mm and different values of flare angle of horn part.
It can be deduced from the obtained results that LH = 1mm and 6 =15 degree are

optimal values (for goal of the minimum reflection) for WRO03 horn shaped structure in case

of free space environment and PEC waveguide.

6-2-3 In SU8 Medium

The very important difference between this case and routine case of horn shaped
waveguides is the presence of SU8 as a dielectric environment. The considerable note is that
the waveguide is air filled, but the environment is filled by SU8 which has a dielectric

constant of 4.1 and loss tangent of 0.08 at 100GHz. This issue makes our case more difficult,
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because the presence of SU8 in the environment decreases the inherent impedance of

environment (n) from 377 ohm (no, for free space) to 377/+/4.1=186 ohm (for SU8

medium). This decrement of inherent impedance increases mismatch between an air-filled

waveguide with impedance of Z,. =(%)770 (which is greater than 1) and SU8 medium. In

other words, the reflection coefficient at the open end depends on the impedance outside the
waveguide which has changed (7 =770/\E) so the reflection increases. In section 3-3 it has
clearly shown the effect of SU8 in increasing of mismatch.

Previously in Chapter 5, Fig. 5-1 shows the air-filled open ended WR03 PEC
waveguide in the SU8 medium which used outside wedge tapering (with tapering the length

of Liap) for improvement of mismatch and it has been shown that tapering of SU8 improves

the reflection coefficient. Fig. 6-16 displays its reflection coefficient.

-15 T T T T T T T T T

s,, (dB)

50~ A

55k -

-60 r r r r r r r r r
220 230 240 250 260 270 280 290 300 310 320
Frequency(GHz)

Fig. 6-16 Sy, versus frequency for PEC WRO03 open ended rectangular waveguide, triangular tapered,

supported by SU8
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It can be concluded from Fig. 6-16 that tapering of SU8 improves the reflection

coefficient very well and its Sy; is better than -20 dB in whole frequency band.

Now to make further improvement of the reflection coefficient of the open ended air-
filled waveguide in the SU8 medium horn shaped WR03 waveguide used. It has been shown
that E-plane horn shaping has more advantages; therefore E-plane sectoral horn shaping has

been chosen to analyze.

Fig. 6-17 displays the open ended E-plane horn shaped WR03 PEC rectangular
waveguide supported by SU8 which its reflection is shown in Fig. 6-18. It can be seen that
horn shaping without tapering the SU8 cannot improve the reflection coefficient in
comparison with simple case (without tapering). This issue comes from the fact that although
horn shaping decreases the impedance of antenna and makes it closer to free space wave
impedance, no, however it increases the open end aperture, which it is the boundary of air and

SU8, and it increases the mismatch.

be=2a (mm)

Conductive walls

Fig. 6-17 Open ended E-plane horn shaped WR03 PEC rectangular waveguide supported by SU8 (green
areas) for LH=1mm and 6=15 degree.
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Fig. 6-18 Sy versus frequency for open ended E-plane horn shape WRO3 rectangular waveguide

supported by SU8 shown in Fig. 6-17.

As shown in Fig. 6-19, wedge tapering (with tapering length of L) has been used for
SU8 in case of E-plane horn shaped WR03 PEC waveguide to improve its reflection

coefficient. Fig. 6-20 displays the S;; of the mentioned structure.

bg=2a(mm)

L (mm) LH (mm) z 4,

Conductive walls

Fig. 6-19 WRO03 PEC open ended E-plane horn shaped rectangular waveguide supported by SU8 by

using outside wedge tapered. Gray sections show metal and green ones display SU8.
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Fig. 6-20 Sy versus frequency for WR03 PEC open ended E-plane horn shaped rectangular waveguide

supported by SU8 by using outside wedge tapered for Li,,=2 mm, LH=1mm and =15 degree.

The resonance may be the result of a mismatch between horn aperture and tapered edge
in SU8 which make a standing wave there. Additionally the inside tapering, as shown in Fig.

6-21, is also analysed and the result acquired, as shown in Fig. 6-22, is not good.
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Conductive walls

Fig. 6-21 WRO03 PEC open ended E-plane horn shaped rectangular waveguide supported by SU8 by

using inside wedge tapered. Gray sections show metal and green ones display SU8.

s,, (dB)

30 L i i r
220 230 240 250 260

r r r

270 280 290 300 310 320
Frequency(GHz)

r [

Fig. 6-22 Sy versus frequency for WR03 PEC open ended E-plane horn shaped rectangular waveguide

supported by SU8 by using inside wedge tapered for Li,=0.5mm, LH=1mm and 6=15 degree.
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6-2-4  Adjusting of the SU8 boundary

The obtained results show that horn shaping of the open ended E-plane in the SU8
medium cannot improve the reflection coefficient. As mentioned before, it seems that this
phenomenon came from the considerable mismatch between the waveguide and the large area
of SU8 boundary at open ended section, even in tapered cases. Therefore the boundary of
SU8 at open ended E-plane horn shape of the WRO03 rectangular waveguide needs to be

changed and optimised.

The parameter of ‘Adj’ has been defined to show relative position of SU8 boundary as
displayed in Fig. 6-23. Adj=1 will be equal to Fig. 6-17 and Adj=0 is corresponded to SU8
boundary exactly end of waveguide and before horn section. The conducting coating on the

waveguide walls extends right to the end of the termination (Where Adj = 0).

N
l::rz

Fig. 6-23 Definition of ‘Adj’ parameter, which shows the SU8 boundary relative position.

Fig. 6-24 shows Open-ended E-plane horn shaped WR03 PEC rectangular waveguide

supported by SU8 with adjustable boundary.
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Fig. 6-24 Open ended E-plane horn shaped WRO03 PEC rectangular waveguide supported by SU8 with

adjustable boundary (Adj=0.5). Gray sections show metal and green ones display SU8.
Then the proposed open ended E-plane horn shaped WR03 PEC rectangular waveguide

supported by SU8 has been simulated for different values of Adj parameter, as shown in Fig.

6-25.
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Fig. 6-25 Sy; versus frequency for open ended E-plane horn shaped WRO3 rectangular waveguide

supported by SU8 for different amounts of Adj with LH=1mm and 6=15 degree shown in Fig. 6-24.

It can be seen that by adjusting the SU8 boundary, the reflection can be only slightly

improved compared with Fig. 6-18 where Adj=0 structure.

6-2-4-2 Adjusted tapered horn-shaped PEC structure

It is better that all three ideas of horn shaping, adjusting and tapering are employed
simultaneously to achieve best results. Fig. 6-26 shows an example of tapering which used all
the three mentioned ideas. Note that waveguide walls extend right to the end of the

termination.
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Fig. 6-26 Open ended E-plane horn shaped WRO03 PEC rectangular waveguide supported by SU8 with

inside wedge tapering and adjustable boundary
The magnitude of S;; of an open ended E-plane horn shaped WR03 PEC rectangular

waveguide supported by SU8 with inside wedge tapering and adjustable boundary with

Adj=0.01, LH =2 mm and 0 =15 degree for different values of L., is displayed in Fig. 6-27.
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Fig. 6-27 The magnitude of S;;,0f an open ended E-plane horn shaped WRO03 PEC rectangular
waveguide supported by SU8 with inside wedge tapering and adjustable boundary with Adj = 0.01,

LH=2 mm and 6=15 degree for different values of Ltap.
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As can be seen from Fig. 6-27 the comparison between different L, values shows that
for Liap= 1.2 mm, the Sy; is below the -21 dB and also for 300 GHz the S;; reaches -30 dB

and it means the reflection is very low at this point.

So it can be inferred that the best result is obtained for Lip = 1.2 mm, and its reflection

is shown in Fig. 6-28.

10 -

s, (@B)
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A
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Fig. 6-28 The magnitude of S;;0f an open ended E-plane horn shaped WRO03 PEC rectangular
waveguide supported by SU8 with inside wedge tapering and adjustable boundary for Adj=0.01,

Liap=1.2mm, LH=2mm and 0=15 degree
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6-3 Conclusion

A WRO03 termination with fairly good reflection coefficient (less than -35dB) proposed
in Chapter 5. In this chapter it has been tried to improve the obtained reflection coefficient by

using horn shaped structures.

Horn shaping is a good idea to improve matching between an open ended waveguide
and environment space. In fact increasing the aperture of waveguide decreases the impedance

of waveguide and slightly matches with environment.

But this case has a fundamental difference with typical applications of horn shaped
waveguides. This difference is that the environment is filled by SU8 but waveguide is air
filled. Therefore the inherent impedance of environment space decreases from 377 ohm to
186 ohm, in spite of that the impedance of waveguide has the previous value of an air-filled
waveguide and with horn shaping it will be matched to inherence impedance of free space

(377 ohm).
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Chapter 7 COMPLETE MATCHED ILOAD

DESIGN IN SUS

7-1 Introduction

Different structures for WRO03 termination have been discussed and simulated in
chapters 4, 5 and 6. From the simulations it has been inferred that for simple termination and
all kind of tapered terminations d = 5 mm can be a proper value. The waveguide length of
L=10 mm has been shown that can produce enough loss to achieve the return loss better than

35dB.

Between different kinds of tapering which has been analysed previously it can be
concluded that triangular height with tapering length of L= 0.5 mm is the best kind of
tapering. Additionally, between silver and platinum it has been shown that platinum results in

more losses and hence better reflection coefficient.

This chapter will discuss about the complete design of a WR03 matched load in SUS.
As it has been shown, decreasing the metal thickness leads to lower reflection but this needs
to be practical for physical realization. For example 10 nm thickness appears to be
appropriate. Therefore section 7-2 contains a design of a WRO03 platinum termination with
height tapering and 10 nm conductor thickness. Additionally to have an applicable module in

this section it has been discussed embedding the termination into a metal box.

Section 7-3 contains the fabrication process and physical realizations of the SU8 based
300 GHz waveguides. Additionally it will discuss about an H-plane 90-degree WRO03 bend

and the necessity of it due to the measurement.
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7-2 WRO03 matched load in SUS8

Fig. 7-1 displays the S;; of a WRO03 platinum termination with height tapering and

metal thickness of t = 10 nm for Lip = 0.5 mm, L=10 mm and d=5 mm.

-5

80 ! ! ! ! ! ! ! ! !
220 230 240 250 260 270 280 290 300 310 320

Frequency(GHz)

Fig. 7-1  The Sy; of a WRO03 platinum termination with height tapering and metal thickness of t=10 nm

for Lgp=0.5mm, L=10 mmand d =5 mm.

It can be seen that the average return loss is better than 35 dB over the frequency range

of 220 GHz to 320 GHz.
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In a real application the termination will be embedded into metal box. Fig. 7-2 displays
the simulation result of above-mentioned termination (WRO03 platinum termination with

height tapering and metal thickness of 10 nm) with and without box.
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80 '
220 230
Frequency(GHz)

Fig. 7-2  Comparison of the S;; of a WRO3 platinum termination with height tapering and metal

thickness of t=10nm with and without metal box for Li,= 0.5 mm, L=10 mm and d=5 mm.

Fig. 7-2 shows that using the metal box degrades the performance of the termination.
To compensate this effect, the waveguide length of termination can be increased. Fig. 7-3

displays the termination with length of L=15 mm with metal box in compare with L=10 mm

with and without box.
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Fig. 7-3  Comparison of the S;; of a WRO3 platinum termination with height tapering and metal
thickness of t=10 nm for L,=0.5 mm and d=5 mm for L=10 mm with and without metal box and for

L=15 mm with metal box.

Therefore the final suggestion for a good termination is a WRO03 platinum termination
with height tapering and metal thickness of t = 10 nm for Lip = 0.5 mm, L = 15 mm and d=5

mm as shown in Fig. 7-4. Total dimensions of this termination will be 20 mmx2 mmx1 mm.
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Fig. 7-4  The final suggestion, a WRO03 Platinum termination with height tapering and metal thickness

of t=10nm for Lp=0.5 mm, L=15 mm and d = 5 mm. Total length of this termination will be 2 cm.
Fig. 7-5 displays the S;; of the final proposed structure for WRO03 termination which

shows a return loss of better than 35 dB in total frequency band of 220 GHz 320 GHz and

better than 50 dB around 300 GHz.

| | | 1 | |
220 230 240 250 260 270 2680 290 300 310 320

80 ! ! !

Frequency(GHz)

Fig. 7-5 The Sy; of the final suggestion, a WRO03 Platinum termination with height tapering and metal

thickness of t=10nm for Lz,=0.5mm, L=15mm and d=5mm with metal box.
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7-3 Fabrication Prerequisites

Physical realizations of the SU8 based 300 GHz waveguides are usually based on
multi-layered micromachining technology [37]. The measurement of these devices is difficult
and it needs special interconnection with standard waveguide flanges. For this purpose an H-
plane 90-degree WRO03 bend has to be designed. Because an H-plane 90-degree WRO03 bend
enables the accurate and direct connection between the micro-machined WR03 matched load
termination and standard waveguide flanges [8]. Also necessity of this kind of bend comes
from the measurement set-up. A typical measurement setup is shown in Fig. 7-6 with a VNA

extension module for WR03, H-Band, 220-325 GHz, manufactured by OML [26] .

@ (b)

Fig. 7-6  a) The VO3VNAZ2 Series from OML [26], b) Flange as port of extension module for

connection to device under test [19]

These frequency extension modules connect to the existing VNA test port(s) and
leverage the inherent microwave network analyzer’s performance and features to measure

two-port S-parameters at higher frequencies [26].
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7-4 H-plane bend

As it mentioned earlier about the necessity of designing of the H-plane bend, the initial
step has been taken to design the H-Plane bend in CST Microwave Studio. The optimization
of the design has been done in the same software package. Fig. 7-7 shows the schematic of
the H-plane bend which is used as the model in CST and its accurate dimensions of the total
bend structure with the layers of the designed WRO03 bend. The gquoted values are obtained
after optimization of the model.

The blue parts are presenting vacuum which has been surrounded by PEC in the CST
simulation the bend can be designed in two layers, four layers, six layers or much more. As
the numbers of the layers increase the layers get thin and the Si; versus frequency would be
better than 30 dB but the fabrication process would be more difficult. In this project the bend
have been designed in 4 layers. The thickness of each layer is a/4=0.21 mm.

The mentioned WRO03 H-plane bend has to be designed based on 90 degree, multi-
stepped and multi-mitered corners to provide a reliable interconnection between the SU8

based waveguide and the standard flange Fig. 7-6 (b).
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Fig. 7-7  Configuration of the designed H-plane multi-layered 90-degree WRO03 bend, a) Schematic of

total structure, b) first layer, ¢) Second layer, d) Third layer, and e) Fourth layer.

Fig. 7-9 shows the whole structure of the designed bend and its dimensions and its

simulation result has been shown in Fig. 7-9. The magnitude of Sy; versus frequency for the
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designed WRO03 bends which is better than 31 dB across the whole frequency band (220

GHz- 320 GHz).

$=0.254

?=0.238

$=0.29

$=0.27

o

& o

Fig. 7-8  H-plane 90 degree four layers bend dimensions
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Fig. 7-9  S11 versus frequency for WR03 bend

The final step is to add the H-plane bend to the WRO03 matched load. Fig. 7-10
illustrates the schematic of the WR03 matched load including the H-plane bend which has
been designed by CST Microwave Studio. The blue part shown in the figure is vacuum which
is surrounded by PEC in CST simulation apart from the tapered end and input port which are

open boundaries.

Fig. 7-10 Schematic view of WR03 matched load waveguide termination including H-plane bend
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The total length of the WR3 matched load including the designed bend is 24.93
mm. Fig. 7-11 presents the Si; versus frequency for the whole designed matched load with
bends. This design is ready for fabrication. The return loss is better than 30 dB over the

whole frequency band.
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Fig. 7-11 S11 versus frequency for WR03 matched load attached to the WR03 bend

Fig. 7-12 shows the standard flange for WR03 waveguide is UG387 Flange, which will

be used for measurement process.
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Fig. 7-12 UG387 Flange, the standard flange for WR03 waveguide.

Finally for the fabrication of the whole structure of WRO03 termination a 6-layer
structure is used. Four layers are considered for the bend section and two thicker layers are
dedicated for two sides of the bending. Accurate dimension features of UG387,Fig. 7-12,
flange is considered for the implementation on all layers. The six SU8 layers with total
thickness of 3xa (‘a’ is the width of waveguide which is equal to 863.4 um for WR03) are
shown in Fig. 7-13. First and sixth layers have thickness of ‘@’ and four middle layers have
thickness of ‘a/4’. Each layer has length of 30 mm and width of 24 mm. The detailed

dimensions of the holes are shown in Fig. 7-14.
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Fig. 7-13 6-layer structure for implementation of the proposed WRO03 termination, a) First layer with
thickness of a, b) Second layer with thickness of a/4, ¢) Third layer with thickness of a/4, d) Fourth layer

with thickness of a/4, e) Fifth layer with thickness of a/4, and f) Sixth layer with thickness of a.
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Fig. 7-14 Dimensions of the metal plates with thickness of 3 mm and the holes at both sides for

supporting the SU8 structure.

The final 6-layer structure needs two 24 mmx30 mm metal plates with thickness of 3

mm at both sides for supporting the SU8 structure (they can be made from brass), Fig. 7-14
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shows the dimensions of the metal plates with thickness of 3 mm and the holes at both sides

to support the SU8 structure.

The whole structure is displayed in Fig. 7-15 from both front and back view.

(@) (b)

Fig. 7-15 Two metal plates at both sides for supporting the SU8 structure, (a) Front view, (b) Back

view.
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Chapter 8 CONCLUSIONS AND FUTURE
WORK

8-1 Conclusions

In this thesis a matched load and H-plane bend for WR03 waveguide has been designed and
investigated. The design procedure started with the study of the reflection coefficient from an
open ended WRO03 waveguide into air and SU8. Different conductive materials and thickness
values were examined using different SU8 tapering at the open ended terminal of the WR03
rectangular waveguide. To design the complete WRO03 rectangular waveguide the H-Plane
bend was designed and the whole structure simulated using CST.

In Chapter 3, the CST simulation results for a WRO03 rectangular waveguide open ended into
air were presented and analysed. As the final design was intended to be used within SU8
material, the effect of SU8 dielectric was considered in the study. The presence of SU8
increased the mismatch of open ended terminal of WRO03 rectangular waveguide
significantly, which was not desirable. To overcome this issue the possibility of increasing
the amount of path loss was investigated by studying the effect of different conductor
materials on conductor loss and leakage loss.

Six different common conductors were studied in Chapter 3. From the results obtained
wasbeen concluded that the maximum attenuation is achieved using Titanium whilst Silver
has been found to have the smallest attenuation. Other conductors were considered, Nickel
and Platinum showed an attenuation level between those observed for Titanium and Silver
conductors.

It has been found that the amount of the attenuation for a conductor with normal thickness

(t>>0s) is not sufficient. The study of thin film (s<<dJs) conductors was another
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consideration of the present study It was observed that the thickness significantly influences
the attenuation of the signal.

When the thickness of the metal material is much less than the skin depth (z<<d;), leakage
loss will appear in the waveguide walls. It has been shown that the amount of loss will
exponentially increased if the conductor is made thin. Although the thinner conductor
material gave more attenuation and less reflection, the implementation limitations of the
device should also be taken into account.

In Chapter 4 a simple WRO03 waveguide termination was designed and simulated with
CST.As a signal reflection was found, numerous different techniques were explored in
Chapters 5 and 6, for example Height tapering, Inner height tapering, Width tapering,
Pyramidal tapering and Horn shaping.

Parameters such as the length of tapering and the distance from an open ended terminal to the
end of the termination were tested. The length of the tapering was found to significantly
influence the results. Based on the findings arising from the CST simulations, height-tapering
stood out from the aforementioned tapering techniques, with Sy; being better than 29 dB. This
was achieved by using a tapering length equal to 0.5 mm.

After obtaining the optimum termination structure, in Chapter 7 the possible fabrication
method of the matched load was discussed. To make an applicable module, it seems very
plausible to embed the termination into a metal box. Putting the termination into the metal
box degraded the result significantly. It was found that in order to compensate for the
degradation of the performance of the matched load the length of the waveguide should be
increased by 5 mm. The final proposed structure for the WR03 waveguide termination has a
return loss better than 35 dB across the frequency band and better than 50 dB around 300
GHz. For the measurement of the WR03 waveguide termination and, interconnection the H-

plane bend with a standard waveguide flange is needed.
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The H-plane bend directs the connection between the WR03 matched load termination and
the standard waveguide flange, and makes it accurate.

As it has been discussed in Chapter 7, the H-plane bend can be designed in two, four and six
layers. The more layers the better the performance and less reflection. However, the
fabrication process would be more difficult with increasing numbers of layers.

An H-plane bend was designed with performance of Si; better than 30 dB in the whole
desired frequency band with four layers based on 90 degree, multi-stepped and multi-mitered
corners.

The final step of this study was to design the whole structure of WRO03 matched load
combined with the H-plane bend. The total number of designed layers is six, with four layers
designed for the main structure and two thick layers have been designed for the two sides of
the bending. The total length of the final proposed design is 24.93 mm with S;; better than 32

dB in the frequency range of 220 GHz to 320 GHz.
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8-2 Future Work

The main aim of this study has been to propose a good structure for a waveguide

termination in WRO03 band.

In this work analysis of thin film conductor layers for WR03 waveguide and also
different kinds of tapering in open-ended side have been performed. Furthermore, the

essential procedures for implementation of the proposed termination have been done.

In order to build further on the findings of the present investigation the final proposed
structure could be manufactured and measured. At the moment there is no process available
within the research group for this tapered termination. There also does not appear to be any
suitable technology reported in the literature. Such structures have been made for X-band in
styrophome [14] these structures prepared by cutting which is not convenient for 300 GHz.
Imperial college London research groups has developed etching technology which might be
adapted to make taper structure. Additionally, the realization of this termination can be

analysed by using other conductors, including gold, Titanium, or etc.

Combination of this termination with other modules such as quadrature hybrid, 180-

degree coupler or circulator could be worth investigations as an integrated structure.

Also an analytical expression (closed form expression) of loss calculation for thin film

waveguide would be interesting.
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