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Abstract

The waveguide filters are popular choices for transmitting and attenuating signals and the
construction of passive circuits. With increasing demands on terahertz systems, waveguide filters
with not only excellent performances but also compact size and lightweight are in need. This thesis
looks into the design of terahertz waveguide filter while taking advantage of specific

micromachining process.

Two waveguide filters operating on WR-3 band (220-325 GHz), one based on high precision
computer numerically controlled (CNC) milling and the other using SU-8 photoresist technology,
are designed and fabricated in this work to achieve demanding specifications. It is the first
demonstration with the best measured performance that a CNC milled filter with a steep rejection
characteristic beyond 300 GHz and a SU-8 micromachined filter with novel cross-coupling
topology working at WR-3 band. These two filters demonstrate potential replacements of
frequency selective surface (FSS) filters used in heterodyne radiometers for unwanted sideband

rejection.

Another two WR-3 waveguide filters based on laser micromachining are also presented in the
thesis. The filter structures are specially chosen to take advantage of the laser cutting processes
and the standard steps of laser micromachining are also optimised accordingly in order to reduce
the fabrication errors and achieve better performances. Although the performance of the two filters
is not perfect, these works show the potential of the laser micromachining for fabricating terahertz

waveguide filters.



Acknowledgement

I would like to thank my supervisor Prof. Mike J. Lancaster for his patient guidance and
continuous support and encouragement during my Ph.D. study in the University of Birmingham.

I am also grateful to my progress report assessor Dr. Alexandros Feresidis for his precious advices.

My appreciation also goes to my colleagues in the Emerging Device Technology Research
Group at the University of Birmingham. In particular, | would like to thank Dr. Xiaobang Shang
for his encouragement and many useful discussions on my work, Dr. Cheng Guo for many
inspiring suggestions and ideas on the filter design, Dr. Yuvaraj Dhayalan and Dr. Pavel Penchev
for fabricating the waveguide filters presented in this thesis. |1 would also like to thank to Dr. Bo
Liu from University of Glyndwr for the cooperation on the work of optimisation for filters and
diplexers, Dr. Peter G. Huggard and Dr. Hui Wang from Rutherford Appleton Laboratory for the

help on the filter fabrication and measurements.

Finally, I want to express my sincere thanks to my parents and all of my friends for their support

and encouragement.



Table of Contents

AADSTIACT. ...t bbbttt bt i
ACKNOWIBAGEMENT ...ttt b et ene e ii
TabIE OF CONTENTS .......cueiiiiece et \Y%
Chater 1 INTrOAUCTION .......oouiiiiiiieeee bbbt sb et 1
1.1 Overview of Terahertz Radiation and AppliCations............ccccvvieiiiiciieie e 1
1.2 Overview of Terahertz Waveguide Circuits and Micromachining ...........c.ccoccevvviieveineinennens 2
1.3 Motivations and ODJECLIVES .......c.ciiiieiiiicie ettt sresre e sre s 4
1.4 TRESIS OVEIVIBW ...ttt ettt 5
RETEIENCES...... ettt R ettt b n e 7
Chapter 2 General Theory for Resonator Based FIlters...........cccvvvivviieviveve s 9
2.1  Background of Filters Based 0N RESONALOIS .........cc.civeieiieieeiiieeiese s sre st se e 9
2.2 Coupling Matrix RePreSENTAtiON ........ecviiiiiiiiiiee ettt s srenas 9
2.3 Physical Realisation of Waveguide FIlter.........cccocveiiiiiiiiiiie e 13
2.3.1 ReCtangUIAr WaVeQUITE .........ccuieieeie e se e te et siee ettt re e rn e snn e e e ee e e 13
2.3.2 Cavity resonator and roUPIING QFiS......c.euueiie e 15
2.3.3 Determine external quality factor and coupling coefficients.........ccccocevvevviviin e, 18

2.4 Example of a Standard Coupled Resonator Filter...........ccccvvevieiiiniie i 23
24.1 Calculation of coupling matrix using SPeCifiCationsS............ccccevveiriirienineresereeeas 24
2.4.2 Realisation of external quality factors in physical dimensions............c.ccocveeveieriennn, 25
2.4.3 Realisation of coupling coefficients in physical dimensions ............c.ccccvvviieicrcnnn, 27
244 FINal OPLIMISALION..........oiiiiiiiiiicce 29

2.5 CONCIUSTONS ...t 31



RETEIENCES ...ttt e et et et e et e e aeeee e e e e eae e et e st e s e s e e e eaneenreenteens 31

Chapter 3 Micromachining for Terahertz Waveguide Circuit ............cccceevevviivernennnne. 32
3.1 Overview of Micromachining Techniques for Terahertz Waveguide Circuits.......... 33
3.11 CNC MITING . 33
3.1.2 Si deep reactive ion etching (DRIE) ........cooiiiiiiiiieieeeee e 36
3.1.3 LIG A PIOCESS ...ttt bbbt bbb sb et bt bbbt e b ns 39
314 SU-8 photoresist technology for micromachining ............cccceeeiiniiinineneeeees 41
3.15 Laser MiCromMaChiniNg........ccoiiiiii s 42
3.1.6 K I ] ] 0141 PSSRSO 45
3.2 Fabrication Process for SU-8 photoresist teChNology ..........cccooveieviiiiiiiiec e 46
3.3 CONCIUSIONS ...ttt bbb bbbt 53
RETEIBICES ...ttt bbbt bbb et b bbbttt 56

Chapter 4: Micromachined Waveguide Circuits Using High Precision CNC Machining and

SU-8 Photoresist TEChNOIOQY ........ccviiiiiiiei e 62
4.1 =TT 10| (o] T SRR 63
4.2  Design of the Waveguide FIIErS ..o 65
4.3  CNC Milled EXtracted POl fIITEr........cocoiiiiieieceec e 69

43.1 Design process of extracted pole filter..........ccooeiiiiiii 69
4.3.2 Fabrication and measurement details for CNC milled filter ............ccooviiiiiiinciennn 73
4.3.3 DiITFEIENCE ANAIYSIS. .. c.vivititee e 77
4.4 SU-8 Micromachined FIlEr ..........oooiiiiiiiiiiieees e 78
44.1 Design process of SU-8 micromachined filter ..o 78
4.4.2 Fabrication and measurement details for for SU-8 micromachined filter..................... 82
4.4.3 DiIfferenCe aNalYSiS......oooviiiiieii e 87



4.5  Comparison and DISCUSSION........civiiiieiiieeieeseeseesteesee e e teesteesteesreesreeaeeesneesreesreesreesnnesnes 89

RETEIENCES ...ttt bt bbb et b bt b e 93
Chapter 5: Micromachined Waveguide Circuits Fabricated by Laser ............c.ccccoveueenee. 97
5.1 =TT 1o | (0] T SRS 97
5.2 Laser Machined Double Layer FIlter ..o ie it 100
521 Design process of double layer filter ... 100
5.2.2 Fabrication detailS.........c.ooveiiiiiiii s 103
523 Measurement results and diSCUSSTON .........ccverveieiiiniriiiiie e 106

5.3 Laser Machined Filter With BENAS ..........cccooiiiiiiiiiiiiise e 112
531 Design process of filter with two H-DeNnds............cccoooiiiiiiiiiiic e 112
5.3.2 Measurement and AISCUSSION .........cuiiiirerierieiei et 117
5.3.3 IMProvements fOr the PrOCESS .........oiiiiiiieisi e 123

T S o o Tod [V 3 oo SR 128
=T =) TSP 130
Chapter 6: Conclusions and FUrther Work ... 132
T8 A o o Tod 103 oo SR 132
5.2 T 01V TS 135

L =T =) TSSOSO 137
Appendix I: Optimisation for Filters and DIpIeXers..........c.ccoovviiiiiiiiinnece, 138
AppendixX T2 PUBIICATIONS .........coiiiii e 155

Vi



Chapter 1

Introduction

1.1 Overview of Terahertz Radiation and Applications

Terahertz radiations are electromagnetic waves with a frequency range from about 0.1 THz to
10 THz, or wavelengths between 3 mm and 30 um, which lie between the microwave and infrared
regions of the spectrum [1]. Terahertz frequency range is also the last span within the whole
electromagnetic wave spectrum, which has rarely been technologically and commercially
developed. From the literature, the terahertz frequency range is often referred to as ‘terahertz gap’
due to this reason. Meanwhile, this frequency range presents incredibly fascinating prospects for

many applications [2].

Terahertz radiation mainly exhibits three attractive properties for applications. The first
property is that terahertz radiations are non-ionizing, able to pass through dielectrics such as paper,
plastic, cloth and wood, with little attenuation, while metals are highly reflective in this frequency
region. Many materials which block visible and infrared (IR) spectra, appear to be transparent in
the terahertz region. As compared to microwave radiation, employing terahertz frequency range is
able to achieve better spatial resolution required for rendering quality imaging [3]. The next unique
property is that terahertz radiations are safe for biological entities due to its relatively low energy.
As compared to X-rays which have the risk of creating ionization in biological tissues, terahertz
waves have absolutely no ionizing radiation impact, presenting no health hazard to humans and
animals being scanned. The third special property is that many substances reveal their unique
spectral fingerprints in the far terahertz range (1 - 3 THz), which provides unigue information

about their structure and allows conducting their chemical analysis [3].



Because of these properties, terahertz radiation has promising applications in areas such as
safety monitoring imaging. As introduced preciously, normal covering or packing material (i.e.
cloth) are transparent to terahertz radiations while liquid explosives or drugs can be distinguished
from their unique spectral characteristics. Metal objects are opaque in the image since they reflect
all terahertz radiations. The advantages of low energy, high signal to noise ratio and high
sensitivity to the water content in biological tissues [3] present great potential of employing
terahertz radiation in medical imaging. As for high frequency communication systems, compared
to microwave frequencies, terahertz frequency carriers enable lager available bandwidth as well
as smaller size for terahertz components. However, in practice the terahertz radiation suffer from
large atmospheric attenuation and can’t propagate for long distance in earth’s atmosphere. In spite
of this drawback, terahertz radiation presents its great potential applications in other area such as
quality control, non-destructive testing, astronomy, atmospheric research, short distance wireless
communications, networking and military applications [3]. During the last few decades, many
studies and researches have been carried out in order to fill the ‘terahertz gap’, yet not so many
really successful breakthroughs have been made, but the unique properties of terahertz sicence and

technology suggest that its applications will grow fast [3].

1.2 Overview of Terahertz Waveguide Circuits and Micromachining

Waveguide is one kind of transmission line (usually in the form of a rectangular tube) for the
propagation of electromagnetic waves. Compared with other typical transmission lines operating
at same frequencies (i.e. microstrip, coaxial cable), waveguide can provide the lowest loss and best

power handling capacity [4]. For microwave frequency applications, the bulky size of waveguide



circuits becomes the main drawback. Fortunately, for waveguide components in general, device
dimensions decrease as frequency increases. As the operating frequencies of the waveguides go
up into terahertz region, the waveguide components become smaller which means the size of
waveguide is no longer a drawback. In this case, for terahertz circuits, rectangular waveguide is
an ideal low loss medium for interconnectivity and for the construction of passive circuits [4].
However, new challenge comes as tighter dimensional accuracy is required for the fabrication of
terahertz waveguide. For example, the cross-sectional dimensions for a WR-3 band (220 - 325
GHz) waveguide is just 864 by 432 1um, and the dimensions of the additional structures inside the
waveguide (for example for a filter) can be much smaller than the dimensions of the waveguide
itself. The dimensional accuracy required for a waveguide filter based on coupled resonators is
even more demanding since the performance of the circuit is very sensitive to the dimensional
sizes such as the length of the resonators and width of the coupling iris. From this perspective,
more and more researchers have looked into different micromachining techniques to accomplish

complex waveguide features with high dimensional accuracy.

Computer Numerical Control (CNC) machining is a traditional way of fabricating metal
waveguide components and has been recently utilised for manufacturing devices operating at low
terahertz frequencies (0.1-0.3 THz). Waveguide components fabricated by CNC milling with
excellent performance have been reported in [5] and [6]. However, researchers are pushing the
limit of the CNC micromachining. The structures of the waveguide filter are carefully designed to
be achievable by CNC milling process. With the development of high precision CNC machines,
CNC milling process remains a good choice for fabricating components operating at terahertz

frequencies.

Other alternative micromachining process such as silicon deep reactive ion etching (DRIE) [7-



9], lithographic micromachining technique (LIGA) [10] and SU-8 photoresist technology [11-13],
have been developed and employed by the researchers to achieve high-dimensional accuracy in
the fabrication of terahertz waveguide filters. In [14], laser micromachining and 3-D printing have
also been utilised for waveguide filters using different designs at about 100 GHz. These
micromachining processes have shown great potential for the fabrication of terahertz waveguide
circuits. However, each micromachining process has its advantages and drawbacks. This will be

discussed in Chapter 3 with more details.

1.3 Motivations and Objectives

There has been great potential for the exploiting of terahertz frequency range due to its
promising scientific and industrial applications. Many of the existing terahertz instruments are
typically very large, difficult to use, intended for specific narrow applications, and prohibitively
expensive. The work presented in this thesis focus on reducing the size, weight and cost of terahertz
circuit while maintaining its quality of performance. For terahertz systems, the waveguide circuits
have become a popular choice of transmission line, due to its lower loss and better power handling
capacity. However, the responses of waveguide circuits operating at terahertz frequencies are
especially sensitive to the dimensional accuracy, which brings challenges for the fabrication

techniques of micro-structures.

Many manufacturing methods have been proposed and modified by the researchers to deal with
the fabrication of complex waveguide circuits working at high frequencies. techniques as well as
present a number of terahertz waveguide filters showing the advantages of micromachining

technologies at terahertz frequencies. The main objectives of this thesis are (1) compare different



micromachining techniques and choose the most suitable processes based on potential
performances, costs and available resources; (2) design and fabricate a number of terahertz
waveguide filters which take advantage of the fabrication process while pushing the limits of state-
of-art for the micromachining process (i.e. SU-8 photoresist technology and laser micromachining

in this work).

1.4 Thesis Overview

This thesis is in two major parts: (i) a general review of waveguide filter design techniques and
micromachining for terahertz waveguide circuits; (ii) terahertz waveguide circuits based on CNC
milling, SU-8 photoresist technology and laser micromachining. Chapters 2-3 focus on the first

part and Chapters 4-5 present the latter.

Chapter 1 gives the overview of terahertz radiation and its application, an overview of terahertz
waveguide circuits and micromachining, together with the motivations and objectives for the thesis.

An overview of the structure for this thesis is also included in this part.

Chapter 2 is intended to provide the general theories which are used to design waveguide filters
presented in this thesis. The overview of coupled resonator filters and its coupling matrix
representation is presented. This is followed by the overview of the waveguide filter technology

and its physical realisation. In the last part of this chapter, a filter design example is given.

Chapter 3 reviews the micromachining techniques for the fabrication of terahertz waveguide
circuits (mainly waveguide filters). The process and applications for CNC milling, DRIE process,
LIGA process, SU-8 photoresist technology, laser micromachining and 3D-printing are introduced.

This is followed by the discussion of the advantages and disadvantages of each process in each

5



subsection. Then the SU-8 micromachining process, which is developed at University of
Birmingham (EDT group) and employed in the filter presented in Chapter 4; it is explained in

detail. In the last part, a comparison of these micromachining techniques is provided.

Chapter 4 mainly presents the designs, fabrication and measurements of two micromachined
circuits working at WR-3 band (220-325 GHz). One is based high precision CNC machining and
another is fabricated using SU-8 photoresist technology. The specification is provided in the first
part, followed by the discussion of filter design process. Then the fabrication, measurement and
analysis of measured responses are presented. At the end of this chapter, the comparison of these
two filters, together with other recently published waveguide filter operating in frequency from

WR-10 to WR-1.5 band is given.

Chapter 5 deals with two laser micromachined waveguide filters both composed of four coupled
resonators operating in TE1o1 mode working at WR-3 band. The first one uses a novel double-layer
design and the second is designed with two H-bends. The design methods, an improved fabrication
process of laser cutting and the measurements for both filters are discussed in detail in this chapter.
Difference analysis between measured results and designed responses, and further suggestions for

employing laser micromachining are presented in the last part of this chapter.

Chapter 6 is the conclusion of the whole thesis. The first part summaries the work that has been
done and the main novelties for this work. The second part presents the comparisons between
filters described in Chapter 4 and 5. The comparisons contain the measurement responses as well
as the discussion of further applications of these processes. The suggestions for future work are

also included in this chapter.
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Chapter 2

General Theory for Resonator Based Filters

2.1 Background of Filters Based on Resonators

A filter is a two-port network commonly utilised for transmitting or attenuating signals for
desired frequency bands. The coupled resonator filter is a common type of filter and has been

presented in literature for applications in communication system and radar systems [1].

A general synthesis for design filters using coupled resonators can be found in [2]. This
technique can be utilised to any kinds of resonators regardless of their physical geometry. Using
coupling matrix to represent filter circuits is the key process in such a technique. By modelling the
filter in a matrix, each physical element of the final filter circuit can be transferred to a
corresponding element in the coupling matrix [3]. Before the introduction of the terahertz filters,
the basic knowledge for coupled resonator filter theory related to this work are presented in this

chapter.

2.2 Coupling Matrix Representation

The derivation of the representation of general coupling matrix for a coupled resonator filter
has been introduced in [2]. The equivalent circuit with magnetically coupled resonators and circuit
with electrically coupled resonators are given in Fig. 2.1 (a) and (b) respectively. In Fig. 2.1, R, G,
C and L represent the resistance, conductance, capacitance and inductance; i and v stand for the

current and voltage.
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Fig. 2.1 Equivalent circuit of a waveguide filter composed of (a) magnetically n-coupled resonators (b)

electrically n-coupled resonators [2].

By employing Kirchoft’s voltage and Kirchoff’s current law, the coupling matrix can be derived
from an impedance matrix using a set of loop equations or via an admittance matrix calculated
using a set of node equations [2]. The derivations present that the normalised admittance matrix
and normalised impedance matrix have identical form. We will not reproduce the derivation here,
however the result for a general matrix [A] in terms of coupling coefficients and external quality

factors for both kinds of coupling introduced above is [2]:
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where gei is the normalised external quality factor of resonator i, [q] is the nxn matrix with all
entries zero, except for 0,; =1/0,, and q,, =1/ q,, , matrix [U] is the nxn unit matrix, p is
the complex low pass frequency variable, ,, is the centre frequency of the resonator, FBW
represents the fractional bandwidth for the waveguide filter. mij (i » j) is the normalised coupling

coefficient between the resonator i and j, the diagonal entries mii is the self-coupling coefficient.

As presented in [2], the insertion loss and return loss (S-parameters) of this coupled resonator
filter can be calculated using the general matrix [A] with normalised external quality factors as:

Sllzi(l—i[A]:J

qel (23)

1

1 _
S.,.=2— 1A
2 =2 Ak

For filters with Chebyshev, Butterworth and Elliptic or other standard responses, the normalised
external quality factors and general coupling matrix [A] can be calculated from its low-pass
prototype elements go, g1, ...gn+1, Which can be found from tables directly or calculated by

formulas shown in equation (2.4) [2].

11



The low-pass prototype g values for the Chebyshev filter with a passband ripple Lar dB and the

cut-off frequency Qc =1 are calculated using the following formulas given in [2],

go:1

—Esin z
9,= ’ on

4Sin((2i_1)ﬂ]-5in((2i_3)ﬂ]
1 2n 2n . (2.4)
g = - (i=2ton)
04 2 o 2(("1)71']
7% +sin
n
1 for n odd

Gna = cothz(é) for n even

where

LAI’
ﬁ =In |:C0th (ﬁ]}
y =sinh (%)

Using lumped elements, the normalised external quality factors and the coupling coefficients
between adjacent resonators for Chebyshev lowpass prototype filters can be calculated from g

values as:
qel = gogl’ qen = gngn+1

1
e \/ gigi+l

(2.5)

m fori=1ton-1
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2.3 Physical Realisation of Waveguide Filter

2.3.1 Rectangular waveguide

Fig. 2.2 Cross section of a rectangular waveguide [4]

The design of a waveguide filter will be discussed in Section 2.3.4. However, before proceeding
this we will discuss the basic principles of a rectangular waveguide as it is so important for the
work in this thesis. A waveguide is performed as a circuit which directs the propagation of energy
in the form of an electromagnetic wave [4]. The rectangular waveguide, of which the cross section
is shown in Fig.2.2, is the most common type of waveguide [4]. The following presents several
important properties of a rectangular waveguide. More detailed descriptions of waveguide theory

can be found in [4].

In a rectangular waveguide, TE (i.e. transverse electric) and TM (i.e. transverse magnetic)
modes are allowed to propagate while a TEM (i.e. transverse electromagnetic) mode is not
supported. The cut-off frequency is defined as the lowest frequency each mode can propagate
through the waveguide. From the derivation in [4], the cut-off frequency fcutot 0f each TEmn mode

of TMmn mode is calculated as equation (2.6).

13
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where a and b represent the width and height of the rectangular waveguide, c is the speed of light
in free space, m and n are the number of half standing waves along the width (x axis) and height

(y axis) of the rectangular waveguide. The mode with the lowest cut-off frequency is called the

dominant mode. For common rectangular waveguide which meets the condition of a=2b, the TE1o

mode is the dominant mode as it has the lowest cut-off frequency of fcutoﬁTEm =C/2a . As for TE2

mode, it has the second lowest cut-off frequency of fcutOﬁTEZO =C/a. In this situation (a=2b), in the

frequency band between c/2a and c/a only the TE10 mode propagate inside the waveguide, so when

using this frequency band, the waveguide is said to be as single mode, the useful bandwidth of this
rectangular waveguide is calculated as fcumezo - fcutoﬁTElo =c/2a. 1o get rid of the influence of

higher modes, rectangular waveguides are almost always operated in the band in which they are
single-mode [4]. In this case, when designing waveguide filters, the passband of the filter should

also be designed within the single-mode frequency band for such waveguide.
For non-standard rectangular waveguide, for example, for b > a/2, the cut-off frequency of the

TEo1 mode would be calculated as the second-lowest based on equation (2.6). The actual useful

bandwidth of the rectangular waveguide is calculated as fcutoffTEm - fcutoﬁTElo =c/b-c/ a, which

has relatively smaller single mode bandwidth. Therefore, in order to obtain wider useful bandwidth,
b is preferred to be no bigger than a/2. However, the waveguide attenuation increases as b increase
[4]. For rectangular waveguide of b< a/2, the useful bandwidth is still between the cut-off of TE1o

mode and TE20 mode, however the attenuation would increase [4]. Therefore, for a rectangular

14



waveguide, the optimum height b is exactly half of the width a.

2.3.2 Cavity resonator and coupling iris

Fig. 2.3 A standard rectangular cavity resonator

Cavity resonators are able to store both electric and magnetic energy [3] and they are the key
components in the physical realization of a resonator filter. A cavity resonator is composed by
rectangular waveguide ended with two conducting walls at both ends [3]. A standard single cavity
resonator is shown in Fig. 2.3. The resonant frequency and the unloaded quality factor are two
important parameters for a cavity resonator. The calculation of resonator frequency and unloaded
quality factor of a single cavity resonator using the physical dimensions is presented in the

following part.

The resonant frequency is the frequency at which the stored electric energy within a single

cavity equals the stored magnetic energy [3]. For a rectangular waveguide cavity, the transverse

15



electric field (Ex, Ey) of the TEmn or TMmn mode can be express as [4]:

E.(x v, 2)=e(x, Y)[Ae "™ + Ae ] 27)

In the above equation (2.7), e(X, Y) represents the transverse variations in the x and y directions,

A~and A represent the amplitude of the travelling wave in +z and -z (forward and backward)

directions. ,an is defined as the propagation constant for the TEmn or TMmn mode and can be

found in [4] as:

P =\/k2—(%)2—(”f>2 2.9

where k is the wavenumber which can be calculated as K =27 fox/ﬂg , u is the permeability and

¢ is the permittivity of the material within the waveguide [4]. From equation (2.7), by employing

the condition that E(X, y,0) =0and E(X, y,d) =0, we can get:
for 1=1,2,3... (2.9

Equation (2.9) indicates that the length of a cavity resonator Ir should be integer | times of half
guided wavelength ﬂg of the considered mode at the resonant frequency [4]. The cut-off

wavenumber of the rectangular cavity resonator can be calculated as [4]:

- =\/(%)2+<”f)2+('§>2 (2.10)

where the m, n and | represent the number of half wavelength variations in the x, y, z directions,
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respectively. Then the modes existing in the cavity resonator can be expressed as TEmni and TMmni,

while the resonator frequency fmni of these modes can be calculated as:

ck o msr Nz |z
f = mnl = \/ 2 +(— 2 +(— 2 (211)
™ o HE, 2T\ 1. E, ( a )+ ( b ) (d )

where c is the speed of light in free space, /; and ¢, stand for the relative permeability and

permittivity of the material filling the waveguide, respectively.

The unloaded quality factor Qui is used to describe the inherent loss in a resonator and is defined
as the ratio between the energy stored in the resonator versus power lost per unit time [3]. A
low/high unloaded quality factor corresponds to a high/low loss. The unloaded quality factor for a

single cavity resonator is calculated using equation (2.12).

1 1.,
= (=) 2.12
Q, (CL%_Qd) (2.12)

where Qc stands for the factor of loss caused by lossy conducting walls and Quq represents the loss
caused by dielectric that is filling in the resonator. For the filters designed in this work, air is the

filling material within the resonator, therefore Q, — . In this case, only Qc is considered and

used to calculated the unloaded quality factor. From [1], the Qc of a single cavity resonator working

at TEio mode is calculated as:

(kad)*bry

= 2.13
27°R (20 +2bd® + a°d +ad”®) (213)

Q

where Rs is the surface resistance, the conductivity of the conductive wall for the resonator is o,

Rs is then calculated as R, :\/a)y/20 [1]. n is the wave impedance and calculated as
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n=yule.

In a waveguide filter design, the cavity resonators are typically coupled by inductive iris or
capacitive iris or both, depending on the specification for desired response. Fig. 2.4 shows some
standard coupling iris for two rectangular cavity resonators coupled together. The techniques of
extracting initial dimensions for the coupling iris from the corresponding elements in coupling

matrix will be introduced in the following sections.

b
Inductive Iris
Inductive Iris a
(b

)
‘.
a
Capacitive Iris
(d)

Figure 2.4 Rectangular cavity resonators coupled by different coupling iris: (a)(b) Inductive iris

(c)(d) Capacitive iris

2.3.3 Determine external quality factor and coupling coefficients

To convert the elements of coupling matrix into the dimensions of waveguide physical
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structures, it is important to figure out the relationship between each matrix entry and its related
physical dimension for the waveguide components. As described above, the external quality
factors and internal coupling coefficients between resonators can be derived from the filter’s
specifications. Then the physical dimensions of the filter structures can be determined using the

following techniques [1].

The definition of unloaded quality factor Qui is described in Section 2.3.2. For the cavity

coupled with a source and load, the loaded quality factor Qi is calculated as:

1 1.,
Q= (—+6)_ (2.14)

ul e

where Qe is the external quality factor.

Weak Coupling

External Coupling

Fig. 2.5 Single resonator cavity externally coupled to one port and weakly coupled to another port

The loaded quality factor can be measured by simulation Sz1 response of the single cavity

resonator with one port externally coupled to input port and another port weakly coupled to output
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port. Fig. 2.5 shows an example of a resonator cavity that is externally coupled to the input port
and weakly coupled to the output port. From the simulated Sz1 response shown in Fig. 2.6, the

loaded quality factor Qi is calculated in equation (2.15) using the resonator frequency fo and the 3-

dB bandwidth Af, 5 as:

Q= (2.15)

IS, (dB)

Frequency
Afraz —
(3-dB bandwidth)

Fig. 2.6 3-dB bandwidth in simulated S21 response (Figure reproduced form [3])

It should be noted that Qi should be calculated when fo is equal to resonant frequency of the
cavity, otherwise the length | of the resonator should be adjusted to make fo equal to the desired

resonant frequency. For perfect electric conductor and no radiation to the environment the EM
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simulator (i.e. CST Microwave Studio) then the unloaded quality factor Qu| — 9, From equation

(2.7) the external quality factor Qe can be calculated as:

Q=Q (2.16)

To determine the internal coupling coefficient k¢ (this is corresponded to mij in the coupling
matrix), the structure shown in Fig. 2.7 is given. The two resonators are identical and internally

coupled to each other. The other port of each filter is weakly coupled to input/output port.

Weak Coupling

Weak Coupling

Coupling between resonators

Fig. 2.7 Two coupled resonators with weak external couplings to input/output ports.
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Fig. 2.8 Simulate results of Si1and Sz1 for two coupled resonators

Figure 2.8 shows the simulated Sz1 of the two coupled resonators. f, and f, are the frequencies

of two peaks of simulated S21. The coupling coefficient between each two resonators kc can be

calculated from the formulation as [5]:

2 2
k =ii(h+hJ\/[ f22_ fIZJ _( f022_ foij
BN fr+ 1 foo + o1 (2.17)

where, f01 and f02 are the resonant frequencies of each uncoupled resonator.

When the coupled resonators are synchronously tuned (i.e. f01= foz ), equation (2.17) is

simplified as [2]:

k _ .I:22_ f12

2.18
© i1 (2.18)

For asynchronously tuned resonators, when the ratio of two resonant frequencies fox and foz is

withinasmall range ( f,, / f,, <1.1, f,, = f,), the asynchronously tuning has very little effect
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on the value of the internal coupling coefficient [3]. The topology in Fig. 2.7 can also be applied
to extract the internal coupling of the asynchronously tuned resonators. However, for more

complicated situations (e.g. f,, / f,, >1.1, f,, > f,, ), we need to apply the full equation of

(2.17) to calculate the coupling coefficient between two resonators.

The above techniques give the initial values for the dimensions of the filter design, by
connecting resonators in series, the coupled resonator filter is formed. After optimisation process

in EM simulators, the response can be optimised to match the filter specification.

2.4 Example of a Standard Coupled Resonator Filter

From the filter’s specification, the external quality factors and coupling coefficients between
resonators can be obtained in a coupling matrix. The physical dimensions can be extracted from
the corresponding elements in the coupling matrix using the method explained in section 2.3.3.
Here, the design of a 3" order Chebyshev filter centred at 300 GHz with 5% fractional bandwidth
and 20 dB maximum return loss within passband is presented as an example. As shown in Fig. 2.9,
the waveguide filter is composed of three cavity resonators working in the TEi01 mode. Both the
external couplings with input/output port and the internal couplings between resonators are

realised by symmetric inductive iris in this example.
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Fig. 2.9 The 3D model for the 3" order Chebyshev waveguide filter simulated in CST. R1, R2 and
R3 represent the resonator 1, 2 and 3. The blue part represents vacuum and the background is set

to be perfect electric conductor (PEC).

2.4.1 Calculation of coupling matrix using specifications

By using equation (2.4), the lowpass prototype g values for the of the designed 3™ order
Chebyshev filter (n=3, Siimax=-20 dB, =300 GHz, FBW=5%) can be calculated as go=1,
01=0.8516, g2=1.1032, g3=0.8516 and gs+=1. Applying these g values in equation (2.5), we can
figure out the normalised external quality factors and the coupling coefficients between adjacent

resonators as: ge1=0e3=0.8516, m12=m23=1.0317.

For the practical waveguide filter, the actual external quality factors and the coupling

coefficients can be calculated as:

_ qel — qen
Qu FBW Qur FBW
(2.19)
M...=FBWem fori=1ton-1

ii+l i,i+l
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From equation (2.19), the required values are calculated to be: Qe1=Qe3=17.032,
M12=M23=0.0516. The actual S parameters can be calculated using these un-normalised values in

equation (2.3). The calculated responses using coupling matrix are shown in Fig. 2.10.

S parameters (dB)

T T T T
270 280 290 300 310 320 330
Frequency (GHz)

Fig. 2.10 Calculated S-parameters using coupling matrix for the designed 3™ order Chebyshev

waveguide filter

2.4.2 Realisation of external quality factors in physical dimensions

Using the method introduced in Section 2.3.3, the dimensions of the coupling iris between

input/output ports and resonators can be calculated by simulating the structure shown in Fig. 2.11.
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The tested cavity resonator

(a) (b)

Fig. 2.11 (a) 3D model (a=0.864 mm, b=0.432 mm) simulated in CST to determine the external
coupling iris based on external quality factors. (b) The top view of the simulated structure. doz
represents the dimension of the external coupling iris between input port and the 1% resonator, l1is

the length for the 1% resonator. In this example, the thickness t for each iris is set to be 0.1 mm.

/=300 Gz
S-Parameters [r11agn'l:ude in dB]
70 . ,I .
] G FBUN 3 Bbandwid
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Frequency (GHz)

Fig. 2.12 Simulation results of the structure shown in Fig. 2.11. The 3-dB bandwidth can be

extracted from the S21 response.

Note that the centre frequency for the simulated resonator varies as the length of the resonator
() changes. In this example, as the dimension for the 1% external coupling iris (doz) changes, the

length of the first resonator (I1) should be adjusted to make sure the centre frequency is still
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300 GHz. By repeating these steps for different dimensions of external coupling iris and then
substituting the centre frequency (300 GHz) and the 3-dB bandwidth obtained from the simulations
into equation (2.15), we can get a series of |1 and dox with corresponded Qe values, as shown in

Table-2.1.

Table-2.1 Simulated results to extract external quality factor from physical dimensions

fo=300 GHz
do1 (mm) 0.30 0.35 0.40 0.45 0.50
l1 (mm) 0.572 0.559 0.530 0.507 0.480
Qe1 245.6 84.1 31.8 15.2 7.1

Seen from Table-2.1, we can figure out that the suitable values for doz is between 0.40-0.45 mm,
and the suitable values for l1 is between 0.507-0.530 mm. Through more detailed simulations
(using parameter sweeps in CST), do1=0.438 mm and 1:1=0.511 mm are selected as the initial

dimensions to achieve the calculated external factor (Qe1=17.032) for this example.

2.4.3 Realisation of coupling coefficients in physical dimensions

As introduced in Section 2.3.3, the dimensions of the coupling iris between resonators can be
determined by simulating the structure shown in Fig. 2.13. The simulated results for the structure

are given in Fig. 2.14.
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Fig. 2.13 (a) 3D model (a=0.864 mm, b=0.432 mm) simulated in CST to determine the dimensions
of coupling iris between resonators. (b) The top view of the simulated structure. di2 represents the

width of the coupling iris between resonators, Iz is the length for the 2™ resonator. In this simulation,

the thickness t for each iris is also set to be 0.1 mm.

(fi+ f2)/2=300 GHz p

S-Parameters [Magnitude in dB] |

-40

]
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Fig. 2.14 The simulated S21 response for the of two coupled resonators shown in Fig. 2.13. f1 and

f2 are the two resonate frequencies for the structure.
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Equation (2.18) gives the relationship between coupling coefficient and two resonate frequency
(f1 and f2). From the simulations, the coupling coefficients can be controlled by adjusting the width
of the coupling iris (d12). Note that the length for the resonator (I2) should also be adjusted to ensure
the middle frequency of two resonate peaks (f1 + f2)/2 is at centre frequency fo of 300 GHz for this
example. Using equation (2.18), applying the actual frequencies of two resonate peaks, we can get
the actual coupling coefficient Mi2 between resonator 1 and resonator 2. The results for the

simulations are given in Table-2.2.

Table 2.2 Simulated results to extract coupling coefficients form physical dimensions

(fL + f2)/2=fo (300 GHz)

di2 (mm) 0.310 0.320 0.330 0.340 0.350
I2 (mm) 0.564 0.562 0.560 0.558 0.556
Mz 0.0456 0.0498 0.0555 0.0605 0.0663

From Table 2.2, we can figure out that the suitable values for di2 is between 0.320-0.330 mm,
and the suitable values for Iz is between 0.560-0.562 mm. After more detailed simulations, to
obtain the required coupling coefficients (M12=M23=0.0516), d12=0.322 mm and 1>=0.561 mm are

selected as the initial values for the width of the coupling iris.

2.4.4 Final optimisation

After extracting the initial values for the dimensions of the filter structures from coupling matrix
elements, three resonators are connected in series and externally coupled with input/output port to
establish the 3" order Chebyshev bandpass filter. The simulation results using the initial values
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for the dimensions are shown in Fig. 2.15. Seen from the initial simulated results, the responses
can roughly meet the requirements except for the shift in passband frequencies. Then further CST
optimisations have been applied to achieve the specifications by adjusting dimensions such as
length of the resonators and width of coupling iris. The final responses after optimisations are

presented in Fig. 2.15 and the optimised dimensions are given in Fig. 2.16.

| - - Initial S11

= Optimised S11
= Optimised S21

dB

260 270 280 290 300 310 320 330
Frequency / GHz

Fig. 2.15 CST simulated S-parameters responses using initial values (dash lines) and responses

after optimisations (solid lines).
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Fig. 2.16 The top view of the 3" order Chebyshev filter with optimised dimensions. The optimised
dimensions for the filter structures are: 1=13=0.460 mm, 12=0.517 mm, do1=d40=0.442 mm,

d12=d23=0.318mm, t=0.1 mm,
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2.5 Conclusions

The background theories for the filter based on coupled resonators have been presented in this
chapter. It starts with the introduction of coupling matrix representation for the resonator-based
filters. This is followed by the discussion of characteristic for the rectangular waveguides, cavity
resonators and coupling iris. Then the methods of realisation of physical dimensions based on
coupling matrix are explained in detail. Finally, the design process of a 3" order Chebyshev
waveguide filter is given as an example. Note that it is very important to obtain a relatively accurate
initial values since the optimisation process may fail to achieve the specification if the initial values

are too far from the solution results.
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Chapter 3

Micromachining for Terahertz Waveguide Circuits

As introduced in Chapter 1, the waveguide, usually in the form of a rectangular metal or
metallised tube, is an ideal low loss medium for the connection and construction of passive circuits
compared with other types of transmission lines operating at the same frequencies [1]. Due to its
low loss characteristics, the waveguide becomes more and more popular, especially for circuits
operating at frequencies at about 0.1 THz and beyond. However, as frequency goes up, the size of
the waveguide decreases and the tolerance on dimensions become more stringent, which bring
huge challenges and high cost to the conventional fabrication techniques such as CNC (Computer
Numerical Controlled) machining. From the review of Chapter 2, for waveguide filters based on
coupled cavity resonators, the dimensional accuracy is the primal challenge since their resonant
frequencies depend on the accuracy of dimensions of the length of resonator cavities (primarily
the length but other dimensions also) and external quality factor and coupling coefficients are
sensitive to the dimensions of the coupling iris. Researchers have been actively studying this and
different manufacturing techniques have been proposed and developed for the fabrication of
complex terahertz circuits with improved dimensional accuracy and reduced cost [2]. The current

states of these micromachining techniques will be reviewed and presented in Section 3.1.

The SU-8 photoresist technology and laser micromachining are the two emerging
micromachining techniques which are employed in this work to fabricate the waveguide devices
working at WR-3 band (220-325 GHz). The detailed process of SU-8 photoresist technique [3] is
presented in Section 3.2 and a novel multi-stage process for laser micromachining is discussed in
Section 5.2.2, while the micromachined terahertz circuits using those two techniques are described
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in Chapter 4 and Chapter 5.

3.1 Overview of Micromachining Techniques for Terahertz Waveguide Circuits

Fabricating terahertz circuits using traditional process, such as CNC milling, can be extremely
expensive and hard to achieve demanding dimensional accuracy at high frequency. Different
micromachining techniques such as silicon deep reactive ion etching (DRIE) [4-5], lithographic
micromachining technique (LIGA) [6] and SU-8 photoresist technology [7-8], have been
developed and utilised in fabricating terahertz waveguide filters with high-dimensional accuracy.
Laser micromachining [9] and 3-D printing [10] have also been utilised for high frequency filters
by the authors using different designs at about 0.1 THz [3]. The general introduction for these

different fabrication techniques is presented in the following subsections.

3.1.1 CNC milling

Traditionally, for geometrically simple metal waveguide circuits operating at lower frequency,
the main fabricating process is by milling on a high precision CNC machine, usually using a split-
block technique [2]. Recently, for waveguide components operating around 100 GHz, the CNC
milled waveguide filters with excellent performance have been reported. Two 4" order Chebyshev
waveguide filters operating on W-band are presented in references [11] and [12]. The first filter is
centred at 92.6 GHz and measured to have 0.5 dB insertion loss with fractional bandwidth (FBW)
of 4.53%. In [12], the filter is centred at 100 GHz with 10 GHz bandwidth and measured to have

0.6 dB insertion loss within passband. For the 220 to 325 GHz WR-3 band, waveguide features
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and tolerances decrease by a factor of around three. Fabricating waveguide filters at such a
frequency requires an expensive, high precision CNC mill [3]. Filter design flexibility is also
limited by tool sizes and depth to diameter aspect ratios [12]. However, researchers are still
pushing the limits of conventional CNC milling: two fourth order CNC milled waveguide filters
working on WR-3 band are presented in [13], one with measured 0.7 dB insertion loss and 8.77%
(22.6 GHz) bandwidth and another with measured 0.5 dB insertion loss and 9.83% (25.2 GHz)
bandwidth. High frequency CNC machined waveguide circuits are reported by Jet Propulsion
Laboratory (JPL). The CNC milling process is successfully developed and employed to fabricate
several waveguide circuits operating at terahertz frequencies (up to 1.5 THz), with a high
dimensional accuracy [14] (typically within 2 pm deviation from designed value). Figure 3.1
shows the two terahertz waveguide circuits reported in [14], fabricated by the JPL using high
precision end-mil machining technique. For fabricating complex terahertz waveguide circuits,
further improvements are being made with CNC milling process. An example of a purpose-built
ultra-high precision CNC micromachining platform as shown in Fig. 3.2 is developed and reported
in [15]. This represents the current state-of-the-art CNC machining technique, with typical
measured dimensional accuracies of 2-3 pm, surface roughness of 75 nm and tools of sizes
available between 25 pm and 10 mm (with aspect ratio greater than 5:1). Several waveguide
circuits including highly integrated blocks operating at frequencies ranging from W-band to 2.7

THz were successfully produced via this platform [15].

Although these good examples show that CNC milling method is still capable for the terahertz
waveguide circuits fabrication, the drawbacks of this technique is obvious: (i) As frequency
increases, the feature size decreases, and the unit cost will increase dramatically due to the

requirement of feasible high precision CNC mill. (ii) To fulfil the strength requirements of the
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milling cutter, the depth to diameter ratio usually needs to be less than about 3:1, which means
some narrow trenches or iris are not possible for CNC milling process to fabricate. (iii) Round
internal corners are almost inevitable due to the chosen milling cutter in the fabrication process.
(iv) It is not a good choice for large scale production since it is a serial processing method [14] (V)

expensive, specialist CNC machine tools are required.

In this work, a CNC milled extracted pole filter operating at WR-3 band (220-325 GHz) with

an improved performance is presented in Chapter 4.

Figure 3.1 State-of-art terahertz waveguide circuits using CNC milling by JPL (a) A quad-chip
tripler operating at 260-360 GHz (b) A balanced HEB mixer with integrated feed horns working

at 1.5 THz. (Figure reproduced from [14])
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Fig. 3.2 The Kern Model 44 (left) and Kern MMP (right) high precision CNC milling platform

used at Arizona State University and the University of Arizona [15].

3.1.2 Si deep reactive ion etching (DRIE)
DRIE is a popular micromachining technique. This process can be basically categorized into

bulk micromachining.

Bulk micromachining is a method that fabricates structures by selectively etching material from
a bulk substrate [16]. Although various different materials can be used as the substrate for bulk
micromachining, silicon is being used for that purpose in most cases because of the greater level
of experience with this material, achieved through the production of semiconductor devices [15].
Ceramic, plastic or glass materials could be the potential alternate materials to Si [17]. However,

according to the state-of-art techniques, silicon provides the best characteristics in terms of cost,
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machinability and metallisation.

DRIE of bulk silicon wafers is a fabrication technique that can produce deep structures,
typically with high aspect ratios, in a silicon substrate [18]. This is an attractive technique for the
fabrication of terahertz waveguide circuits. Examples of waveguide filters using DRIE process
working on W-2.2 band, W-1.5 band and W-1 band can be found in literature [19-21]. This
lithography-based process is ideally suited for large size batch production, and is capable of
offering uniformity between batches [2]. Fig. 3.3 presents the six key steps for the DRIE process
and these steps can be summarised as:

(1) Silicon oxide (i.e. SiO2) is deposited on both side of the substrate wafer as a SiO2 mask layer
and a SiOz stop layer;

(i1) Apply photoresist on top of the SiO2 mask layer;

(i) After patterning and developing the photoresist layer, the exposed SiO2 mask layer is
etched to form the oxide mask;

(iv) Remove the photoresist layer then etch the silicon substrate to form the desired structures;

(v) Remove the SiO2 mask layer and SiO:2 stop layer by using buffered oxide etch (BOE)
solution;

(vi) Metallise the fabricated silicon layer with Ti layer and Cu layer.
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Fig. 3.3 Key steps for DRIE process [22]

Compared with CNC machining, DRIE can be utilised in high frequencies applications and has
drawn more attention due to its shorter fabrication time, higher aspect ratios (>30:1) and excellent
critical dimension control [22]. However, DRIE process for micromachining suffers from four
main problems: (i) hard to achieve vertical (~90) sidewalls; (ii) difficult to obtain uniform depth
across the wafer for each etch depth [23]; (iii) relatively poor surface roughness on the sidewalls
[24]; (iv) the height of structure is limited by commercially available silicon wafer thickness [25].
More efforts have been put onto DRIE process in order to address these problems to a
certain extent [24]. Typically, the dimension deviations within 2 pm and less than 3 sidewall draft
angles have been achieved for a well-established DRIE process [26]. Note that these tolerances

vary with wafer thickness. As for draft angles on side walls, reference [22] reports improved
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etching angles as low as 0.5< measured on a WR-1 waveguide filter. This filter also has the best
reported surface roughness of 100 nm [22]. Normally, for waveguide circuits built using DRIE
process, they are formed by two etched silicon pieces and within each piece only features of the
same depth are allowed. Recently, a further advancement on the technique is reported in [26], in
which presents a multistep DRIE process that can fabricate different depths for arbitrary
waveguide features within same silicon piece with #2% tolerance. This additional flexibility
allows more complex waveguide devices to be constructed and enables the possibility of

integration of multiple components onto a single silicon package.

3.1.3 LIGA process [28]

LIGA is an acronym of German terms Lithographie, Galvanoformung and Abformung, which
correspond to the three English words as Lithography, Electroforming and Moulding that describe
the three key steps for this fabrication technique. Fig. 3.4 presents the standard steps that have been
utilised in LIGA process. The first thing for the LIGA process is coating the substrate (normally a
silicon wafer) with X-ray sensitive resist. Typically, Poly (methyl methacrylate) (PMMA) is
chosen as the resist and applied to the substrate by a glue-down process [27]. Then the resist is
patterned by exposure to the X-ray through an X-ray mask with high resolution features. During
the development process, for structures with high aspect-ratios, the ratio of dissolution rates for
the resist-developer system in the exposed and unexposed areas should be 1000:1. The empirically
optimised developer which provides the required ratio of dissolution rates can reduce stress-related
cracking from swelling compared with conventional PMMA developers [28]. In the next step, the

substrate is rinsed with deionized water and the resist (PMMA) microstructures can be released as
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the final product (e.g., optical components) or can be used as an electroplating template to produce
the metal master mould. This metal mould is with high dimensional accuracy and can be utilised
for mass production of desired plastic microstructures with injection moulding, as shown in

Fig. 3.4.

The light source of LIGA, the synchrotron generated X-rays, have a deeply penetrating
capability. With high energy X-rays, it is able to pattern resist (e.g. PMMA) with thicknesses of
millimetre scale and achieve better than 100:1 aspect ratio [27]. In addition, in the lithography
process, the using of X-ray gives the advantage that diffraction effects can be reduced due to its
short wavelength [27], thus provide high accuracy of sub-micrometre dimensional control.
Moreover, X-rays are able penetrate thick resists with less than 0.1 pm horizontal run-out per 100
pm thickness. This provides extremely vertical sidewalls with very small surface roughness (rms

(root mean squared) roughness is better than 20 nm) [28].

Compared with typical DRIE process, the LIGA process is able to fabricate nearly perfect
geometries in terms of aspect ratio, vertical sidewalls, pattern precisions and achievable thickness.
However, the biggest drawback for this micromachining technique is that the cost is very high (e.g.
X-ray sources and X-ray masks) for research purpose or small-scale production. For mass
production purposes, it is believed that LIGA process is a good choice for fabricating

microstructure [10].
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Fig. 3.4 Key steps for the LIGA process [28]

3.1.4 SU-8 photoresist technology for micromachining

SU-8 micromachining is a photolithographically-based process, which is another promising
technology for manufacturing millimetre-wave and terahertz waveguide components [3]. SU-8 is
capable of constructing three-dimensional (3D) terahertz waveguide structures with high aspect
ratios (greater than 50:1), high dimensional accuracy (tolerance within 2 pm), and excellent surface

roughness (better than 50 nm of rms roughness) [30].

Compared with CNC machining, SU-8 micromachining has several advantages. For example,
SU-8 can achieve a similar high dimensional accuracy with potentially lower cost. It may also

allow sharper internal corners and higher corner radius to depth ratios [3]. Meanwhile, SU-8
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process is a batch fabrication which allows repeatability between devices as well as production of
several devices in a single fabrication run [31]. Compared with DRIE, standard photolithography
processes are used with SU-8 with better surface roughness on the sidewalls of waveguide

structures [31].

The SU-8 process has been widely employed in terahertz circuits, such as W-band filters in [7],

WR-3 band waveguide filters in [8], and WR-1.5 in [32].

At the EDT group of the University of Birmingham, the SU-8 process has been developed over
the past decade, and successfully applied to a series of passive circuits [7-8, 30, 32]. In Section 3.2,
the detailed process of SU-8 micromachining is described and in Chapter 4, a novel WR-3 band
waveguide filter, designed to meet a required specification, fabricated using the SU-8

photolithography process, will be given as an example.

3.1.5 Laser micromachining

Laser micromachining is another attractive alternative for the fabrication of microstructures and
has the potential of manufacturing terahertz waveguide components [2]. The laser light, which has
high power density and low angle divergence, can also be employed in micromachining. The laser
micromachining is a fabrication technique that directs the output of a high-power laser through an
optic system and then uses the laser beam to remove materials [33]. By directing the focused beam
at the material, it is able to melt, burn or vaporize away a part of the material, producing

microstructures with high-quality surfaces [33].

Three main types of lasers are utilised in laser micromachining: carbon dioxide (COz2) lasers,
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the neodymium YAG (Nd-YAG) lasers and excimer lasers. The carbon dioxide lasers are typically
employed in industry cutting of many materials such as metal, plastic and fabrics. The Nd-YAG
lasers are used where very high power is needed and are commonly used for cutting and scribing
metals and ceramics [33]. Both COz and Nd-YAG lasers are infrared (IR) lasers, which make use
of localized heating by a laser beam spot. IR lasers are suited for three main micromachining
applications: drilling and cutting, welding, or heat treatment [34]. The biggest drawback of IR
lasers is that, with high power beam directing at the cutting area, the material adjacent to the

fabricated surfaces will be affected by the relatively high temperature [33].

An excimer laser is a form of ultraviolet (UV) laser and are commonly used for the fabrication
of industrial microstructures with 0.05-1000 pm feature sizes [34]. This kind of laser affects the
chemical bond within the material and transfer the material from solid to gas. In order to selectively
remove the material and pattern the structures, a mask similar to that utilised in photolithography-
based process is applied [34]. Different from typical silicon-etching-based process or
photolithography-based process, the cutting depth can be controlled by adjusting the number of
pulses. Depth of several hundred microns and vertical or tapered (by tuning the angle of the
incident laser beam) sidewalls can be achieved. The excimer laser is usually utilised in the cutting
for polymer or silicon materials, or sometimes can be employed in fabricating thin metal layers if

the system supports sufficient laser power densities.

Laser micromachining has some very appealing advantages compared with existing processes.
Compared to CNC machining, laser micromachining is able to achieve high dimensional and
geometrical accuracy for tiny features (as small as 10-20 pm). Since laser micromachining is a
non-contact process, which gets rid of the generation of defects and cracks due to mechanical

stresses [2]. Compared with DRIE process, LIGA-based electroplating process and SU-8
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photoresist techniques, laser micromachining is another great choice since it is capable of
producing complex features with multiple depths and it offers relatively high accuracy (<10 um)
and repeatability. It can be applied to different materials (including metal) as well. Laser
micromachining is reported to be employed for the fabrication of various optical or quasi-optical
components, such as terahertz metal mesh filters [35]. However, from the literature, laser cutting
is rarely utilised to produce terahertz waveguide components, except for a W-band waveguide

filter presented in [9] and a 2-THz horn antenna laser cut from silicon [35].

In general, the main advantages that laser micromachining provides over other micromachining
techniques are: (i) It can be applied to different materials including metal. Almost all metal devices
are allowed to be fabricated, and this offers an attractive choice to scenarios where a higher thermal
stability of the devices is required [2]. (ii) It is capable of producing complex 3-D waveguide
structures with varying depths (or heights) from one workpiece and thus eliminates the need for
splitting the device into several layers and then assembling them with a high accuracy [7]. (iii)
Laser cutting system are highly flexible and can be configured to cut, drill, weld, engrave and
deposit materials, which is cost effectively and allowing modification in the design. Therefore,
laser micromachining is an excellent choice for the small to medium batch size production of

terahertz waveguide devices.

In Chapter 5, a novel hybrid manufacturing approach combining CNC milling with laser
micromachining is introduced. Two WR-3 band waveguide filters, which are specifically designed

to take advantage of the laser micromachining fabrication process, are presented in Chapter 5.
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3.1.6 3-D printing

3-D printing, or additive manufacturing, is another promising technique to produce low
terahertz frequency waveguide circuits. One of the potential advantages of using 3-D printing for
millimetre-wave and terahertz applications is the potential weight reduction by replacing the
conventional metals with metallised polymer materials. The filter can also be specially designed
and appropriately fabricated to reduce its mass by removing material at current nulls in the
resonator structure [38]. Another advantage is that 3-D printing enables complex geometry designs
compared to CNC milling or silicon etching process. For example, filters based on spherical
resonators working on X-band shown in [38] which have ultra-high unloaded quality factors can
be easily made using 3-D printing and this design can be scaled to operate in low terahertz
frequencies. There are basically three additive manufacturing techniques, stereolithography
apparatus (SLA), selective laser sintering (SLS) and fused deposited modelling (FDM), which are
most commonly used for micromachining. From the latest literature, SLA process offers the
highest resolution and the best surface integrity [38]. For the state-of-the-art SLA process
presented in [39], the tolerance of dimensional accuracy is within 25 pm and the surface roughness
is better than 1 pm. Good results of waveguide filters fabricated using SLA can be found in [39],
with the highest reported frequencies operating at W-band [39]. SLS process is suited for the
fabrication of all-metal waveguide structures, at the penalty of relatively lower dimensional
accuracy and worse surface roughness [2]. Two examples of waveguide filters using SLS process
(printed using copper) operating at E-band (60-90 GHz) can be found in [40] with relatively poor
performance. According to the research in [40], there are mainly two reasons that attribute to the
deviation between simulated and measured response. The first is that the surface roughness of the

filter is measured to be 6 pm which can have significant influence to the response. The other reason
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is that the fabricated dimensions shrink by around 2-3% compared to the designed values [40].
Further research has been done in [41]. Two fifth order filters operating at W-band, one made from
stainless steel and the other made from stainless steel coated with copper, are fabricated and tested.
The insertion loss within passband are measured to be 1.9 dB and 1.0 dB for the stainless-steel
filter and copper coted filter respectively. The filters presented in [41] are currently the highest

frequency waveguide filters fabricated using SLS process with the best performance.

Note that the 3-D printing technique is new and not able to achieve terahertz specifications at
the moment. However, the development of this novel micromachining process is fast and the
dimensional accuracy for this technique is expected to improve significantly over time. This is a
promising technique with the potential for terahertz circuit to be fabricated using 3-D printing

technique soon.

3.2 Fabrication Process for SU-8 Photoresist Technology

SU-8 photoresist technology for micromachining have been employed for fabricating a range
of waveguide circuits. The SU-8 resist is sensitive to ultraviolet (UV) light, which means that
employing the relatively cheaper UV-lithography process is possible. Since SU-8 is a
photosensitive material, standard photolithography process can be utilised to define prescribed
micro-patterns accurately by selective exposure to UV radiation through a mask [42]. These

outstanding characteristics of SU-8 make it an attractive choice as the material for micromachining.

There are two different process to fabricating waveguide filters. One is SU-8 single layer

lithography which mainly employed for fabricating microstructures with relatively simple
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geometries. The other is SU-8 two-layer lithography processes which is developed for more
complex waveguide devices [2]. The key steps of the typical SU-8 process include [43]: (i) spin
coating, (ii) soft bake, (iii) exposure, (iv) post-exposure baking, (v) development, (vi) hard baking,
(vii) substrate removal, and (viii) metallization. Figure 3.5 illustrates these basic steps for SU-8
single-layer and two-layer processing. The general fabrication process utilised in the waveguide

circuit presented in this thesis is described with a schematic in the following part.

L
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Fig. 3.5 Basic steps for SU-8 single-layer and two-layer processes. (Figure reproduced from [2])

3.2.1 Spin coating

The SU-8 photoresist is commonly stored as liquid form. In the first step, the liquid SU-8 is

well spread on a flat silicon substrate with a desired thickness via spin coating process [43]. As
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shown in Figure 3.4 (a), a measured amount of the SU-8 photoresist is added to the top of a cleaned
silicon wafer (using H2SO4 and H203, then rinsing with de-ionized water and drying in air) which
is fixed on a spinner. After the wafer spun around with appropriate speed, the SU-8 photoresist
will be distributed uniformly over the surface of silicon wafer due to the effect of centrifugal forces.
The spin speed is typically depended on the resist type and required resist thickness [15]. Normally
to fabricate devices with thinner layer thickness required higher spin speed. For the SU-8
micromachined waveguide filter operating on WR-3 band presented in this work, the designed
layer thickness is 432 pm. Precision weight control for the SU-8 photoresist has been employed in

order to accurately control the layer thickness.

3.2.2 Soft bake

The soft bake process, or can be called as pre-exposure bake, is aimed at drying out the solvents
from the SU-8 resist. This process is typically carried on with an infrared oven, a microwave oven
or a level hot plate [43]. Among these choices, the level hot plate offers the best thermal control.
In this work, as shown in Figure 3.4 (b), the soft bake is performed on a hot plate, which is precision
levelled to ensure the uniform thickness for each SU-8 layer [43]. The resist is first baked at 65°
C for 20 minutes, and then baked at 95<=C for usually 4-6 hours (depending on the required
thickness). The first 65<C baking step is to assist self-planarization of the SU-8 photoresist and
produces better thickness uniformity for each fabricated SU-8 layer [42], while the main purpose

of the second step of soft baking at 95<C is driving off the solvent.
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3.2.3 Exposure

As shown in Figure 3.4 (c), after pre-bake, the SU-8 photoresist is exposed under UV light
through a designed mask to define patterns of the waveguide structures. The mask is usually made
by a piece of transparent glass covered by patterned chromium [43]. The parts on the glass that
covered by chromium correspond to the filter features that are selectively removed. By projecting
UV light onto the mask, the pattern is transformed from mask to the photoresist, since glass is

transparent to UV light, whereas the parts covered by chromium are non-transparent.

Usually an UV lamp with proper incident energy (J/cm?) is used to produce the incident light
on the photoresist through the mask. The choice of incident energy is mainly decided by the required
photoresist thickness. According to the reaction when exposed to light, the photoresists can be
basically grouped into two categories: positive resists and negative resists. For positive/negative
resists, the chemical bonds are weakened/strengthened while exposing to light and the exposed
parts become more soluble/insoluble [16]. In this case, positive resists will obtain same patterns
with the mask after the development process, while negative resists will gain opposite patterns
with the mask. For this work, SU-8 is a typical negative photoresist. After exposure under UV
light, the SU-8 resist will produce a photoacid which can perform as a catalyst in the cross-linking

reactions during the post exposure bake process [15].

3.2.4 Post exposure bake

Since SU-8 is a negative resist, the post exposure bake is a necessary step for producing the

cross-linking reactions [33]. Figure 3.4 (d) and (e) present the post exposure bake process for
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single-layer and two-layer SU-8 process. By post exposure bake at 60-100<C, the rates of cross-
linking reactions increase and the exposed areas will become insoluble in the developer. To ensure
the quality of the final products and avoid the cracking of the SU-8 samples, the bake time should
be precisely controlled. Longer post-bake time can increase the stress within the resist and cause
bending of the final structures while shorter bake time may result in some exposed areas not fully
cross-linked (i.e. soluble to solvents in the development step). Generally, the post exposure bake
process is firstly carried out on a conventional oven or a hot plate at 65°C for 2 minutes, and then
ramped up to 95°C for 30 minutes. After switching off the heater, the wafer is left on the oven or

the hot plate to gradually cool down to room temperature [42].

3.2.5 Development

The development process, as shown in Figure 3.4 (d) for single layer-process and (h) for two-
layer process, is usually employed after post exposure bake to remove the unwanted SU-8 resist
(non-cross-linked area). This process is performed by immersing the exposed and baked resist
together with the silicon wafer into the developer solution at room temperature for about 30 mins.
The immersing time can be different according to the designed thickness and required aspect ratio
of the SU-8 layer [44]. In order to increase the development rate, a strong agitation, which can
enhance diffusion of developer molecules with the non-cross-linked SU-8 resist, is usually
required during the process [44]. Then the developed sample is rinsed using Isopropyl Alcohol
(IPA) and drying with a nitrogen gun. After completing this step, filter structures are formed

corresponding to the negative image of the designed mask.
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3.2.6 Hard bake and substrate removal

After the development process, a hard bake process is recommended to enhance the cross-
linking bonds, which makes sure that the final structures of SU-8 resist is strong and can endure
common acids and alkalis, and also resilient to following process such as metal evaporation which
puts the SU-8 layers into environment with higher than 100°C temperature. The hard bake is
usually carried out on a hot plate at 150<C for 30 minutes. Without hard bake process, the SU-8

structures are susceptible to bending during metallisation process [45].

Due to strong bond associated with the cross-linking, it is usually difficult to separate the
patterned SU-8 layer from the silicon substrate. There are two ways to remove the substrate. The
first one is to put a layer of soluble resist below the SU-8 during the spin coating process and then
the patterned SU-8 layer is released by dissolving the sacrificial layer in tetramethylammonium-
hydroxide-based solution at room temperature for about 5 hours [44]. The second method is by
immersing the SU-8 layer together with the substrate in a 10% sodium hydroxide solution (i.e.
NaOH) [42]. This method requires immersing with temperature of 60=C for more than 7 hours to

fully etch the silicon away.

3.2.7 Metallisation

Sputtering and evaporation are commonly utilised for the metallisation process with the SU-8
layers [16]. To enhance the chemical bond between the SU-8 layers with the typical coating metal
such as silver or goad, a thin adhesive layer (i.e. 5 nm of Chromium (Cr) or Titanium (Ti) layer) is

firstly sputtered onto the surface of the SU-8 layers. The samples are then put in an evaporation
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metal coater, in which silver or gold is vaporised by heating and then transported in vacuum to
condense on the surface of the SU-8 layers to be coated [42]. During sputtering and evaporation
process, the SU-8 layer is fixed on a tuneable sample holder which can rotate continuously in
different angles to ensure good coverage of coating on all the surfaces of the SU-8 pieces, including

the sidewalls [42].

3.2.8 Fabrication process for SU-8 two-layer processing

The SU-8 two-layer process is an optimised method developed for complex structures based on
the general SU-8 single-layer process. The difference between two method happens after the resist
exposed to UV light (i.e. after step shown in Fig. 3.5 (c)). For the general single layer process, the
structure is baked after exposure to form cross-link, developed in solution and then hard baked,
finally released from silicon wafer, as shown in Fig. 3.5 (d). However, for the SU-8 two-layer
process, the post exposure bake process would be carried out under relatively low temperature for
the first SU-8 layer to form weak crosslink. Then the SU-8 resist for the second layer is spin coated
on top of the first SU-8 layer, as shown in step (e) and (f). As presented in Fig. 3.5 (g)-(h), same
process utilised in single-layer process such as an exposure of UV light, post-exposure bake and
development are repeated for the second layer. The final product is a fully cross-linked and joined

two layered SU-8 structure, without internal joints [2].

Compared with the single layer process, in which the isolated islands structures (i.e. features
that can’t stand along without support) are not permitted, the two-layer process address the
problem of this restriction and allows standalone regions on the top layer [2]. This enables the

realisation of some complex waveguide filter designs. One example can be found in [46], in which
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a WR-3 band cross-coupled dual-band filter is fabricated and measured. In addition, the two-layer
process is an efficient solution since it can eliminate the inner joints between layers and avoid
localized air gaps [2]. This is a significant improvement for waveguide devices based on SU-8

photoresist technology since this would reduce the energy loss through the gaps.

3.3 Conclusions

This chapter has given an overview of micromachining techniques for terahertz waveguide
circuits as well as general process of some recently developed micromachining techniques such as
DRIE process, LIGA process, SU-8 photoresist technology, laser micromachining and 3-D
printing. Table-3.1 shows the comparison of the maximum aspect ratio, dimensional accuracy and
achievable surface roughness for different micromachining techniques. This table presents the
state-of-art reported in literature for different micromachining techniques. Regardless of the cost,
devices and technicians that are required to accomplish the waveguide circuits, this comparison
only takes the best performances achieved by the researchers into account. Another table that
summaries the recent published waveguide filters (including the filters described in this thesis)

operating in frequency from the WR-10 to WR-1.5 band will be given in Chapter 4.

As introduced in this chapter, DRIE is relatively a mature technique utilised in micromachining.
Many researchers have already looked into this process to dig its potential in the fabrication of
terahertz circuits. However, to achieve high dimensional accuracy and low draft angles on
sidewalls, an extremely well-established DRIE process are required [22][26], which means that
experienced technicians and expensive machines with high accuracy are indispensable for the

research. Seen from the comparison in Table-3.1, LIGA process is the technique with best
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achievable performances. However, the great cost and limited resources for this technique (e.g. X-
ray sources and X-ray masks) makes LIGA process not a good choice for research purpose or
small-scale production. Compared from reported micromachined circuits, 3D printing didn’t
provide any obvious advantages in performances, but 3D printing is definitely a promising
micromachining technique applied in terahertz circuits once the fabrication process for this
technique have been fully developed. Researchers in EDT group in University of Birmingham
have already successfully designed, fabricated and measured several waveguide circuits operating

at around 100 GHz with reasonable performances.

The choice of the micromachining techniques utilised in this work is mainly based on three
factors: (i) the potential of the technique utilised in machining terahertz circuits; (ii) the resources
that are available during the research process; (iii) the cost for research purpose. Balancing
between these factors, SU-8 photoresist technology is a promising micromachining process and
our EDT group in University of Birmingham has sufficient technical devices and experience for
fabricating SU-8 waveguide circuits operating at 100-300 GHz. From Table-3.1, laser
micromachining is not an attractive micromachining process since it is not able to achieve
demanding specifications of terahertz circuits at the moment. However, with the advantages of
repeatable at the micro-scale relatively high accuracy and able to fabricate a wide range of
materials with complex features, laser micromachining is a novel and promising technique for
fabricating terahertz waveguide circuits. More importantly, the School of Mechanical Engineering
in University of Birmingham provides us with resources such as instruments with high accuracy
and experienced technicians to investigate the application of laser micromachining in terahertz
circuits. From above reasons, SU-8 photoresist technology and laser micromachining have been

chosen and applied in the fabrication of terahertz filters in this work.
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As SU-8 photoresist process is employed to fabricate some of the micromachined waveguide
circuits presented in this thesis, the detailed steps of the SU-8 fabrication process are also presented
in this chapter. The examples of the fabricated filter using SU-8 photoresist technology will be
presented in the following Chapter. The novel multi-stage process for laser micromachining will
be introduced and explained together with the designing of laser micromachined filters in

Chapter 5.

Table-3.1 Comparison of best performance of different micromachining techniques

Achievable Dimensional
Techniques Surface roughness Reference
aspect ratio accuracy (jm)

CNC machining >5:1 <2 75 nm [14]
DRIE process >30:1 <2 100 nm [22]
LIGA process >100:1 <1 10 nm [28]
SU-8 process >20:1 <2 40 nm [32]

Laser machining >3:1 <10 1.25 pm [9]

3D printing (SLA) >100:1 <25 1 pm [39]
3D printing (SLS) >15:1 <50 2 m [41]
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Chapter 4

Micromachined Waveguide Circuits Using High Precision CNC Machining and

SU-8 Photoresist Technology

This chapter presents two waveguide filters operating on WR-3 band (220-325 GHz). One is
fabricated in copper alloy (plated with gold for the waveguide structures) using high precision
computer numerically controlled (CNC) milling and the other is produced using SU-8 photoresist
technology and then coated with silver. This work is in a cooperation project with Rutherford
Appleton Laboratory. These two devices have been published in an IEEE Transactions on

Terahertz Science and Technology paper [1].

Both filters are based on coupled resonators with same Chebyshev response. The first filter is
a CNC milled extracted pole filter utilising split-block approach. The second filter is a cross
coupled third order filter made with metallised SU-8 photoresist technology. These two filters are
designed as an efficient alternative to frequency selective surface (FSS) filters used in heterodyne
radiometers for unwanted sideband rejection [1]. Section 4.1 provides the introduction for the
design motivation and filter design specifications. Section 4.2 describes the analysis for the design
of the waveguide circuits based on coupling matrix synthesis [2]. The design, fabrication process,
assembling and measurement process for CNC milled extracted pole filter and SU-8
micromachining filter are given in Section 4.3 and Section 4.4, respectively. In the final part of
this chapter, Section 4.5 presents the comparison between these two filters and recently published

terahertz micromachined waveguide circuits.
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4.1 Background

Multichannel air and spaceborne sounders have been wildly used in analysing spectroscopic
characterization of the Earth’s atmosphere [3]. Molecular spectroscopy is performed by these
instruments at millimetre wavelengths in relatively narrow frequency channels. Within the
instrument, linearly polarized signals are frequency de-multiplexed by a quasi-optical feed chain.
Frequency selective surfaces (FSSs) are used to demultiplex linearly polarized signals and to
prevent the signals in the unwanted sideband from reaching the double sideband heterodyne mixers
[4]. As the atmospheric signals are weak, the sideband rejecting FSS needs to have a very low
insertion loss and a high isolation between two adjacent channels which are close to each other in
frequency [5]. From the real application reported in [5], the FSS used in the system has the

specification:
» Passband: 316.5-325.5 GHz, FBW=2.8% (maximum insertion loss < 0.6 dB)
* Unwanted sideband: 349.5-358.5 GHz (rejection better than 30 dB)

The Quasi-optical FSS transmission measurement test bench used in [5] is reproduced in
Fig. 4.1. The filter device was constructed of two FSS screens with a diameter of 50 mm separated
by a distance 475 jm. To utilise the FSS filter in the measurement system, two FSS layers were

mounted in a 10 mm thick 100 mm >100 mm invar holders [5].

Waveguide technology, as introduced in Chapter 3, can be a potential alternative to FSS to
achieve loss insertion loss within passband and sideband rejection. For rectangular waveguide
filters working on WR-3 band (220 — 330 GHz), the dimensions of the cross-section (width a and
height b) are only 864 jum by 432 pm and the total length are usually within several millimetres.

Compared to FSS, waveguide technology is giving the advantage of considerable reduction in size
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and mass of components.

ww oot

100 mm

FSS mounted in holder

Fig. 4.1 Quasi-optical FSS transmission measurement test bench and photograph of the two-layer

dual polar FSS mounted in an invar holder. (Figure reproduced from [5])

In this work, in order to meet available measurement capability (WR-3 band: 220-330 GHz),

the specification in [5] and above was scaled by a factor of 1.1 giving:
» Passband: 287.7-295.9 GHz, FBW=2.8% (maximum insertion loss < 0.6 dB)
» Unwanted sideband: 317.7-325.9 GHz (rejection better than 30 dB)

In this work, CNC milling and SU-8 photoresist technology are employed in the fabrication of
terahertz waveguide filters. In order to minimize the influence of the fabrication error, the filter

structures are specially designed to take advantage of the fabrication processes. The design

processes are discussed in the following sections.
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4.2 Design of the Waveguide Filters

To design the waveguide circuit which meets the specification, the first thing we need to figure
out is how many resonators are needed. Using the general theory for resonator filters introduced
in Chapter 2, Fig. 4.2 shows the S21 responses for a set of Chebyshev filters plotted using coupling
matrix. n stands for the order of the filter (i.e. number of resonators). All filters have the same
centre frequency (291.8 GHz), BW (8.2 GHz) and passband return loss (20 dB). The passband and
unwanted sideband specification are shown in grey and red section in Fig. 4.2. Ideally S21 should
be smaller than 30 dB at frequencies above the reference line. Seen from the figure, the 3rd, 4th

and 5th order filters are all fine in terms of providing sufficient attenuation at unwanted sideband.

u . 1
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-80 4 — 321 for n=3
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Fig. 4.2 The calculated responses based on same g values for 3, 4" and 5" order filter plotted
using coupling matrix. Passband and stopband specifications are shown in grey and red section

respectively.
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However, the practical waveguide filters usually suffer from poor upper stopband response due
to the influence of higher order modes and the resonances at higher harmonic frequencies, which
occur at frequencies of 1.6 to 1.7 times the centre frequency [7]. Fig. 4.3 shows the model of the
physical realization of a third order filter centred at 291.8 GHz with 8.2 GHz bandwidth. The
simulation results of the filter are shown in Fig. 4.4. Compared with the calculated results using
coupling matrix synthesis, the rejection for upper stopband (317.7 — 325.9 GHz) is increased by

around 15 dB due to the appearance of the higher order mode (i.e. TE201 mode in this example).

Inductive iris

Fig. 4.3 The design of a third order filer centred at 291.8 GHz with 8.2 GHz bandwidth using

inductive iris

In the next step, the passband insertion loss is calculated and compared with the specification.
The passband insertion loss of a Chebyshev passband filter designed from its low-pass prototype

can be calculated using the equation [2]:

0
AL, =4.343Y —= g dB (4.1)
" iz__llFBWQ

where AL is the insertion loss at the centre frequency of the filter, FBW is the fractional bandwidth
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of the filter, Qc (typically 1 rad/s) is the cut-off frequency of the low-pass prototype, gi are the low-
pass element values and Qui is the unload quality factor for the i th resonator. All coupled
resonators are operating at the TEi01 mode. The calculations assume the filter has the following
specifications: centre frequency 291.8 GHz, bandwidth 8.2 GHz and passband return loss 20 dB.
By employing the conductivity for silver block which is 6.17>107 S/m in equation (2.12), Qui of
each resonator can be calculated to be 1525. Substitute these data in equation (4.1), the calculated
passband insertion loss for 3, 4" and 5™ order waveguide filters made of pure silver are presented

in the black line in Fig. 4.5.

Resonances at higher

Rejection band harmonic frequencies for
spec}fication practical Wa\(gguide filter
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Fig. 4.4 Comparison for calculated results of third order Chebyshev filter using coupling matrix

synthesis and simulated results for practical third order waveguide filter
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In practice the effective conductivity of thin-film-silver has been found to be around 45.5% (i.e.
2.81x107 S/m) of the pure silver block [6]. The red line in Fig. 4.5 may be more realistic as its Qui
is calculated to be 1029 using a conductivity 45.5% of that of silver block. From previous
experiments in [6], this effective conductivity has a good agreement with measured results.
Therefore, in Fig. 4.5 the passband insertion loss for 45.5% of the bulk conductivities of bulk silver
(practical model) and bulk silver (ideal model) have been considered and calculated. The blue dash

line in Fig. 4.5 shows the acceptable insertion loss.

-0.2

g (Qu=1525 (pure silver)
-0.3 4 = (QU=1029 (45 5% silver)
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0.9 1

-1.0

: T :
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Fig. 4.5 Calculated passband insertion loss vs. number of resonators (based on same g values)

As shown in Fig. 4.5, the calculation of insertion loss for practical situation (red line) gives the
conclusion that, in order to fulfil the passband insertion loss specification, the filter should have

no more than four resonators.

The design difficulty is to achieve low insertion loss within passband and high rejection of the
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close higher stop band. Based on the above analysis, to achieve the specification, both filters are
designed to have only three resonators. Meanwhile, transmission zeros are introduced between the
passband and unwanted upper sideband to prevent poor rejection caused by higher mode for

practical waveguide filter.

As described in Section 4.3, the CNC filter obtains the transmission zero using a conventional
extracted pole design, and in Section 4.4, the SUS filter has a completely new design topology to
produce the transmission zero. These are the first waveguide filters to achieve this at these high

frequencies.

4.3 CNC Milled Extracted Pole filter

4.3.1 Design process of extracted pole filter

The 3D model of the CNC filter is shown in Fig. 4.6. It is composed of three coupled resonators
operating at TE101 mode and an extracted pole resonator [8]. It has been shown in the literature
that the selectivity of conventional E-plane filter can be improved by using inductively coupled
cavities mounted on the top of waveguide housing [9]. The extracted pole resonator utilised in this
work is designed to achieve a transmission zero between the passband the upper stopband to

prevent poor rejection caused by higher mode (i.e. TE201 mode in this case).

At the first step, a third order Chebyshev waveguide cavity filter was designed based on the
specification of 291.8 GHz centre frequency, 3% (8.2 GHz) bandwidth, and a 20 dB return loss in
the passband. To meet this specification, the external quality factor and coupling coefficients are
calculated to be Qe1 = Qes = 28.87, ki2 = kaz = 0.030. The synthesis of designing such a standard

Chebyshev filter based on resonators was described in Chapter 2. For this structure, an inductive
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iris between the test ports and the first/last resonators controls the external coupling (Qe), the iris
between resonator 1 and 2 (or resonator 2 and 3) controls the coupling coefficient ki2 (or kz3). In
order to be compatible with CNC milling process, the corners of the resonators are designed to
have a radius of 0.10 mm (see Fig. 4.6) to permit fabrication with a 0.20 mm end mill. In this case,
the minimum structures should be designed no smaller than 0.20 mm due to the limitation of the

drill.

Extracted Pole
Resonato

Resonator3

Resonator2
Resonatorl

Fig. 4.6 Diagram of third order extracted pole filter structure. a = 864, b = 432, 11 = I3 =510, I> =

517, le = 619, Ix = 383, de = 205, dp1 = dps = 432, d12 = dz3 = 309. (Unit: pm)

To meet the upper stopband specification, a steep roll-off is needed on the high frequency side
of the passband. Using extracted pole resonator [8] (i.e. inductively coupled cavity connected to
the broad wall of the waveguide) is a good solution for improving the selectivity of a conventional
waveguide filter. In this work, an extracted pole resonator with same width and height (a and b as
shown in Fig. 4.6) is inductively coupled to the third order waveguide filter using the method of

reference [10] and [11], provides a transmission zero in the rejection band and achieves a very
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high cut-off rate into the upper sideband. As described in [9], one of the advantages for the

extracted-pole technique is that each real frequency transmission zero is independently tunable,

which means we can control the response of the rejection band by adjusting the parameters of the

extracted pole resonator (i.e. distance of the extracted pole resonator away from the filter Ix and

the length of the extracted pole resonator le, as shown in Fig. 4.6) to meet the specification without

having much influence to the passband response.
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0.5, 0.6, 0.7 mm) and same length for extracted pole filter (Ie=0.62 mm).

In the next step, the dimensions of the initial design for the waveguide structure are first
calculated and tested using the coupling matrix approach [12], then the parameter sweeps are
carried out for the dimensions of the extracted resonator (i.e. le and Ix shown in Fig. 4.6) to find

out the best upper stopband response to meet the specification.

To investigate the relationship between filter response and the parameters of the extracted pole
resonator (i.e. leand Ix shown in Fig. 4.6), parameter sweep simulations for le are carried out in Fig.
4.7. For same lx, the frequency of the transmission zero decreases as the length of the extracted
pole resonator le increases. From the simulation results in Fig. 4.8, the shape of the S21 response
near the transmission zero can be changed by distance Ix of the extracted pole resonator away from
the filter. From those simulations we can find out that the length of the extracted pole resonator e
controls the frequency of the transmission zero, the distance between the extracted pole resonator
and the waveguide filter (i.e. Ix shown in Fig. 4.6) controls the shape of the response near the

transmission zero.

Finally, full-wave simulation and optimisation for the designed filter are carried out by CST
Microwave Studio (version 2016). The filter material is assumed to be gold (conductivity =
4.10x<107 S/m). The total length of the filter structure shown in Fig. 4.6 is 4 mm. The cavity
dimensions achieved after optimisations are also shown in Fig. 4.6. The S-parameters simulation
results after optimisations are shown in Fig. 4.9. The predicted passband insertion loss for the
extracted pole filter (4 mm filter structure) is below 0.35 dB and the rejection in the unwanted

sideband is above 30 dB. The passband reflectivity, Si1, is below -20 dB.
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Fig. 4.9 Simulated S-parameters for the CNC milled extracted pole filter. Passband and stopband

specifications are shown in grey and red respectively.

4.3.2 Fabrication and measurement details for CNC milled filter

In order to test the filter, a CNC machined block which contains the filter is designed and is
shown in Fig. 4.10. The input and output waveguides have both been extended by 8 mm in order
to accommodate standard waveguide flanges and screws. A 20 mm length of straight WR-3
waveguide is included as a measurement reference in the same block as the waveguide filter.
Standard UG-387 waveguide flanges were machined in the block. By utilising an E-plane split-
block technique, the transmission loss is minimized as no surface current flows across the contact

plane.
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Alignment Pin Holes
20mm length waveguide

Screws Holes

Test Port-

20mm

Test Port-1

Waveguide Filter Structure

Fig. 4.10 Split block design for CNC milled extracted pole filter

The extracted pole waveguide filter was fabricated at the Rutherford Appleton Laboratory
using a high precision Kern milling machine and tungsten carbide cutters with diameters down to
0.20 mm. The block material was copper alloy which was then coated with a thin film of gold
(around 3 m) by electroplating. As mentioned above, the internal corners of the filter had a radius
of 0.2 mm. Fig. 4.10 shows the 3D model of the split block design with alignment pin holes and
screws holes and Fig. 4.11 shows the photograph of the split plane of the CNC machined block

with its four resonators. The fabricated waveguide filter with blocks is shown in Fig. 4.12(a).

Fig. 4.11 Photograph of the internal cavities of the fabricated CNC milled extracted pole filter.
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The S-parameter measurements for the CNC milled extracted pole filter were carried out using
a Keysight PNA network analyser with a pair of VDI (Virginia Diodes Inc.) WR-3.4 extension
heads. For the measurement, the CNC machined block was fixed between the waveguide flanges
of two frequency extension heads, as shown in Fig. 4.12 (b) and (c). The insertion loss for the
20 mm length of WR-3 waveguide in the same block was also measured. The results are shown in
Fig. 4.13. The filter with the additional waveguide has an average passband insertion loss of around
0.65 dB and greater than 30 dB rejection in the upper stopband. As shown in Fig. 4.14 (a), the
insertion loss for 20 mm of waveguide is measured to be 0.3 dB for the passband, giving the
waveguide a loss of 0.015 dB/mm. Allowing for a total of 16 mm of waveguide connecting the
filter to the flanges, the passband insertion loss of the 4 mm long filter structure is thus 0.41 dB.
Fig. 4.14 (b) shows the comparison of measured and simulated passband Sz1 response for the 4

mm long filter structure that is with the effect of the additional waveguide removed.

Fig. 4.12 Measurement set up for CNC milled extracted pole filter: (a) Photograph of the filter
blocks fabricated by CNC milling (20>20mm>40mm). (b) (c) Test setup for the CNC milled

extracted pole filter and 20mm length waveguide.
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of the connecting waveguide removed. The simulations are performed assuming a material

conductivity corresponding to that of bulk gold.

4.3.3 Difference analysis

Table-4.1 Comparison between designed and measured resonator dimensions for CNC

extracted pole filter

Designed (jum) Measured (jam) Errors (m)
Cavity # a xb x| a xhb x| Ea <Ep XE|
Resonator 1 864>432>510 874>438>521 10>6x11
Resonator 2 864>432>567 874>438>574 10>67
Resonator 3 864>432>510 874>438>519 10>6>9
Extracted Pole Resonator 864>432>619 877>439>629 13x7x10

The measurements are in very good agreement with simulations except that centre frequency
of the filter is shifted downwards by around 5 GHz. After the S-parameter measurements, the
devices are sent back to RAL in order to make accurate dimension measurements. Table-4.1 shows
the measured dimensions and the designed dimensions. Comparing the measured dimensions and
the designed values, it can be seen that the main reason of the frequency shift is probably the
larger-than-designed dimensions of resonators. Generally, dimensions are within a few microns of
designed values, except for the lengths of the resonators and the width of the waveguide (i.e. the
dimension of a shown in Fig. 4.6) which are about 10-15 pm larger than assumed in the simulations.
Using the measured dimensions and re-simulating the filter in CST, excellent agreement with

measurements is obtained as shown in Fig. 4.15.
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Fig. 4.15 Simulated response of the CNC milled extracted pole filter with measured dimensions

4.4 SU-8 Micromachined Filter

4.4.1 Design process of SU-8 micromachined filter

The configuration of the designed SU-8 photoresist filter to meet the same specifications is
shown in Fig. 4.16 (a). The layout of the cavities is specially designed to take the advantage of the
single-layer SU-8 process described in Section 3.2. The filter has three coupled resonators and a
cross-coupling between the first and third resonators and is shown in Fig. 4.16 (a) and (b). With
this topology and by setting the frequency of the transmission zero at 317.7 GHz, which is the
lower boundary of the upper stopband, external Q and coupling coefficients are calculated using

coupling matrix synthesis [2] introduced in chapter 2 as: Qe1 = Qes = 27.65, k12 = k23=0.031, ki3 =
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0.006, ki1 = k33 = 0.002, k2= -0.006. Fig. 4.17 shows the calculation result for the designed

coupling matrix.

Cross-coupling between
first and third resonators

£

dp

2 l by
E d

[

(C) he

Fig. 4.16 Diagram of WR-3 band filter formed of three SU-8 layers with same thickness of 432
pm. (a) Diagram of the filter structure. Dimensions of the test ports are: ap = 864 jum, bp= 432 pm.
Dimensions of the resonators are: a = 876 pm, b = 432 pm, l1= Iz = 647 pm, |2 = 589 m. (b)
Illustration of the whole filter device including dowel holes and screw clearance holes designed to
match the UG-387 waveguide flange. (c) A perspective front-view of the filter structure. The blue
rectangle represents the input/output of test port. The black rectangle represents the first (or third)
resonator, whereas the cavities in the second layer are represented by red rectangles. d = 327 pm,

h =578 pm, lc= 1100 pm, he = 143 pm.
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Fig. 4.17 Calculation of cross-coupling based response from the coupling matrix

As shown in Fig. 4.16(b), the device is composed of three SU-8 layers. Each of the silver-
coated SU-8 layers has a thickness of 432 um and contains one resonator. Seen from Fig. 4.16(a),
the SU-8 layer thickness determines the WR-3 waveguide resonator height, b. Since the central
resonator couplings kiz and kzs are equal, layers 1 and 3 are identical and the whole structure is
symmetrical. Rather than controlling the coupling through a conventional iris, the relative
positions of the resonators are shifted to obtain the desired coupling coefficients. In other words,
the horizontal displacement h, shown in Fig. 4.16 (c), determinates ki2 and k23, whereas the offset
d between the test port and first/third resonators controls the external coupling. The cross-coupling
between first and third resonators is accomplished by a slot in the middle layer. The frequency of

the resulting transmission zero is controlled by the width of this cross-coupling slot, hc. The above
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geometric design parameters, shown in Fig. 4.16, are optimised by the SMEAFO method [13]
using CST Microwave Studio (version 2016). Fig. 4.16(c) provides the detailed dimensions of this

filter after optimisation.
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Fig. 4.18 Simulated S-parameters for the SU-8 micromachined filter. Passband and stopband

specifications are shown in grey and red respectively.

The optimised S-parameter response of the filter is shown in Fig. 4.18. The predicted passband
insertion loss is below 0.4 dB and the rejection in the unwanted sideband is better than 35 dB.
Passband reflectivity, Si1, is below -20 dB. The simulations predict two unexpected transmission
zeros, one located between passband and upper stopband at 302.5 GHz and another at 326.2 GHz,
just above the waveguide band’s upper edge. These zeros are caused by unwanted cancellation
effect of the signals transmitted by different paths from the input to the output due to the special
structure of the design. That is in addition to the cross-coupling accomplished by the slot on the

middle layer, there is an additional coupling path between resonators 1 and 3.
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4.4.2 Fabrication and Measurement Details for SU-8 Micromachined Filter

The filter is designed to be inserted between standard UG-387 waveguide flanges for
measurement. As shown in Fig. 4.16 (b) and Fig. 4.19 (a), six alignment pin holes which
accommodate the flange dowels as well as aligning the different SU-8 layers, are incorporated in

the design. Larger clearance holes for the waveguide flange screws are also introduced.

Holes {or SCrews
Cavities

Holes for
alignment pins (a) (b)
Fig. 4.19 (a) Designed SU-8 filter composed of three SU-8 layers. (b) Testing process for SU-8

micromachined filter

As introduced in Section 3.3, a photomask is need during exposure process. The mask designed
for the SU-8 photoresist process is shown in Fig. 4.20. In this work, the mask feature is designed
on a 125 mm x<125 mm glass that is transparent to UV light. The black area in Fig. 4.19 represents
the chromium pattern which prevent the SU-8 from UV exposure so that the alignment pin holes
and cavity structures are produced. In this work, each SU-8 layer only takes 19 mm ><19 mm area,

five groups of samples with same dimensions for filter structure but different dimensions for
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alignment pin holes are developed on the single mask for better efficiency. Such design of mask

increases the chance that the fabricated SU-8 layers are perfectly matched to the flange dowels.

Table-4.2 presents the comparison of alignment pin holes dimensions for different sample groups.

Sample 3 Sample 1 Sa;pple 2
o .o 0.5 e/
}\\uo ®:: 0@ @ o-‘/-o

- \. .i i.- .{ [ ]
... \\ L] ...“ ../“I ..."
0¢-20||0: 29|00 @-/0| 0+:+0
... ... .!. ... ...
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... ..' ...- ..‘ ...
0::+0(0:::0|0::+0||0: -0 @+:c0
.... .... ... ....'. ."...

Sample 5

Fig. 4.20 Designed mask for the SU-8 photoresist process

Table-4.2 Designed alignment pin holes dimensions for different sample groups on the mask

Sample Specification for
G P 1 2 3 4 5 pins on waveguide
roup flange
Key holes
dimensions 1.60 1.64 1.68 1.72 1.76 1.60
(mm)
Alignment
pin holes 1.70 1.74 1.78 1.84 1.88 1.70
dimensions
(mm)
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The fabricated layers of the SU-8 filter are shown in Fig. 4.21 (a). The process detail for the
SU-8 filter fabrication is described in Section 3.2. In this work, the SU-8 base is a single side
polished silicon wafer with dimensions of 100 mm diameter and 1 mm thick. The sacrificial layer
between SU-8 and silicon is 1.5 m thick Omni Coat [14]. The coating was soft baked by placing
the wafer on a hot plate at 200° C for 120 seconds. It was then cooled on a flat copper plate at room

temperature for 300 seconds.

To fabricate desired thickness of SU-8 layers, we measure the mass of the SU-8 liquid [14]. A
mass of 5.20 g on a 100 mm diameter wafer corresponds to a thickness of 432 pm. The coated
wafer is left on a levelled copper plate at room temperature for 1 hour for self-planarization. Then

it was soft baked at 65 and 85° C for 40 and 240 minutes respectively [1].

UV exposure process was carried out in Cannon PLA-510 mask aligner. The wafer base was
aligned to the desired samples shown on the mask. The resist was exposed for 4 cycles of 40 s,
with a 2 minutes interval between each cycle to allow the resist to stabilize. A PL 360 filter was
placed over the chrome mask during UV exposure, which effectively blocked UV radiation with a
wavelength below the 365 nm i-line [15]. The exposed wafers were baked at 70° C for 30 minutes,
which helps the acid assisted cross-linking of the exposed structures. After this bake, the SU-8/Si
wafer was developed for 15 minutes in MicroChem EC at room temperature with constant
magnetic stirring. The patterned SU-8 layers were released by dissolving the sacrificial layer in
tetramethylammonium hydroxide based MFCD26 solution from MicroChem at room temperature
for 5 hours. The released SU-8 pieces were cleaned with propan-2-ol and dried by nitrogen gas.
Layers of 30 nm of chromium, and subsequently 1500 nm of silver, were deposited by sputtering
and thermal evaporation respectively. This was done on both sides of the patterned SU-8 layers

without breaking the vacuum. The evaporator was continuously rotated by the substrate holder at

84



all angles to make sure the walls of the waveguide structure were well coated.

AoV SpotMagn  Det WO i S00pm
100030 B S8

(2) (b)

Fig. 4.21 (a) Photograph of the 3 silver-coated SU-8 layers, 20 <20 mm for each layer with a
thickness of 0.432 mm. (b) Scanning electron microscope image of the cavity structure for the

second SU-8 layer.

For the SU-8 filter, the measurement is performed on an Agilent E8361A network analyser
using a short-open-load-thru calibration. As shown in Fig. 4.19 (b), the SU-8 filter is placed
between two waveguide flanges of the network analyser and the layers aligned by the high

precision dowels on the waveguide flanges.

The measurement process has been carried out for all sample groups (sample groups 1-5) of
SU-8 filters. The comparison of measured results is given in Table-4.3. Seen from the table, the
best results are from Sample 3. One reason is that it provides best match between the SU-8 layers
and waveguide flanges. The S-parameters responses for this filter are shown in Fig. 4.22. It can be
observed from Fig. 4.22(b) that there are significant ripples in the measured S21 response. A
different network analyser was used in these measurements from those of the CNC filter and the

ripple is attributed to a poor match in the receiver head which has a transmit-only module at Port
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2. This problem is discussed in detail in [16]. The measured insertion loss is around 0.45 dB in the

passband and a larger than 30 dB rejection within the upper stopband.
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Fig. 4.22 Comparison of the simulated results and measured results of the filter based on SU-8
photoresist technology. (a) Response over whole WR-3 band. (b) Expanded view of Sz1 over

passband. The simulations are performed in CST assuming a material conductivity equal to that of

silver.
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Table-4.3 Measured results for different sample groups of SU-8 filter

Rejection for

Frequency . Poles within
<hift Passband loss unwanted sideband passband (S11)
Simulated Results 0 0.3 dB >35dB 3
Sample group 1 Can’t fit into the waveguide flanges
measured
Sample group 2 48 1.4 dB >24 dB 3
measured .
Sample group 3 +7 0.5 dB >33 dB 3
measured .
Sample group 4 +7 22 dB >24 dB 2
measured .
Sample group 5 +9 3 dB >12 dB 2
measured

4.4.3 Difference analysis

From the results shown in Fig. 4.22, the measured centre frequency of this filter is shifted

upward by around 7 GHz from the simulation. Because the layer thickness determines the

resonator height b, simulations show that the centre frequency of the filter does not strongly depend

on the layer thickness. So, the difference in centre frequency of the filter between measurement

and simulation may be due to inaccurate dimensions in the layer plane. The dimensions of the SU-

8 filter cavities were measured using a scanning electron microscope. Fig. 4.21(b) shows the cavity

within the second layer and Table-4.4 shows the measured resonator dimensions. Measured

dimensions in the plane are around 1% smaller than designed values on one side of the SU-8 layer

and 3% smaller on the other side. After inserting the measured dimensions in CST simulations, a

much-improved agreement with measurements is obtained, as shown in Fig. 4.23.
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Table-4.4 Comparison of designed and measured resonator dimensions for SU-8 filter

Designed (Jam) Measured (jm)
Side 1 Side 2
Cavity # a x| a x| errors a x| errors
Resonator 1 876>647 863>623 1324 869>638 79
Resonator 2 876>589 861>576 15x13 874>584 25
Resonator 3 876>647 855>630 1117 873>641 3>6

S-parameters (dB)
A
o

Measured S11

Measured S21

|| = ==Simulated S, with measured dimensions
-80 - = = =Simulated S, with measured dimensions

- -
- W=
- -

—— —— o,

220 230 240 250 260 270 280 290 300 310 320

Frequency (GHz)

Fig. 4.23 Simulated response of the SU-8 filter with measured dimensions.
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4.5 Comparison and Discussion

Table-4.5 Comparison of simulations and measurements between CNC milled extracted

pole filter, SU-8 micromachined filter and FSS filter

CNC extracted pole SU-8 filter FSS filter
filter
Passband Insertion loss 0.41dB 0.45dB 0.6 dB
Centre Frequency and 286.5 GHz 299 GHz 291.8 GHz
Bandwidth BW=9.5 GHz BW=9 GHz BW=8.2
Centre Frequency Shift -5.3 GHz 7.2 GHz 0 GHz
Stopband Attenuation >32 dB >33 dB >30 dB
20 mm =20 mm % 19 mm %19 mm x 100 mm <100 mm x
Size of Filter Device 4 mm 0.432 mm 10 mm
(split block) (three layers) (invar holder)

Table-4.5 is a comparison of the measurement results of the CNC extracted pole filer, the SU-
8 micromachined filter and the FSS filter. Both the CNC milled and SU-8 filters comfortably
achieve the requirements of a lower than 0.6 dB passband insertion loss, with measured values of
0.41 dB and 0.45 dB for the metal and SU-8 devices respectively. The requirements for over 30 dB
stopband attenuation are also achieved. The CNC milled extracted pole filter offers a better low
frequency rejection, whereas the SU-8 device provides a steeper roll-off on this high frequency
side of the passband. As discussed in the Section 4.3.3 and Section 4.4.3, these two filters suffer
from -5.3 GHz and +7.2 GHz frequency shift due to inaccurate dimensions. Noticed that both

fabricated filters have lager bandwidth than the specification, such results are allowed (or even
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better) as long as low insertion loss within passband and high isolation between passband and
unwanted sideband are achieved. Compared with the FSS filter, both the CNC milled filter and
SU-8 filter presented in this Chapter provide better passband responses and steeper roll-offs for

the stopband attenuation with smaller overall volumes.

Table-4.6 shows the comparison between waveguide filters reported in open literature and two
filters described here. These filters operate in the frequency range from WR-10 band to WR-1.5
band. All of the filters summarised in Table-4.6 are based on coupled rectangular resonant cavities
but fabricated using different micromachining techniques. References [17] and [18] describe
fourth order W-band filters based on CNC fabrication process. In [17], the filter is measured to
have 0.5 dB insertion loss and a 4.53% (4.20 GHz) bandwidth, and in [18], the filter is measured
to have 0.6 dB insertion loss and a 10% (10 GHz) bandwidth. For the 220 to 325 GHz WR-3 band,
waveguide features and tolerances decrease by a factor of around three. The examples of WR-3
band CNC milled filter can be found in [19], where two fourth order bandpass filters are presented,
one with measured 0.7 dB insertion loss and 8.77% (22.6 GHz) bandwidth and another with
measured 0.5 dB insertion loss and 9.83% (25.2 GHz) bandwidth. As for DIRE process, which is
another popular micromachining process, WR-3 band waveguide filter example can be found in
[20], where a dual mode filter with 7.52% FBW centred at 395.05 GHz is presented. For the
utilisation in filter fabrication process, compared with CNC process, SU-8 can achieve a similar
high dimensional accuracy with potentially lower cost. It may also allow sharper internal corners
and higher corner radius to depth ratios. Meanwhile, SU-8 process is a batch fabrication which
allows repeatability between devices as well as production of several devices in a single fabrication
run [21]. Compared with DRIE, SU-8 photoresist technology offers better surface roughness on

the sidewalls of waveguide structures [21]. SU-8 micromachining process has been employed to
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demonstrate filters in the WR-10 [22], WR-3 [23], and WR-1.5 bands [24]. Emerging
micromachining process such as laser micromachining and 3-D printing were utilised in [25] for
filters using different designs at about 100 GHz (WR-10 band). Two laser micromachined filters

are discussed in chapter 5.

In this work, a CNC milled extracted pole waveguide filter and a SU-8 micromachined filter
working in WR-3 band have been designed and made to best exploit the characteristics of the
fabrication processes. From the comparison shown above, this work presents the first
demonstration that a CNC milled filter with a steep rejection characteristic beyond 300 GHz and
a SU-8 micromachined filter with novel cross-coupling topology working at WR-3 band. The
measured performance of the filters is in very good agreement with the numerical predictions once
the latter have been corrected for the small errors in manufacturing. The two filters show no
significant difference in performance despite the two alternative fabrication processes and designs.
Both filters achieve less than 0.5 dB insertion loss for a designed ~10 GHz wide passband and a
rejection of more than 30 dB in the upper stopband. Either of these two micromachined waveguide
filters can be potential replacements of FSS filters used in spaceborne radiometers with desired

responses and a more compact size.
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Table-4.6 Comparison of published waveguide filters operating in frequency from WR-10 to WR-1.5 band

Wavegu fo . Micromachi Reference
ide band (GHz) FBW Filter type ning techniques IL (dB) RL (dB) (year)
Chebyshev [17]
- 0,
WR-10 92.6 4.53% response filter CNC 0.5 >14 (2014)
Extracted pole [18]
WR-10 100 10% | filter with pseudo- CNC 0.6 >18
c (2012)
elliptical response
Chebyshev 0.97 [20]
- 0, -
WR-10 88.47 9.73% filter SU-8 11 >15 (2011)
) Chebyshev Laser 0.5~ [25]
WR-10 100 4% filter micromachining 0.8 >15 (2016)
) Chebyshev i _— 0.3~ [23]
WR-10 87.5 11.5% filter 3-D printing 05 >18 (2016)
. Quasi- [19]
WR-3 257.7 8.77% elliptical filter CNC 0.7 >14 (2017)
Quasi- [17]
- 0,
WR-3 256.3 9.83% elliptical filter CNC 0.5 >15 (2017)
] Chebyshev ) [23]
WR-3 300 3.3% filter SuU-8 0.4 >15 (2013)
Dual mode
WR-3 395.0 752% | filter with DIRE 2.84 >16 [20]
5 - (2015)
elliptical response
Extracted pole
filter with This work
- 0,
WR-3 286.6 5.58% Chebyshev CNC 0.41 >14 1]
response
Cross-coupled This work
- 0, -
WR-3 298.6 5.36% Chebyshev filter SuU-8 0.45 >16 1]
Chebyshev [24]
- 0, -
WR-1.5 671 7.91% filter SU-8 0.65 >11 (2013)

Note: fo: centre frequency of the filter; FBW: fractional bandwidth; n: filter order; IL: passband insertion loss; RL: passband return loss.
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Chapter 5

Micromachined Waveguide Circuits Fabricated by Laser Micromachining

This chapter describes two laser micromachined filters working at WR-3 band (220 — 325 GHz).
The first filter is based on a novel double layer design with non-vertical walls, i.e. draft angles on
side walls. The second filter is a standard 4™ order Chebyshev waveguide filter measured with two

H-plane bends.

Section 5.1 gives the review of previous work on laser micromachining and design motivation.
Section 5.2 introduces the design, fabrication and measurement of a laser micromachined WR-3
band 4" order filter. A laser micromachined filter design with two H-plane bends is presented in

Section 5.3. In the final part of this chapter, a conclusion is given in Section 5.4.
5.1 Background

As discussed in Chapter 3, with the advantages of repeatable at the micro-scale with relatively
high accuracy and able to fabricate a wide range of materials with complex features, laser
micromachining is another attractive fabrication technique for terahertz waveguide circuits. With
the support from School of Mechanical Engineering in University of Birmingham, we are able to
investigate the application of laser micromachining. However, from the literature, laser cutting is
rarely utilised to fabricate terahertz waveguide components, except for a W-band waveguide filter
presented in [1] and a horn antenna (laser cut from silicon) operating on 2 THz [2]. This brings
extra challenges since that very limited successful experiences can be learned from the previous

works from other researchers.

In [1], a 4th order Chebyshev bandpass filter fabricated using laser micromachining, with centre
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frequency of 100 GHz and fractional bandwidth (FBW) of 4%, is presented by EDT group from
University of Birmingham. The filter was designed to achieve less than 0.3 dB insertion loss and
better than 20 dB return loss across the passband. It should be noticed that in order to take the
advantage of the laser micromachining process, the filter is designed to have a special double layer
structure, as shown in Fig. 5.1. The measurement and simulation results of the filter described in
[1] is shown in Fig. 5.2. From the measured results in [1], the insertion loss and return loss across
the passband is 0.65 dB, 15 dB respectively, which is close to designed value of 0.3 dB insertion
loss and 20 dB return loss obtained from simulations with brass. Overall the measurement results

of this filter have good agreement with simulations.

b+ 1est pory

Sonat,, rl
ResO"ator2

Resonator4

Resonat0r3

Test pori (b

Filter

Fig. 5.1. W-band filter fabricated using laser micromachining [1]. (a) Diagram of the filter (blue
part) and flange (brown part) based on a single piece. (b) Diagram of the filter features. (c)

98



Measurement setup and photograph of the filter.
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Fig. 5.2. Measurement and simulation results of the laser machined W-band waveguide filter. [1]

One of the drawbacks when applying laser cutting at terahertz frequencies is that laser
micromachining is only a good choice when small features are to be fabricated. This is because
laser micromachining has relatively low removal rates in comparison to the conventional milling
process [3]. To avoid this, a novel multi-stage process technique [4] integrates CNC milling
process with laser micromachining is proposed in [1] to solve the problem. Meanwhile, the
fabrication process is specially designed in [1] to get rid of draft angles on side walls. These details
are discussed in Section 5.2.2. Furthermore, as the frequency goes higher (i.e. WR-3 band), the
laser machined structures can have larger draft angles (up to 10 on their side walls [3], which
can have a significant influence on the performance of terahertz devices due to their high

sensitivity to variation in geometrical accuracy. Due to these limitations, the waveguide filters in
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this work have to be specially designed, in order to take the advantage of laser micromachining
process for producing terahertz devices and compensate for the draft angle. Two possible designs

are presented in Section 5.2 and 5.3 utilising laser micromachining for WR-3 band filters.

5.2 Laser Machined Double Layer Filter

5.2.1 Design Process of Double Layer Filter

R4

R1

R3

T2

(a) Persepctive View (b) Right View

T1
L1
J\ i
/ R4 \@ 2 R3 \
T2
(c) Front View (d) Top View

Fig. 5.3 Diagram of the laser micromachined double layer filter. T1 and T2 are input/output test

100



port, R1-R4 are resonators that have draft angles on side walls.

In this work, the filter is designed to operate at WR-3 band (220 — 325 GHz) with centre
frequency of 300 GHz and fractional bandwidth of 5%. The objective is to achieve less than 0.5 dB

insertion loss and better than 20 dB return loss.

The 3D model of the laser micromachined double layer filter is shown in Fig. 5.3, note the
sloping walls which are at the draft angles produced by the laser. It is composed of four coupled
resonators operating at TE101 mode and has a Chebyshev response. The filter is designed using the
synthesis technique introduced in Chapter 2. To achieve the specifications, the coupling
coefficients between resonators and external quality factor are calculated to be: mi2=ms4=0.0456,
m23= 0.035, Qe1= Qes= 18.628. In order to be compatible with the laser micromachining process,
the filter utilises a similar structure with filter presented in [1], as shown in Fig. 5.3(a). For the
designed structure, the displacements (D) between the test port (i.e. T1/T2 shown in Fig. 5.3) and
the first/fourth resonator (i.e. R1/R4 shown in Fig. 5.3) control the external coupling (Qe). The 1%
and 2" resonators (or the 3™ and 4™ resonators) are coupled through an inductive iris which also
has draft angles on its side walls. The coupling between the 2" and 3' resonators is via a capacitive
slot. The coupling coefficients between resonator 1 and 2 are controlled by the height and width
of the inductive iris (i.e. Hi2 and D12 shown in the Fig. 5.3) while the coupling coefficient between
2" and 3" resonator is controlled by the width of the capacitive iris (i.e. D23 shown in the Fig. 5.3).
Instead of using symmetric structure in the design, the four resonators are specially positioned so
that the first and forth resonators are not aligned with the test port. Such design provides two
advantages: (i) the 1% and 4™ resonators are directly externally coupled to the input/output test
ports (without the need to have extra coupling iris and connection waveguides at both filter ends);

(ii) the first and last resonators do not directly face to each other in z direction, which provides
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more tolerance for depth dimensions (the space between resonator 1 and 4 may be cut through and
become an aperture during the fabrication process if using symmetric design). The draft angles of
7.5 degrees on side walls that caused by laser cutting process [5] are taken into account in the
model. The filter is designed to fabricated on a 20 mm <20 mm and 1 mm thickness brass plate,
as shown in Fig. 5.4, the holes are designed to match the screws and alignment pin holes of UG-
387 flange. Full-wave modelling and simulations for this filter are carried out using CST
Microwave Studio (version 2015) and optimised by the SMEAFO method [6]. Fig. 5.5 shows the
simulation results of the filter. In order to be compatible with the process of laser machining, the
filter is designed to be a one-piece component without any internal joints, which usually cause
extra loss or requires assembling with high precision for split block filter designs such as filters
reported in [7] and [8]. Furthermore, this is a compact design which provides a reduction in size

compared to standard waveguide filter.

crew holes

20 mm

Alignment pin holes

20 mm

Fig. 5.4 Diagram of the filter including screw holes and alignment pin holes for UG-387 flange.
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Fig. 5.5 Simulation results for the S-parameters of the laser micromachined double layer filter.

5.2.2 Fabrication Details

Compared to CNC milling, laser micromachining is only a better choice when small features
are required to be fabricated due to its relatively low removal rates [3]. To increase the
fabricating efficiency, a novel multi-stage process [4], as shown in Fig. 5.6, is proposed and
employed to solve this problem. This process chain combines CNC milling process with laser
micromachining process. Features with dimensions larger than 2 mm, such as alignment pin
holes and screw holes for alignment and fixing to flanges are fabricated using CNC milling in
order to achieve a higher material removal rate. Laser micromachining is utilised for fabricating
the functional features (i.e. resonators and coupling irises) for a higher dimensional accuracy.
Fig. 5.6 shows the key steps of the laser machining fabrication process that has been applied in
the W-band waveguide filter fabricating [1] and other terahertz components [3]. These steps can

also be summarized as follows [4]:
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Fig. 5.6 Diagram presenting key fabrication steps of laser micromachining. [4]

(1) Milling of the alignment holes and screw holes and cutting the edge of the sample (using CNC
process) on a brass plate. Furthermore, an alignment mark (a cross) is also machined on the sample
for follow up processing in the laser micromachining system;

(2) Mounting the sample on a workpiece holding pallet, which is then placed in the laser
micromachining module, where the functional features of the terahertz filter are fabricated,

(3) Input the CAD model of the design and calculating the necessary offsets of the laser beam on
the workpiece to compensate the misalignments [3];
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(4) Laser machining of functional filter structures on one side of the CNC milled sample;

(5) Removing and fixing the sample again on the workpiece holding pallet for laser processing of
its second side;

(6) Inspecting the dimensions of the produced functional filter features using Alicona Infinite
Focus microscope system [9]. Comparing with the designed CAD model and achieving the
dimensional deviations from the designed values. Applying further laser machining operations to

optimise if there are any deviations from the designed dimensions of the filter features.

The laser machining parameters are: an average power of 4.2 W, pulse repetition frequency of
125 kHz, beam scanning speed of 0.5-2 m/s [3]. For the filter designed in this work, the process
has been optimised due to the symmetric double-layer design. For Step (5), the optimised process
eliminates the error caused by misalignment while fixing samples. For the new process, to fabricate
on the other side, instead of removing and fixing the sample again, we keep the sample on the
holding pallet and rotate it 180 “employing a rotary stage, thus gain access to the opposite side of
the waveguide and then repeat the steps (3) and (4). The rotations of the stage have an estimated
accuracy, repeatability and reproducibility better than 10 pm [10]. By carefully optimising the
laser processing parameters, laser micromachining operations can achieve very good repeatability
and step (6) can thus be eliminated from the process chain. More details about the laser machining

process can be found in [3], [4] and [9].

As reported in [1], in order to deal with the draft angles on side walls, multi-axis machining
employing the rotary stages is utilised between step (4) and step (5) to achieve vertical sidewalls
(~909. Since the draft angles of sidewalls are already considered in this work, no multi-axis
machining is required during the process. Such a design can be an effective solution to eliminate

the potential dimensional deviations caused by these extra steps.
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5.2.3 Measurement Results and Discussion

The S-parameter measurements of the filter is carried on an Agilent E8361A network analyser
subject to a short—open—load-thru calibration. For the measurement, the laser machined filter is
fixed between two waveguide flanges of the network analyser. The high precision dowels on the
waveguide flanges ensure the accuracy to which the laser micromachined filter is aligned to flanges

of the network analyser. The screws are utilised for an intimate contact between the filter and test

ports.
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Fig. 5.7 S-parameters response over whole WR-3 band for simulated and measured results of the
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laser micromachined double layer filter.

The S-parameter measurement results of the laser machined double layer filter are shown in
Fig. 5.7. The average passband insertion loss is measured to be around 5 dB, which is much larger

than the expected value of 0.3 dB obtained from CST simulations using the conductivity of brass




(i.e. 2.74 x 10" S/m). From the measurement using the Alicona InfiniteFocus microscope, the

surface roughness values of of laser process area in this work are on the order of 1.25 pm [4]. The

actual effective conductivity for the filter is thus reduced to 7.04x10° S/m [1]. Using the value of

the effective conductivity in the simulation, this gives a result of 0.55 dB insertion loss within
passband. The maximum passband return loss is measured to be 8 dB, whereas the simulated result
using effective conductivity is 16 dB. This difference of return loss within passband provides
around 0.7 dB of the loss in the Sz1 result. The rest 4.3 dB loss, is believed to be caused by the
small gap at the interface between filter and test flanges. As shown in Fig. 5.8, the input/output
port is directly coupled to the first/fourth resonator, which means the energy would leak through
the gap shown in Fig. 5.8 if there is poor alignment between the filter and UG-387 flange or non-

flat surfaces of the waveguide filter.

UG-387
flange

gap between test

port and filter I
gap

Fig. 5.8 The potential gaps existing between input/output port and 1st/4th resonator.
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Fig. 5.9 Simulation of insertion loss for O pm, 5 pm and 10 pm gap dimensions for (a) filter

operating at W-band; (b) filter operating at WR-3 band.

As shown in Fig. 5.9(a), for W-band waveguide filter simulations, the simulation results show

that small gaps (5 and10 pm) at the interface between filter and test flanges provide about 1.5 dB
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and 3.5 dB of average insertion loss within passband. When applying same dimensions of gaps in
WR-3 band filter design, the simulation results show that this could result in significant loss (5 dB
and 9 dB insertion loss within passband). The comparison of the simulation results shows that the
designed WR-3 band filter is much more sensitive than the W-band filter for the gaps between test

port and 1st/4th resonators.

As for the deviation in Si1 responses, as shown in Fig.5.7, these differences can be caused by
dimensional inaccuracies for filter structures or misalignments between test ports and filter flange.
From the dimensional measurement using Alicona InfiniteFocus microscope [9], the dimensions
of features on the top surface are measured to be within 5 pm deviations of designed values. From
simulations shown in Fig. 5.10, these dimensional deviations can bring up to 0.2 dB difference for

insertion loss within passband and 1 GHz frequency shift for centre frequencies.

Another reason for the deviation of Si1 is the misalignment during measurement process. As
shown in Fig. 5.11, alignment pins go through the ‘Key’ holes on filter flange and provide precise
alignment between filter and test port. However, the diameters for the alignment pins are measured
to be 1.56 mm while the CNC milled ‘Key’ holes on the filter flange are measured to be 1.60 mm.
Such dimensional difference gives up to 40 pm misalignment between test port and the filter.
Fig. 5.12 shows the comparison of simulation results for 20 m, 40 m misalignment and designed
values. These simulations show that the maximum 40 pm misalignment that caused by difference
between ‘Key’ holes and alignment pins can bring up to 0.3 dB insertion loss and no frequency

shift.
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Fig. 5.10 Comparison of simulation results for 5 pm dimensional deviations and designed values

‘Key’ Holes

Filter flange Extension head for test port

Fig. 5.11 ‘Key’ holes that are used for alignment during measurement process
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Fig. 5.12 Comparison of simulation results for 20 pm, 40 pm misalignments and designed values

111



5.3 Laser Machined Filter with Bends

5.3.1 Design process of filter with two H-bends

As discussed in Section 5.2.3, to reduce the energy loss, the design needs to avoid having one
wall of the resonators directly connecting to the flange face. The standard rectangular waveguide
filter with two H-plane bends is proposed here as an alternative. This waveguide filter designed
for laser micromachining is shown in Fig.5.13. The whole structure is composed of four coupled
resonators operating in TEio1 mode and two H-bends. The design method of the filter is based on
[11], and it has a Chebyshev response. The filter is designed to have a centre frequency of 300 GHz
and a fractional bandwidth of 5%. To meet the specifications, the coupling coefficients between

resonators and external Q are calculated to be: mi2= mas = 0.0456, m23= 0.035, Qe1= Qes= 18.628.

: L
outp“tl Model (metal)

(a) (b)

Model (vacuum)

432um

Fig. 5.13 3D model of the WR-3 band waveguide filter using laser micromachining. (a) The
vacuum model of the filter device based on four resonators in the middle and two embedded
bends directly connected to the first and fourth resonators. The whole structure is split across the

red dash line (E-plane). (b) The illustrate of half of the actual metal model of the filter device.
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Fig. 5.14 H-bend design for laser micromachining and simulation results. (a) Perspective view of
the H-bend (dimensions are in micrometres); (b) Front view and dimensions of the H-bend. (c)

Simulation results of the H-bend working at WR-3 band.

Different from the conventional 90°H-bend designs such as multi-stepped corners reported
in [12], a specially designed H-plane bend which is compatible with the laser micromachining
process is shown in Fig. 5.14. The bend features are designed to achieve a good match across the
whole WR-3 band. Similar bend designs have been reported in [13]. The differences are that in

[13], the bend is composed of 5 layers using SU-8 technology. But in this work, the bend is only
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composed of 2 pieces thanks to that laser micromachining is capable of producing waveguide
structures with varying depths (or heights) from one workpiece [10]. The dimensions and features
of one bend simulated in CST are shown in Fig. 5.14(a) and (b). One of the bends is added to both
the input and output of the standard fourth order Chebyshev waveguide filter to achieve a precise
connection with the network analyser. Fig. 5.14 (c) shows the model of the single H-bend and
simulated results by CST (version 2016). The simulation results turn out that the design can

achieve over 40 dB return loss at passband (292.5-307.5GHz).

(b) (c)

Fig. 5.15 Diagram of the WR-3 band filter based on laser micromachining. (a) Illustration of
the filter formed of two 1 mm thick brass plates. The blue structure in the diagram represents the
vacuum inside the device. (b) Top view of one brass plate (half of the filter device). (c) Bottom

view of one brass plate.
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The waveguide is split across E-plane, since the whole structure is symmetrical, each half of
the device is fabricated on a 1mm thickness brass plate. As shown in Fig. 5.15 (a), two pieces of
the plates consist of the filter structure. In order to provide repeatable connection between the
flange and the input/output of the filter and accurate alignment between two micromachined brass
plates, alignment pin holes and screw holes are added on the brass plate. The same fabrication
process is carried as introduced in Section 5.2.2. The final design of the filter device is shown in
Fig. 5.15 and the simulation results of the whole structure including bends are given in Fig. 5.16.

The material conductivity is assumed to be the conductivity of brass (i.e. 2.74 x 107 S/m). The

simulation of the designed filter gives 0.4 dB average insertion loss and better than 20 dB return

loss within the passband.
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Fig. 5.16 Simulated results of the laser micromachined filter with two H-plane bends.

As a comparison to the double-layer waveguide filter introduced in Section 5.2, simulations for
the influence of gaps between test port and filter are also carried on this filter with two H-bends.
Fig. 5.17(a) shows the possible gaps that can exist during measurement process. The simulation
results of insertion loss for O pm, 5 pm and 10 pm gaps are shown in Fig. 5.17(b) and Fig. 5.17
(c). These simulation results show that, by using H-bends to avoid direct coupling between test

port and resonators, 10 pm gaps can only bring up to 0.45 dB insertion loss within passband.
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5.3.2 Measurement and Discussion

Fig. 5.18 (a) Photograph of the laser micromachined filter with two H-plane bends. (b)

Measurement setup.

The S-parameter measurements of the filter with bends are performed on an Agilent E8361
Network Analyzer with OML extension modules VO3VNA2-T/R and VO3VNA2-T (220-
325GHz). The return loss at one port has been measured with the other port connected to a load
[10]. A short-open-load calibration was performed first. Then the laser micromachined filter,
aligned by the alignment pins, and connected to the test ports. Fig. 5.18(a) shows the photograph

of laser micromachined filter and the measurement setup is shown in Fig. 5.18(b).

The S-parameter measurement results and simulated results of the laser micromachined filter
are shown in Fig. 5.19. There are big deviations between measured results and simulated results:
the insertion loss at passband is measured to be around 7 dB and the bandwidth is larger than
expected. Moreover, an unexpected peak is shown in Sz at 320 GHz, which cause the poor
rejection at upper part of the band. As for Si1 response, the return loss is below 7 dB (while the

designed one is below 20 dB). 6 poles are shown within passband as compared with the designed
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4 poles. Although laser micromachining utilised in this work gives surface roughness on the order

of 1.25 pm, which reduces the effective conductivity to 7.04x10® S/m, this only provides around

extra 0.3 dB insertion loss within passband according to the simulations. 7 dB return loss within
passband corresponds to around 0.8 dB insertation loss. As the simulation results show in Fig.
5.17(c), gaps between filter device and test ports only provide up to 0.45 dB insrtion loss. It is
believed the extra 4.5 dB insertion loss are mainly due to the energy loss through the air gap
between two brass plates and. Fig. 5.20 shows the simulated S2: results for different dimensions
of gaps. This simulation indicates that about 10 pum gaps between two brass plates can cause larger
than 7 dB insertion loss within passband, meanwhile, as simulated gaps increase to more than 15

|, the upper stopband response becomes worse.

= = = Simulated S11
= = = Simulated S21
- \easured S11
— Measured S21

S Parameters (dB)

'100 I T T T T T T T T T T T T T T T T T T T T
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Fig. 5.19 Measurement and simulation results of S-parameters for laser cutting filter with two H-

bends
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Fig. 5.20 Simulated Sz1 response for gaps ranging from O pm to 25 pm

As for the extra poles response in Si1, based on further simulations as shown in Fig. 5.21(b),
they are considered to be caused by the misalignment, especially rotation of two brass plates.
Fig.5.21(a) shows the model that two parts of the filter can have a rotation of certain degrees across
the joint face. Fig.5.21(b) presents the simulation results of the filter with 00.5“and 1<Yotation.
This simulation shows that such misalignment can result in extra poles for Si1 within passband and

also poor response of rejection for upper stopband.

Two parts of the filter are rotated by a certain
degree due to misalignment
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Fig. 5.21 (a) The rotation of two parts of the filter caused by misalignment during fabricating

process. (b) Simulated results of different rotations between two parts of the filter.

To further investigate the deviation between the measurement and simulation results, the 1mm
thick brass plate sample is scanned in 3D and then a contour is extracted at different height levels
(z level ) from the top surface of the plate using Alicona InfiniteFocus microscope [9]. Dimensions
for the waveguide filter features are then carefully measured. Fig. 5.22 shows the cross-section of
the features that are measured. The designed dimensions and measured dimensions are shown in

Table 5.1.
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Fig. 5.22 Cross-section of the waveguide filter and features that are measured

Table-5.1 Measured and actual dimensions for the filter features

Parameter Designed dimensions | Actual dimensions for | Actual dimensions for
(mm) Part 1 (mm) Part 2 (mm)
F1 — Height 0.21208 0.209 0.207
F1— Width 0.1 0.102 0.098
F2 — Height 0.27783 0.27197 0.2695
F2 — Width 0.1 0.134 0.116
F3 — Height 0.28886 0.28023 0.2825
F3 — Width 0.1 0.113 0.111
F4 — Height 0.27783 0.27197 0.2695
F4 — Width 0.1 0.116 0.110
F5 — Height 0.21208 0.209 0.207
F5 — Width 0.1 0.1007 0.085
D1 7.24089 7.2426 7.253
D2 0.46089 0.4433 0.4554
D3 0.53013 0.506 0.517
D4 0.53013 0.5112 0.517
D5 0.46089 0.4521 0.4557
D6 7.13396 7.1519 7.1687
Width of channel (1) 0.432 0.426 0.423
Width of channel (2) 0.432 0.428 0.426
Depth of channel (1) 0.432 0.426 0.424
Depth of channel (2) 0.432 0.432 0.430
Port- Length 0.864 0.891 0.88
Port- Width 0.432 0.422 0.431
Volume (mm°®) 3.06 2.86 2.87

To work out the rotational error during the fabraction process, the top surface of the sample is

inspected. By using the position of the alignment holes, the rotation of the waveguide filter feature

is defined. Fig. 5.23 shows the results for the positional accuracy of the waveguide channel in

respect to the four alignment holes. From the measurement, the angle differences are 0.851<and
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0.05849n respect to the alignment holes for the two plates respectively. From these results we can

calculate the rotation exist between two parts of the filter to be: 0.851-0.058=0.793 degrees.

-
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Fig. 5.23 Results for the positional accuracy of the waveguide channel in respect to the four

alignment holes on (a) brass plate 1 and (b) brass plate 2.

By using the actual measured dimensions and rotation in the simulation from the comparison

of measurements and simulations shown in Fig.5.18, regardless of energy loss within passband,

we can see that the Sz1 response shape of simulation with dimensional error and rotation can

roughly match the measured results.
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Fig. 5.24. Comparison between simulated results using measured dimensions with rotation and

actual measured results of the sample

5.3.3 Improvements for the process

From the analysis presented in Section 5.3.2, two things can be done to improve the
performance of the filter: (i) optimising the alignment during fabricating process to get rid of
rotation between two plates; (ii) increasing the flatness for the joint surface of two brass plates to
reduce the gaps between two halves.
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Fig. 5.25. Rotational deviation of the two alignment features in respect to the four alignment

holes on two brass plate.

Before fabricating the operating features of the filter, inspections are carried on the CNC milled
brass plates using Alicona Infinite Focus microscope system. This time two extra alignment
features were added as during CNC process for better alignment in later steps. A photograph of

the new CNC milled brass plates is shown in Fig. 5.25.
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Fig. 5.26 Functional filter features fabricated after re-alignment using alignment features.

From Fig. 5.25, the poor CNC process gives 0.75 and 0.3 degree deviations on two plates
between alignment pin holes and alignment features. Obviously, this gives misalignment during
fabrication affecting the filter features. So during the fabrication of the next sample, the alignment
for each plate is adjusted in order to compensate the deviations caused by CNC milling process.
The fabricated filter is shown in Fig. 5.26, from the measurement it still present around 0.2 degree
rotation between two plates. This is still due to the alignment error caused by poor positioning of
alignment holes fabricated by CNC milling even with the extra effort and is a limitation of the

workshop.
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Fig. 5.27 Measurement results of S-parameters for laser cutting filter with two H-bends after re-

alignment and polishing vs. simulated results.

To increase the flatness of the interface between two brass plates, the surface of the sample is
polished and then the whole device is assembled and measured again. The results is shown in Fig.
5.27. Compared with previous sample, the problems of frequency shift and extra poles within
passband have been solved. However, the insertion loss within passband is still around 7 dB, which
means the energy loss between two brass plates is still the problem. As shown in Fig. 5.28, the loss
factor is included to compare the measurement results of two samples and it can be calculated

using equation (5.1) [14]

loss factor(dB) = 20 - logy (/151112 + 1S1212) (5.1)

For a lossless circuit the loss factor is 0 dB. Compared with insertion loss, the loss factor is able
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to show the loss of the circuit more accurately since it also contains the effect of the return loss
[14]. By comparing the loss factors before and after re-alignment and polishing process with the
simulation results of the designed model, we can work out if the performance has been improved
by correcting the error in alignment and polishing the surfaces of the interface. From the calculated
loss factors shown in Fig. 5.28, the average loss has been improved by about 0.5 dB and the
frequency shift has been corrected after re-alignment and polishing process. However, compared
to simulation results of the designed filter, these works didn’t have significant improvements on

reducing the energy loss.

3]
4]
5]
6-
7]
—8— = = * Simulated result

== After re-alignment and polishing

— Before re- ahgnment and pollshlng
'9 T T T T T T T

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

Loss Factor (dB)

Fig. 5.28 Loss factor calculation for two samples before and after re-alignment and polishing.
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5.4 Conclusions

This chapter has described the details of the laser micromachining process and presents two
laser cutting waveguide filters with Chebyshev response. Both filters were specially designed to
take the advantage of the laser micromachining process. The standard steps of laser
micromachining were also optimised accordingly in order to reduce the fabrication errors and
improve the performance of the filters. Although the performance of the two filters is not very
good (i.e. 5 dB insertion loss within passband for the double-layer filter and 7 dB insertion loss for
the filter with two H-bends), these works show the potential of the laser micromachining for WR-

3 band or higher frequency waveguide circuits.

According to the state of art on laser micromachining process, it is capable of achieving a
tolerance within 10 pm [10]. As laser micromachining process developing, the tolerance can be
improved considerably over time. This is a novel technology with great potential for the fabrication
of terahertz devices. State-of-the-art high precision CNC milling (e.g. Kern milling machine from
Rutherford Appleton Laboratory) can achieve slightly tighter tolerance; however, it also has
drawbacks such as very expensive milling machines, as well as the abrasion of cutters, limitations
of small cuter size, and generation of defects and cracks due to mechanical stresses [10]. From this

point of view, laser micromachining can be a promising alternative.

In the future work for laser micromachined waveguide filters, there are a few things that could
be done to improve the performance. Firstly, better alignment can be achieved by using laser
cutting instead of CNC milling to fabricate the key alignment holes, although this may increase
the total time spent on laser cutting process. Secondly, for both filters presented in this chapter,

brass plate (conductivity = 1.59x<10” S/m) with 1mm thickness is selected as the fabrication
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material due to its good CNC machinability. In the future experiments, fabricating the same design
using copper (conductivity = 5.81>10" S/m) workpieces on the proposed manufacturing platform
or plating silver (conductivity = 6.30x<10” S/m) on the surface of the operating structures can
improve the performance in terms of insertion loss. The only difference is that for the first solution
the laser parameters will need to be adjusted slightly in order to deal with a different material. For
the second solution, a specially designed coating process is required. In addition, the surface
roughness for laser cutting features can be further improved by optimising laser parameters settings,
such as pulse repetition rates and beam spot diameters. By using proper laser parameters, silicon
can also be an alternative fabricating material and achieving roughness on the order of 200 nm [15]
after optimised process. For the filter with two H-bends, in order to further investigate the energy
loss between two plates, a straight-through waveguide with same total length with the filter and
same H-bends can be fabricated as a comparison. Another improvement that could be done is on
the CNC milled brass plates. Creating high pressure area between interfaces (e.g. between test
ports and first/forth resonators for double-layer filter) could be a good potential solution for

reducing gaps which are the main reason for the energy loss.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has looked into the design and fabrication of terahertz waveguide filters.
Micromachining techniques employed for the fabrication of terahertz circuits, especially
waveguide filters, have been reviewed. A series of terahertz waveguide devices have been

specially designed to take advantage of their fabrication process and presented as examples.

Coupling matrix representation for the resonator-based filters and the characteristic for the
rectangular waveguides, cavity resonators and coupling iris are introduced as the background
theories for waveguide filter design [1]. The methods of extracting physical dimensions from
coupling matrix elements [2] are explained and a 3" order Chebyshev waveguide filter design

example is given.

A general review of micromachining techniques for terahertz waveguide circuits such as CNC
machining, DRIE process, LIGA process, SU-8 photoresist technology, laser micromachining and
3-D printing, has been presented. The current state-of-the-art of fabrication process for these
micromachining techniques have been discussed and compared. Among these techniques, CNC
machining is a conventional fabrication process employed in relatively low terahertz (0.1-0.3 THz)
applications. DRIE process and LIGA process are mature processes which have been looked into
by many researchers and already been applied in the fabrication of high frequencies (up to 1 THz)
waveguide circuits. The 3-D printing, is a promising technique to fabricate low terahertz circuits.
With the further development of this novel manufacturing process, 3-D printing has great potential

of applications at higher frequencies. With great potential of employed in terahertz applications
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and achievable resources, the SU-8 photoresist technology and laser micromachining processes
have been researched in the University of Birmingham for many years, and have been utilised to
produce a series of waveguide devices in EDT group for terahertz applications [3]. One SU-8 made
filter and two laser machined filters operating at WR-3 band have been described as examples

presented in Chapter 4 and Chapter 5.

A CNC milled waveguide filter and a SU-8 micromachined filter working in WR-3 band have
been successfully designed to fulfill demanding specification of low insertion loss within passband
and high rejection of upper stopband. This is achieved by using extracted pole design for the CNC
machined filter and employing cross-coupling structures for the SU-8 based filter. Both filter
designs have taken the advantages of the characteristics of the machining processes to minimize
the fabrication errors. It is the first demonstration with the best measured performance that a CNC
milled filter with a steep rejection characteristic beyond 300 GHz and a SU-8 micromachined filter
with novel cross-coupling topology working at WR-3 band [4]. Apart from the frequency shift of
passband, the measured performance of the filters is in good agreement with the simulations of the
designed models. By measuring the dimensions of the fabricated filters using a scanning electron
microscope (SEM), it is found that the deviation between measurements and simulations are
caused by small errors in manufacturing. The two filters show no significant difference in
performance despite the two alternative fabrication processes and designs. Either of these two
micromachined waveguide filters can be potential replacements of FSS filters used in spaceborne
radiometers for unwanted sideband rejection with more compact size and less weight [4]. These
two terahertz waveguide filters with reasonable performances presented in this work give one
solution of employing high precision CNC milling process and SU-8 photoresist techniques in the

fabrication of terahertz circuits with demanding specifications.
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Two 4" order Chebyshev waveguide filter operating at WR-3 band based on laser
micromachining with novel topologies are designed, fabricated and measured. This work is an
extend of researches reported in [5]. Both filters are specially designed to take the advantage of
the laser micromachining process. In return, the laser micromachining process is also adjusted and
optimised accordingly in order to reduce the fabrication errors and improve the performance of the
filters. For the measurement results, the double layer filter gives 5 dB insertion loss within
passband while the filter with two H-bends provides 7 dB insertion loss. The lower insertion loss
for the first filter is mainly contributed by the gaps between the filter and waveguide flanges,
whereas for the second filter, the gaps between the joints of two pieces of the filter is the main
reason of the energy loss. Note that laser cutting is currently a novel process utilised in the
fabrication of microstructures, the dimensional accuracy of this technique is expected to grow fast
over time. This work shows the potential of applying laser micromachining in the fabrication of

waveguide circuits operating at WR-3 band or higher frequency.

Table-6.1 summarises the comparison of these three micromachining processes in terms of
accuracy, the assembling and measurement process, cost and major difficulties encountered in the

application of fabricating terahertz waveguide filters.

Among these three techniques, the SU-8 process is more mature in terahertz applications and
has demonstrated filters up to 700 GHz [3]. The CNC milling is a conventional method of
fabricating waveguide components with relatively low frequencies, but the limits of this technique
have been pushed by the researchers. The laser micromachining process is relatively new but the
expectation of it producing viable circuits is high. The potential of all these techniques for the

production of terahertz waveguide components has been demonstrated.

134



Table-6.1 Comparison of CNC machining, SU-8 process and laser micromachining

Micromachin
ing process

Best accuracy can
achieve

Assembling
&
measuremen
t

Major difficulties

Cost

[-2pm (minimum
structures can be no

Flange can be

1. Design should consider
the miller
2. Alignment of split block
3. High frequency

Depends on the
process, high

High precision smaller than the . D . frequency device
- . designed applications requires small
CNC milling diameter of the . s .. may cost a lot due to
. freely miller with high precision .
driller) Y the requirement to
4. Depth of cut is limited expensive millers
to about 3 times of the P
cutter diameter
2um accuracy has
. been reported in . 1.Mask cost over
SU-8 literature. Accuracy 1. Alignment
. Can be tested . 200 pounds
photoresist of Sum can be . 2. Thickness need .
. . directly S 2. Process is time
technology achieved in the lab optimisation .
. consuming
at University of
Birmingham.
1. Fabricated
1. Alignment (horizon& materials cost Low
Need to cut rotation) (brass plate)
Laser Tolerance within 10 on CNC 2. Dimensions with curves 2. High precision
micromachini um fabricated are inaccurate laser cutting system
ng plate to feed 3. The bottom of may cost a lot, but
the flange waveguide are rough due the fabrication

to the process

process doesn’t cost
too much

6.2 Future Work

The work on CNC milled filters can be further pushed to higher frequencies. More effort could

be put on the investigation of the design of waveguide structures with reduced aspect ratio and

other kinds of extracted pole topologies which can provide stronger rejection for unwanted
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sideband. As for the work of filters based on SU-8 technology, further work could be carried out
on: (i) investigation of improvements on the fabricating process (e.g. precisely control of UV
exposure time) to provide SU-8 devices with better dimensional accuracy; (ii) research of possible
mechanically tuning method for SU-8 terahertz waveguide circuits; (iii) investigation of multi-
layer process for SU-8 process to get rid of the problem of misalignment and reduce the energy
loss through gaps between different layers; (iv) metallisation process could be further optimised

to improve the coverage of coated material on the sidewalls.

For the work of terahertz waveguide filters based on laser micromachining, there are a few
things that could be done to improve the device performance. Firstly, to improve the alignment
during measurement, the flange needs to be machined with high precision CNC drilling process,
otherwise the alignment pin holes should be fabricated using same process with the filter features
in the same coordinate axis. Secondly, to reduce the energy loss through gaps, high pressure area
should be created on the filter flanges to ensure better contact and less gaps between operating
filter structures. This could be also realised by employing choke-ring designs on the filter flange.
Finally, research could be carried out to employing laser cutting in different materials such as
copper (which provide with better conductivity) or silicon (with potential of higher dimensional
accuracy). Note that to fabricate different materials using laser cutting, laser systems with different

frequencies and power densities may be required [6].
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Appendix |

Optimisation for Filters and Diplexers

One of the key steps for the design of millimetre-wave or terahertz waveguide filters is the
model-based optimisation process. To simulate the responses of a candidate filter design, the
equivalent circuit model and the full-wave electromagnetic (EM) model are often employed [1].
Fig. A.1l illstrates the model-based optimisation process. For the equivalent circuit model, it is
often computationally cheap but with insufficient accuracy, while the full-wave EM model is often
accurate but computationally expensive [2]. Since millimetre-wave or terahertz waveguide circuits
are very sensitive to the physical dimensions (e.g. resonator length, dimensions for coupling iris),
high accuracy results are often required for the simulations [3]. In this appendix we discuss
optimisation based on full-wave EM model simulations it is based on collaborative work with Dr

Bo Liu at the University of Glyndwr and has resulted in joint publications [2].

Equivalent circuit simulation (Cadence)
/' EM simulation (CST, HFSS, Sonnet)

Simulator

Performiances Candidate|designs

Optimiser

\

.."‘-_ Local optimisation
Global optimisation

Fig. A.1 Model-based optimisation process

Local optimisation is a routine approach for full wave optimisation of microwave or terahertz

waveguide filters. This method can be a good choice where the initial dimensions of the candidate
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design is near to the optimal region. For the filters with simple topology and less variables, such
as the laser micromachined filter with two H-bends and the CNC milled extracted pole filter
presented in this thesis, the routine design process is: (i) calculate the coupling matrix
representation from filter specifications; (ii) extract initial physical dimensions from coupling
matrix elements; (iii) apply initial dimensions in full-wave EM model; (iv) final optimise the

dimensions using local optimisation.

However, for more complex filter designs (i.e. complex topology and more variables), the local
optimisation process can meet insoluble problems such as numerous local optima or the initial
design is not near to the optimal region. Under such situations, the success rate of the local
optimisation may not be high. Traditional global optimisation techniques are able to achieve a high
success rate for such problems, but are often time consuming and computationally expensive

considering the cost of full-wave electromagnetic simulations [2].

To address the above challenges, a new method, called surrogate model-assisted evolutionary
algorithm for filter optimisation (SMEAFO), has been proposed by Bo Liu in [2]. In SMEAFO,
considering the characteristics of filter design landscapes, Gaussian process surrogate modelling,
differential evolution operators, and Gaussian local search are organised in a particular way to
balance the exploration ability and the surrogate model quality, so as to obtain high-quality results
in an efficient manner [2]. Experiments show that SMEAFO is able to obtain designs with high
accuracy comparable with global optimisation techniques but within a reasonable amount of time.
Two practical filter examples and one diplexer example, which do not appear to be solvable by
popular local optimisation techniques are solved efficiently by the SMEAFO. These examples are
given in the following sections. The SMEAFO-based filter design optimisation tool can be

downloaded from http://fde.cadescenter.com.
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Example 1: A 3" order Chebyshev filter with cross-coupling

As shown in Fig. A.2, this example is a cross-coupled waveguide filter operating at WR-3 band,
which is presented in Chapter 4 and optimised using SMEAFO method. This filter has demanding
specifications for the insertion loss within passband and rejection for unwanted sideband. Local
optimisation failed with the optimisation for this filter. One possible reason for the failure can be

the extremely narrow optimal region.

[ 2 [ : by

d
| P le

o

{};;;

(a) (b)

Fig. A.2 A 3" order Chebyshev filter with cross-coupling. (a) 3-D model of the filter simulated in
CST. (b) Perspective front-view of the filter structure with important dimensions. a,=0.864 mm,

bp=0.432 mm (dimensions for input/output ports).

The design specifications are that the passband is 287.7-295.9 GHz (8.2 GHz passband centred
at 291.8 GHz) with maximum return loss of - 20 dB (max|S11| within the passband should be at
least less than -20 dB and is as smaller as possible). The unwanted sideband is 317.7-325 GHz
with better than 30 dB rejection (max|Sz1| should be less than -30 dB). Therefore, the optimisation

problem is formulated as:
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max(|Su1]) < -20 dB, 287.7-295.9 GHz

max(|Sz1]) < -30 dB, 317.7-325 GHz

The ranges of design variables are in Table-A.1. From the filter topology and 3-D structures,
we need to define the upper and lower boundaries for the filter dimensions (variables). This is very
important since wrong boundaries for parameters can lead to no physical realisation for the 3-D
model and may ruin the whole optimisation process. The initial dimensions for the filter are given
in Table-A.2. Note that the initial dimensions are from the calculation of coupling matrix, but this
calculation does not need to be very accurate since SMEAFO is a global-optimisation-based
method. However, with more accurate initial dimensions, it is easier for this method to find the
global optima, especially for the optimisation of circuits with more variables [3].

The filter is simulated in CST (2015 version) using full-wave EM model. The simulated
responses using the initial values is given in Fig. A.3. It can be seen that the performance of the
initial design is far from the specifications. The filter is then optimised using SMEAFO method.
The examples are run on a PC with Intel 3.5-GHz Core i7 CPU and 8-GB RAM under Windows
operating system. CST is used as the EM simulator. No parallel computation is applied in these
experiments [2]. Each EM simulation costs around 3 min and the convergence of SMEAFO
method happens before 800 EM simulations. The optimised results are given in Fig. A.4 with all

specifications achieved.
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Table-A.1 Ranges of the variables for example 1 (all dimensions are in millimetres)

Variables a 11(13) I2 lc d h hc
Lower bound 0.8 0.4 0.4 0.4 0.01 0.01 0.01
Upper bound 0.95 0.8 0.8 1.8 0.43 0.86 <h

Table-A.2 Initial dimensions and optimised dimension for example 1 (all dimensions are in

millimetres)

Variables a l1(13) I2 le d h he

Initial dimensions 0.864 0.616 0.561 1.212 0.353 0.537 0.122

Optimised dimensions | 0.876 | 0.674 | 0589 | 1.100 | 0.327 | 0578 | 0.143
(SMEAFO method)

Specification for

unwanted sideband
/

Specification for passband
\ S-Parameters [Magnitude in dB]

~N : / — Initial 511
: = Initial 521

B S e

-40 4--

-850+

60 e S— A S U W

70 ; . . . :

260 270 280 290 300 310 320 325

Frequency / GHz

Fig. A.3 S-parameters simulated results for the filter using initial values. Passband and rejection

band specifications are shown in grey and red.
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Fig. A.4 Optimised responses for the filter using SMEAFO method. Passband and rejection band

Frequency / GHz

specifications are shown in grey and red.

Example 2: a 7" order waveguide filter

This example is a waveguide filter composed of 7 coupled rectangular waveguide cavities
operating at TE101 mode. The coupling is achieved by capacitive iris. This filter is designed to be
used as one branch of a diplexer. The design specifications are that the passband is 10.7-12.75
GHz with maximum return loss of - 20 dB (max|S11| within the passband should be at least less
than -20 dB and is as smaller as possible). The rejection band is 13-14.5 GHz with better than 20
dB rejection (max|Sz1| should be less than -20 dB). Seen from the specifications, the filter has very

wide passband (FBW=17.1%) and the passband and rejection band are very close. The optimisation

problem is formulated as:

max(|Su]) < -20 dB, 10.7-12.75 GHz

max(|Sz21|) <-20 dB, 13-14.5 GHz

The initial calculation of initial dimensions using coupling matrix synthesis are given in Table

I11. The filter is simulated in CST (2015 version) using full-wave EM model. The simulated

325

Specification for
unwanted sideband

m— Optimised S11
= Optimised 521



responses using the initial values is given in Fig. A.6. Seen from the performance of the initial
design, poles for Si1 within passband are clear, but the passband is much narrower than the
designed value. This is because coupling matrix calculation has the assumption of all resonators
working on the centre frequency, and initial dimensions calculated from this method is not accurate
for the wide band filters. For high-order filters, the number of variables increases and numerous
local optima often exist in the landscape [3]. Under such circumstances, the successful rate for
local optimisation is very low. After the using Trust Region Framework method in CST (a common
local optimisation algorithm), the optimisation fails to achieve the specifications after 3000 EM

simulations.

(a)
ZI b h 24 35 ZG Z?
—> 5 € > & > € > e ———— >
U | i
b ) dlf b dJ ) )
(b)

Figure A.5 A 7" order Chebyshev waveguide filter using capacitive iris (a) perspective view of
the 3-D model of the filter. a=19.05 mm, b=9.525 mm (b) side view of the filter with important

dimensions, in this design: 11=l7, I2=ls, I3=Is, do=d7, d1=ds, d2=ds, d3=da.
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Fig. A.6 Simulated responses using initial dimensions

The best result after using local optimisation is shown in Fig. A.7. By optimising the filter with
initial dimensions using SMEAFO method, each EM simulation costs around 2 min and the
convergence happens before 1000 EM simulations. The optimised dimensions are given in Table-

A.3. The S-parameter responses after SMEAFO optimisation can meet all requirements and are

given in Fig. A.8.

Specification for passband Specification for rejection band

S-Parameters [Magnitude in dB] /

7 S11
— 521

10 1 12 13 14 15 16
Frequency (GHz)

Fig. A.7 Simulated responses after using local optimisation
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Fig. A.8 Simulated responses after optimised using SMAEFO method

Table-A.3 Initial dimensions and optimised dimension for example 2 (all dimensions are in

millimetres)
Variables I I I3 ls do d1 dz ds
Initial dimensions 23.189 | 21.434 |20.732 |20.636 |5.398 |3.205 |2091 |1.907
Optimised dimensions |, o5 | 55 035 21176 | 21.054 | 6.955 | 4.976 |3.575 | 3.349
(local optimisation)
Optimised dimensions
(SMEAFO methot) 23333 |21.980 |21.301 |21.192 |6.747 |5.097 |4.072 |3.749

146




Example 3: A diplexer composed of a T-junction and two channel filters

Microwave diplexers and multiplexers are frequency selective components that are employed

to combine or separate signals of different frequency bands in multiport networks with specified

frequency selectivity and isolation requirements [4]. As shown in Fig. A.9, a multiplexer

conventionally consists of a common junction and a set of channel filters [5]. A diplexer has the

simplest topology of the multiplexer. It is a passive three-port device that connects two ports

operating at different frequencies to a common port, while the signals on those two ports can co-

exist on the common port without interfering with each other.

A diplexer operating on 9-16 GHz has been designed to demonstrate the potential of surrogate

model-assisted evolutionary algorithm (SMEA) for the optimisation of complex diplexer design.

This diplexer is a wide-band design and specified to work at the frequency bands of 10.7-12.75

GHz and 13-14.5 GHz. The full specifications of the diplexer are given in Table-A.4.

Common
Junction

Channel Filter 1

Channel Filter 2

Channel Filter n

Fig. A.9 Structure of a traditional multiplexer with n channels
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Table-A.4: Specification of the wide-band diplexer

Frequency band specification

Low guard band 10-10.3 GHz Rejection Better than 20 dB
Return loss Better than 20 dB

Channel 1 10.7-12.75 GHz i
Isolation Better than 20 dB
Return loss Better than 20 dB

Channel 2 13-14.5 GHz i
Isolation Better than 20 dB
high guard band 15-16 GHz Rejection Better than 20 dB

To achieve the specifications, this diplexer is designed to have 7 resonators for the channel
filter 1 and 6 resonators for the channel filter 2 while these two channels are connected by a T-
junction. A prediction of the responses using coupling matrix synthesis is given in Fig. A.10. This
diplexer is a complex design in terms of two aspect: (i) it consists of 13 resonators which means
more than 26 variables are needed to be optimised; (ii) the passbands for each channel are extreme
broadband, which makes the prediction of initial dimensions inaccurate and extremely hard; (iii)
the guard band is very narrow and specifications are demanding, thus full-wave EM model with
high accuracy is required [6]. These difficulties make the optimisation of the diplexer structure
computationally expensive and even impossible to be achieved by most conventional optimisation
process. A design synthesis for diplexer composed of a T-junction and two channel filters
presented in [7] is employed in this example. This is achieved by firstly designing two bandpass
filters to meet the specification of each channel separately. Then two channel filters are connected
with a T-junction structure and the whole structure is optimised. The filter with 7 resonators
designed to meet specifications of channel 1 is presented in Example 2. The 6" order Chebyshev

filter for channel 2 is also designed and optimised using SMEAFO method. Both bandpass filters

148



are achieved by using capacitive iris and are presented in Fig. A.11. The specifications for the

diplexer optimisation problem can be formulated as:

Attenuation [dB)]

-m b
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140 | =
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Fig. A.10 Prediction of the responses for the diplexer using coupling matrix synthesis
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S-Parameters [Magnitude in dB] S-Parameters [Magnitude in dB8]
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Frequency / GHz Frequency / GHz

(@) (b)

Fig. A.11 Bandpass filters designed to fulfil the specifications for each channel. (a) A 7% order
waveguide presented in example 2, this is used as the channel filter to achieve the first passband.
(b) A 6" order waveguide filter designed to meet the specification of the second passband. The

design of this filter is also optimised using SMEAFO method.

After the design of both channel filters, a T-junction is used to connect the two bandpass filters
together in the diplexer. Firstly, we design an original three-port junction shown in Fig. A.12 (a),
which provides a compact solution for rectangular waveguide diplexers. This T-junction is then
adjusted into a compact form shown in Fig. A.12 (b), under the circumstances that the dimensions
for the length of the waveguide for the T-junction (i.e. w1 or w2 shown in Fig. A.12 (a)) are less

than O.
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Channel filter 2 i I
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Fig. A.12 T-junction design. (a) Normal T-junction design coupled with channel filters by
capacitive iris. doi/ dos represent the dimension of coupling iris between the T-junction and
resonator 1/resonator 8. (b) Compact design of the T-junction when channel filters are directly

coupled to input port.

In the final step, the whole diplexer structure that combines the T-junction with two channel
filters is optimised in EM full-wave model using SMEAFO method. Fig. A.13 gives the details for
the diplexer structure to be optimised.

151



Input port

Output port

(Port 2)
Output port
(Port 3) (a)
d13 dZ dll le d9 dS
/ ] ddodsdrdode—db
b | n ] T Y S W T T -
113 112 lll 210 19 18 ll 12 13 ]4 lS Zﬁ l}'
(b)
Input port
o R1
RS ! i
:—*Wihz lh’ H
(c)

Fig. A.13 Structure of the diplexer (a) perspective view, R1-R13 represent

the resonator 1 to

resonator 13. (b) side view of the diplexer, variables for the resonators are marked on the figure.

In represents the length of the n th resonator, dn represents the width of coupli

n th resonator and next resonator or port. (c) zoom in view of the T-junction.

ng iris between the
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After the optimisation using SMEA method, the optimised dimension is shown in Table- A.5

and the optimised responses in given in Fig. A.14. Although the best optimised results are not able

to meet all the specifications, good overall performance for the diplexer is achieved and the

potential of applying SMEA method on diplexer optimisations is demonstrated.

Table-A.5 Dimension for the diplexer after optimisation (all dimensions in millimetres)

d1 d2 ds d4 ds ds dz ds
optimised | 4.305 3.864 3.776 3.916 4.407 5.340 7.023 2.764
do dio du1 di2 di3 lh I2 I3
optimised | 2.039 1.913 2.122 3.151 5.538 22.006 | 21.231 | 21.112
l4 Is ls 17 s lo l10 l1
optimised | 21.131 | 21.493 | 22.240 | 23.300 | 15.146 | 14566 | 14.456 | 14.513
l12 l13 h1 h2 W1 W2
optimised | 14.850 | 16.026 5.262 3.672 1.698 7.693
SPGCI.ﬁcatmn for Passband return loss specification Speciﬁcation for
rejection band _ ¥ i rejection band
l S-Parafneters [Magnitude in dB]
() . i - \ il ] —s1,1
20 U e —s3,1
. R AV AR v T
-30 .——y;;-.— \/ —— e L T
2 -a0 |
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Fig. A.14 Responses of the diplexer after final optimisation.
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WR-3 Waveguide Bandpass Filters Fabricated Using

High Precision CNC Machining and SU-8
Photoresist Technology

Hao Yang
Bo Liu

, Yuvaraj Dhayalan, Xiaobang Shang

Abstract—This paper presents two WR-3 band (220-325 GHz)
filters, one fabricated in metal using high precision computer nu-
merically controlled milling and the other made with metallized
SU-8 photoresist technology. Both are based on three coupled
resonators, and are designed for a 287.3-295.9-GHz passband,
and a 30-dB rejection between 317.7 and 325.9 GHz. The first
filter is an extracted pole filter coupled by irises, and is preci-
sion milled using the split-block approach. The second filter is
composed of three silver-coated SU-8 layers, each 432 pm thick.
The filter structures are specially chosen to take advantage of the
fabrication processes. When fabrication tolerances are accounted
for, very good agreement between measurements and simulations
are obtained, with median passband insertion losses of 0.41 and
0.45 dB for the metal and SU-8 devices, respectively. These two fil-
ters are potential replacements of frequency selective surface filters
used in heterodyne radiometers for unwanted sideband rejection.

Index Terms—Micromachining, SU-8, terahertz components,
waveguide filter.

1. INTRODUCTION

ULTICHANNEL air and spaceborne sounders are em-
ployed for spectroscopic characterization of the Earth’s
atmosphere [1]. These instruments perform molecular spec-
troscopy at millimeter and submillimeter wavelengths in
relatively narrow frequency channels. Within the instrument,
linearly polarized signals are frequency demultiplexed by a
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quasi-optical feed chain using frequency selective surfaces
(FSSs). FSSs are also used to prevent the signals in the unwanted
sideband from reaching the double sideband heterodyne mixers
[2]. As the atmospheric signals are weak, the sideband rejecting
FSS needs to have a very low insertion loss and a high isolation
between two adjacent channels which are close to each other in
frequency [3]. For instance, the FSS reported in [3] transmits
316.5-325.5-GHz radiation with a maximum insertion loss of
0.6 dB and achieves greater than 30-dB rejection from 349.5 to
358.5 GHz. To achieve this specification, a transmission zero
is required and we believe this paper describes the first filter to
achieve this at these high frequencies.

Waveguide technology is potentially an attractive alternative
to FSS for sideband selection, due to its low loss and the possibil-
ity to construct lower volume filters. For waveguide components
in general, device dimensions decrease as frequency increases.
This means a reduction in size and mass of components, but
also a tighter dimensional tolerance is required during fabrica-
tion. Different micromachining techniques, such as computer
numerically controlled (CNC) milling [4]-[6], Si deep reactive
ion etching (DRIE) [7]-[9], lithographic micromachining tech-
nique [10], and SU-8 photoresist technology [11]-[13], have
been developed and employed to achieve high-dimensional ac-
curacy in the fabrication of high-frequency waveguide filters.
Laser micromachining [14] and 3-D printing [ 14] have also been
utilized for high-frequency filters by the authors using different
designs at about 100 GHz. This paper is complementary show-
ing how alternative technologies cope, at higher frequencies, for
a filter with demanding specifications.

CNC milling is a traditional way of fabricating metal wave-
guide components, especially at lower frequencies. Waveguide
components fabricated by CNC milling with excellent perfor-
mance have been reported. Authors in [4] and [5] describe
fourth-order W-band filters. In [4], the filter is measured to
have 0.5-dB insertion loss and a 4.53% (4.20 GHz) bandwidth,
and in [5], the filter is measured to have 0.6-dB insertion loss
and a 10% (10 GHz) bandwidth. For the 220-325-GHz WR-3
band, waveguide features and tolerances decrease by a factor
of around 3. Fabricating waveguide filters at such a frequency
requires an expensive, high precision CNC mill. Filter design
flexibility is also limited by tool sizes and depth to diameter as-
pectratios [5]. However, the limits of conventional CNC milling
are still being pushed: examples of WR-3 band CNC milled filter
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can be found in [6], where two fourth-order bandpass filters are
presented, one with measured 0.7-dB insertion loss and 8.77%
(22.6 GHz) bandwidth and another with measured 0.5-dB in-
sertion loss and 9.83% (25.2 GHz) bandwidth. In this paper,
we present a WR-3 band CNC milled extracted pole filter with
an improved performance, which is designed specifically for
sideband rejection.

SU-8 photoresist is a promising technology for manufactur-
ing millimeter and submillimeter waveguide components, and
is used for the second filter discussed in this paper. SU-8 is a
photolithographically patterned, epoxy-based, resin that is re-
sistant to organic solvents once cured, and can have a thickness
ranging from 0.5 ym to 1 mm [15]. There are several advantages
of using SU-8 micromachining over CNC machining. For ex-
ample, SU-8 can achieve a similar high-dimensional accuracy
with potentially lower cost. It may also allow sharper internal
corners and higher corner radius to depth ratios. Meanwhile, the
SU-8 process is a batch fabrication which allows repeatability
between devices as well as production of several devices in a
single fabrication run [15]. Compared with DRIE, standard pho-
tolithography processes are used with SU-8 with better surface
roughness on the sidewalls of waveguide structures [15]. SU-8
photoresist technology has been employed to demonstrate filters
in the WR-10 [11], WR-3 [12], and WR-1.5 bands [13]. In this
paper, a new WR-3 band waveguide filter is designed for the
SU-8 process to meet a specification similar to the FSS filter
described above.

For both the CNC and the SU-8 filters presented and
compared below, the specifications in [3] were adjusted to cope
with the available measurement capability. Both filters have
transmission zeros with the CNC filter having a conventional
design; however, the SUS filter is a completely new design
topology to produce the transmission zero. Frequencies have
been scaled down by a factor of 1.1, so that the new passband
is 287.3-295.9 GHz and the stopband attenuation specification
becomes 30 dB between 317.7 and 325.9 GHz.

Structural details and design methods of the two filters are
presented in Sections IT and III, which is followed by a descrip-
tion of the fabrication process in Section IV. Measurements
and discussions are presented in Section V, and conclusions are
given in Section VI.

II. DESIGN OF CNC MILLED EXTRACTED POLE FILTER

The CNC filter design is shown in Fig. 1. It is based on three
coupled resonators operating at TE;(; mode and an extracted
pole resonator [16]. The material conductivity is assumed to
be that of gold (i.e.,4.10 x 107S/m). A third-order waveguide
cavity filter which has a Chebyshev response was designed first,
using the synthesis technique described in [17], to have a cen-
ter frequency of 291.6 GHz, a bandwidth of 3% (8.6 GHz),
and a return loss in the passband of >20 dB. For this struc-
ture, an iris between the test ports and the first/last resonators
controls the external coupling (). ); the iris between resonators
1 and 2 (or resonators 2 and 3) controls the coupling coeffi-
cient k1o (or ko3 ). To meet this specification, the external Q and
coupling coefficients are calculated to be Q.1 = Q.3 = 28.87,
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Fig. 1. Diagram of extracted pole filter structure. a = 864, b = 432, 1; =
I3 = 510, I = 517, 1. = 619, [, = 383, d. = 205, dpl =dy3 = 432, and
dio = d23 = 309 (unit: gm).

k12 = ko3 = 0.030. To meet the upper stopband specification,
a steep roll-off is needed on the high frequency side of the pass-
band. It has been shown [16] that the selectivity of a conventional
waveguide filter can be improved by using inductively coupled
stopband cavities connected to the broad wall of the waveguide
[18].In[19], the advantages of this extracted pole technique have
been demonstrated. A single extracted pole resonator, added to
the third-order waveguide filter using the method of authors in
[20] and [21], provides a transmission zero in the rejection band
and achieves a very high cut-off rate into the upper sideband.

In order to be compatible with CNC milling process, the
corners of the resonators have a radius of 0.10 mm (see Fig. 1)
to permit fabrication with a 0.20-mm end mill. Meanwhile, the
minimum dimension in the E-plane must also be larger than
0.20 mm. After initial design of the structure using the coupling
matrix approach [17], full-wave simulation and optimization
for this filter are carried out by CST Microwave Studio (version
2016) using the Trust Region Framework algorithm. The cavity
dimensions achieved after optimization are shown in Fig. 1. To
give an idea of scale, the total length of the filter structure is
4 mm.

In order to test the filter, a CNC machined block which con-
tains the filter is designed. The input and output waveguides
have both been extended by 8 mm in order to accommodate
standard waveguide flanges and screws. A 20-mm length of
straight WR-3 waveguide is included as a measurement refer-
ence in the same block as the waveguide filter. Standard UG-
387 waveguide flanges were machined in the block. By utilizing
an E-plane split-block technique, the transmission loss is min-
imized as no surface current flows across the contact plane.
The simulation results after optimization for S-parameters are
shown in Fig. 2. The predicted passband insertion loss for the
extracted pole filter (4 mm filter structure) is below 0.4 dB and
the rejection in the unwanted sideband is above 30 dB. Passband
reflectivity, 511, is below —20 dB.

III. DESIGN OF SU-8 MICROMACHINED FILTER

The SU-8 photoresist filter is designed [16] to meet the
same specifications. It exploits the stacked metalized layer ap-
proach associated with SU-8 [22]. The filter has three cou-
pled resonators and a cross-coupling between the first and
third resonators and is shown in Fig. 3. With this topol-
ogy and by setting the frequency of the transmission zero at
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Fig. 2. Simulated S-parameters for the CNC milled extracted pole filter. Pass-
band and stopband specifications are shown in gray and red, respectively.
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Fig. 3. Diagram of WR-3 band filter formed of three SU-8 layers with the
same thickness of 432 pm. (a) Diagram of the filter structure. Dimensions
of the test ports are: a, = 864 pum, b, = 432 pm. Dimensions of the res-
onators are: a = 876 pm, b = 432 um, [y = I3 = 647 pm, and [y = 589 pm.
(b) lustration of the whole filter device including dowel holes and screw clear-
ance holes designed to match the UG-387 waveguide flange. (c) Perspective
front view of the filter structure. The blue rectangle represents the input/output
of test port. The black rectangle represents the first (or third) resonator, whereas
the cavities in the second layer are represented by red rectangles. d = 327 pm,
h =578 pm, [, = 1100 pm, and h,. = 143 pm.

317.7 GHz, which is the lower boundary of the upper stop-
band, external Q and coupling coefficients are calculated as:
Qe1 = Qg = 27.65, k1o = kog = 0.031, k13 = 0.006, k1; =
k33 =0.002, k9o =—0.006. Each of the silver-coated SU-8 lay-
ers has a thickness of 432 pum and contains one resonator. As
shown in Fig. 3(a), the value of the SU-8 layer thickness de-
termines the WR-3 waveguide resonator height, b. Since the
central resonator couplings k1o and k3 are equal, layers 1 and
3 are identical and the whole structure is symmetrical. Rather
than controlling the coupling through a conventional iris, the rel-
ative positions of the resonators are shifted to obtain the desired
coupling coefficients. In other words, the horizontal displace-
ment &, shown in Fig. 3(c), determinates k15 and ko3, whereas
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Fig. 4. Simulated S-parameters for the SU-8 micromachined filter. Passband
and stopband specifications are shown in gray and red, respectively.

the offset d between the test port and first/third resonators con-
trols the external coupling. The cross coupling between first and
third resonators is accomplished by a slot in the middle layer.
The frequency of the resulting transmission zero is controlled
by the width of this cross-coupling slot, /.. The above geomet-
ric design parameters, shown in Fig. 3, are optimized by the
SMEAFO method [23] using CST Microwave Studio (version
2016). Fig. 3 provides the detailed dimensions of this filter after
optimization.

The filter is designed to be inserted between standard UG-
387 waveguide flanges for measurement. As shown in Fig. 3(b),
holes to accommodate the flange dowels, thereby accurately
aligning the different SU-8 layers, are incorporated in the design.
Larger clearance holes for the waveguide flange screws are also
introduced.

The optimized S-parameter response of the filter is shown
in Fig. 4. The predicted passband insertion loss is below
0.4 dB and the rejection in the unwanted sideband is better
than 35 dB. Passband reflectivity, 511, is below —20 dB. The
simulations predict two unexpected transmission zeros, one lo-
cated between passband and upper stopband at 302.5 GHz and
another at 326.2 GHz, just above the waveguide band’s upper
edge. These zeros are caused by unwanted cancellation effect of
the signals transmitted by different paths from the input to the
output due to the special structure of the design. That is, apart
from cross coupling accomplished by the slot on the middle
layer, there is an additional coupling path between resonators 1
and 3.

IV. FABRICATION DETAILS

The extracted pole waveguide filter was fabricated at the
Rutherford Appleton Laboratory using a high-precision Kern
milling machine and tungsten carbide cutters with diameters
down to 0.20 mm. The block material was copper alloy which
was then coated with a thin film of gold (around 3 pm) by elec-
troplating. As mentioned above, the internal corners of the filter
had a radius of 0.2 mm. Fig. 5 shows a photograph of the split
plane of the CNC machined block with its four resonators.

The fabricated layers of the SU-8 filter are shown in Fig. 6(a).
The process details for the SU-8 filter can be found in [13], [24],
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Fig. 5. Photograph of the internal cavities of the fabricated CNC milled
extracted pole filter.

(a)

Fig. 6. (a) Photograph of the three silver-coated SU-8 layers, 20 x 20 mm
for each layer with a thickness of 0.432 mm. (b) Scanning electron microscope
image of the cavity structure for the second SU-8 layer.

and [25]. In summary, a single-side-polished 100-mm-diameter
1-mm-thick silicon wafer was used as a base for forming the
SU-8. OmniCoat from MicroChem was used as a 1.5-um-thick
sacrificial layer between SU-8 and silicon. This thickness of
OmniCoat was built up from five 300-nm-thick layers. Each
was formed from precursor spun at 350 r/min for 10 s and then
at 700 r/min for 20 s. The coating was soft baked by placing the
wafer on a hot plate at 200 °C for 120 s. It was then cooled on
a flat copper plate at room temperature for 300 s.

SU-8 50 negative photoresist from MicroChem was then spin
coated onto the OmniCoat. The thickness of the SU-8 layer is
calculated by measuring the mass of the coating [13]. A mass
of 5.20 g on a 100-mm-diameter wafer corresponds to a thick-
ness of 432 um. The coated wafer is left on a leveled copper
plate at room temperature for 1 h for self-planarization. Then
it was soft baked at 65 and 85 °C for 40 and 240 min, re-
spectively. In order to reduce the thermal stresses during soft
bake, the temperature was increased at 5 °C/min from room
temperature during heating. During cooling, the hotplate and
wafer cooled naturally to room temperature after switching off
the power. UV photolithography was carried out in Cannon
PLA-510 mask aligner. The resist was exposed for 4 cycles of
40 s, with a 2-min interval between each cycle to allow the
resist to stabilize. A PL 360 filter was placed over the chrome
mask during UV exposure, which effectively blocked UV ra-
diation with a wavelength below the 365-nm i-line [26]. The
exposed wafers were baked at 70 °C for 30 min, which helps
the acid-assisted cross linking of the exposed structures. Af-
ter this bake, the SU-8/Si wafer was developed for 15 min in
MicroChem EC at room temperature with constant magnetic
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Fig. 7. Comparison of the simulated and measured results of the filter pro-

duced by CNC milling. (a) Response over whole WR-3 band. (b) Expanded
view of S21 showing the passband. The simulations are performed assuming a
material conductivity corresponding to that of bulk gold.

stirring. The patterned SU-8 layers were released by dissolving
the sacrificial layer in tetramethylammonium hydroxide-based
MFCD26 solution from MicroChem at room temperature for
5 h. The released SU-8 pieces were cleaned with propan-2-ol
and dried by nitrogen gas. Layers of 30 nm of chromium, and
subsequently 1500 nm of silver, were deposited by sputtering
and thermal evaporation, respectively. This was done on both
sides of the patterned SU-8 layers without breaking the vacuum.
A purpose-built sample-tilted-rotating rig allowed the metal to
reach the inner walls of the waveguides and cavities.

V. MEASUREMENT AND DISCUSSION

The S-parameter measurements for the CNC milled extracted
pole filter were carried out using a Keysight PNA network an-
alyzer with a pair of VDI (Virginia Diodes, Inc.) WR-3.4 ex-
tension heads. For the measurement, the CNC machined block
was fixed between the waveguide flanges of two frequency ex-
tension heads. The insertion loss for the 20-mm length of WR-3
waveguide in the same block was also measured. The results are
shown in Fig. 7. The filter has an average passband insertion
loss of around 0.65 dB and greater than 30-dB rejection in the
upper stopband. As shown in Fig. 7(b), the insertion loss for
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TABLE I
COMPARISON BETWEEN DESIGNED AND MEASURED RESONATOR DIMENSIONS
FOR THE CNC MILLED EXTRACTED POLE FILTER

Designed (pm) Measured (;¢m)

a xbxl
874 x 438 x 521
874 x 438 x 574
874 x 438 x 519

axbxl
864 x 432 x 510
864 x 432 x 567
864 x 432 x 510

Cavity #

Resonator 1
Resonator 2
Resonator 3

S-parameters (dB)
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Fig. 8.  Simulated response of the CNC milled extracted pole filter with mea-
sured dimensions shown in Table I.
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Fig.9. Comparison of the simulated results and measured results of the filter
based on SU-8 photoresist technology. (a) Response over whole WR-3 band.
(b) Expanded view of Sy; over passband. The simulations are performed in
CST assuming a material conductivity equal to that of silver.

TABLE II
COMPARISON BETWEEN DESIGNED AND MEASURED RESONATOR DIMENSIONS
FOR THE SU-8 FILTER

Designed (pum) Measured (;¢m)

Side 1 Side 2
Cavity # a X1 a x 1 a x 1
Resonator | 876 x 647 863 x 623 869 x 638
Resonator 2 876 x 589 861 x 576 874 x 584
Resonator 3 876 x 647 855 x 630 873 x 641
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Fig. 10.  Simulated response of the SU-8 filter with measured dimensions in
Table II.

TABLE III
COMPARISON OF MEASUREMENTS BETWEEN CNC MILLED EXTRACTED POLE
FILTER AND SU-8 MICROMACHINED FILTER

CNC extracted SU-8 filter
pole filter
Passband insertion loss 0.41 dB 0.45 dB
Passband frequency shift —5 GHz 7 GHz
Stopband attenuation >32dB >33 dB
Size of filter device 20 mm x 20 mm 19 mm x 19 mm x
X 4 mm 0.432 mm (three layers)

20 mm of waveguide is measured to be 0.3 dB, giving the
waveguide a loss of 0.015 dB/mm. Allowing for a total of 16
mm of waveguide connecting the filter to the flanges, the loss
of the 4-mm-long filter structure is thus 0.41 dB.

The measurements are in very good agreement with simula-
tions except that center frequency of the filter is shifted down-
wards by around 5 GHz. This frequency shift is mainly due
to larger-than-designed dimensions of resonators, which have
been measured with results shown in Table I. Generally dimen-
sions are within a few micrometers of designed values, except
for the width of the waveguide which is about 15 pm larger than
assumed in the simulations. When the filter is resimulated with
CST using the measured dimensions, excellent agreement with
measurements is obtained as shown in Fig. 8.

For the SU-8 filter, the measurement is performed on an Ag-
ilent E8361A network analyzer using a short-open-load-thru
calibration. The SU-8 filter is placed between two waveguide
flanges of the network analyzer and the layers aligned by the
high precision dowels on the waveguide flanges.
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TABLE IV
COMPARISON OF RECENTLY PUBLISHED WAVEGUIDE BANDPASS FILTER OPERATING IN FREQUENCY RANGE FROM WR-3 TO WR-1.5 BAND

Waveguide  fy (GHz) FBW Micromachining Filter response n IL(dB) RL(dB)  Reference (year)

band techniques

WR-3 257.7 8.77%  CNC (H-plane split)  Quasi-elliptical, one TZ at lower stopband 4 0.7 >14 [6] (2017)
and one upper stopband

WR-3 256.3 9.83%  CNC (H-plane split)  Quasi-elliptical, one TZ at lower stopband 4 0.5 >15 [6] (2017)
and one upper stopband

WR-3 309.35 4.4% SU-8 (three layers) Chebyshev, one TZ at lower stopband 3 0.4 >15 [12] (2013)

WR-3 286.6 5.58%  CNC (E-plane split) Chebyshev, one TZ at upper stopband 3 0.41 >14 This work

WR-3 298.6 5.36% SU-8 (three layers) Chebysheyv, three TZs at upper stopband 3 0.45 >16 This work

WR-1.5 570 8.77% DRIE (two pieces) Chebyshev, no TZ 3 0.9 >10 [9] (2012)

WR-1.5 671 7.91% SU-8 (three layers) Chebyshev, one TZ at lower stopband 3 0.65 >11 [13] (2013)

Note: f: center frequency of the filter; FBW: fractional bandwidth; TZ: transmission zero; n: filter order; /L: passband insertion loss; RL: passband return loss.

The measured results for the SU-8 filter are shown in Fig. 9.
It can be observed from Fig. 9(b) that there are significant rip-
ples in the measured Sy; response. A different network ana-
lyzer was used in these measurements to those of the CNC
filter and the ripple is attributed to a poor match in the receiver
head which has a transmit-only module at Port 2. This problem
is discussed in detail in [27]. The measured insertion loss is
around 0.45 dB in the passband and a larger than 30-dB rejec-
tion within the upper stopband. However, the center frequency
of this filter is shifted upward by around 7 GHz from the sim-
ulation. Because the layer thickness determines the resonator
height b, simulations show that the center frequency of the fil-
ter does not strongly depend on the layer thickness. So, the
difference in center frequency of the filter between measure-
ment and simulation may be due to inaccurate dimensions in
the layer plane. The dimensions of the SU-8 filter cavities were
measured using a scanning electron microscope. The image in
Fig. 6(b) shows the cavity within the second layer and Table II
shows the measured resonator dimensions. Measured dimen-
sions in the plane are around 1% smaller than designed values
on one side of the SU-8 layer and 3% smaller on the other side,
which means that the frequency shift may be caused by both
changed dimensions and nonvertical sidewalls. After insert-
ing the measured dimensions in CST simulations, a much im-
proved agreement with measurements is obtained, as shown in
Fig. 10.

Table III shows a comparison of measurements on the CNC
extracted pole filer and the SU-8 micromachined filter. Both fil-
ters comfortably achieve the requirements of a lower than 0.6-dB
passband insertion loss, with measured values of 0.41 and 0.45
dB for the metal and SU-8 devices, respectively. The require-
ments for over 30-dB stopband attenuation are also achieved.
The CNC milled extracted pole filter offers a better low fre-
quency rejection, whereas the SU-8 device provides a steeper
roll-off on this high frequency side of the passband and a smaller
overall volume.

Table IV shows the comparison between waveguide filters re-
ported in open literature and two filters described here. These fil-
ters operate in the frequency range from WR-3 band to WR-1.5
band. A comparison of some WR-10 band waveguide filters can
be found in [14]. All of the filters summarized in Table IV are
based on coupled rectangular resonant cavities, but fabricated

using different micromachining techniques. Care must be taken
with the comparisons as the filters have different specifications.

VI. CONCLUSION

A CNC milled extracted pole waveguide filter and a SU-8 mi-
cromachined filter working in WR-3 band have been designed
to best exploit the characteristics of the fabrication processes.
It is the first demonstration that a CNC milled filter with a
steep rejection characteristic beyond 300 GHz and a SU-8 mi-
cromachined filter with novel cross-coupling topology working
at WR-3 band. The measured performance of the filters is in
very good agreement with the numerical predictions once the
latter have been corrected for the small errors in manufacturing.
The two filters show no significant difference in performance
despite the two alternative fabrication processes and designs.
Both filters achieve an insertion loss of below 0.5 dB in a
~10-GHz-wide passband and a rejection of more than 30 dB
in the stopband. Either of these two micromachined waveguide
filters can therefore be potential replacements of FSS filters used
in spaceborne radiometers for unwanted sideband rejection.

REFERENCES

[1] R. J. Martin and D. H. Martin, “Quasi-optical antennas for radiomet-
ric remote sensing,” Electron. Commun. Eng. J., vol. 8, pp. 37-48,
Feb. 1996.

[2] R.Cahill et al., “Low loss FSS for channel demultiplexing and image band
rejection filtering,” in Proc. 24th ESTEC Antenna Workshop Innov. Peri-
odic Antennas Photon. Bandgap Fractal Freq. Sel. Surf., The Netherlands,
May 2001, pp. 103-108, European Space Agency.

[3] R.Dickie et al., “Submillimeter wave frequency selective surface with po-
larization independent spectral responses,” IEEE Trans. Antennas Propag.,
vol. 57, no. 7, pp. 1985-1994, Jul. 2009.

[4] X. Liao, L. Wan, Y. Yin, and Y. Zhang, “W-band low-loss bandpass fil-
ter using rectangular resonant cavities,” IET Microw. Antennas Propag.,
vol. 8, no. 15, pp. 1440-1444, Sep. 2014.

[5] C. A. Leal-Sevillano, J. R. Montejo-Garai, J. A. Ruiz-Cruz, and J. M.
Rebollar, “Low-loss elliptical response filter at 100 GHz,” IEEE Microw.
Wireless Compon. Lett., vol. 22, no. 9, pp. 459-461, Sep. 2012.

[6] J. Q. Ding er al., “WR-3 band quasi-elliptical waveguide filters using
higher order mode resonances,” IEEE Trans. THz Sci. Technol., vol. 7,
no. 3, pp. 302-309, May 2017.

[7] H. V. Jansen, M. J. de Boer, S. Unnikrishnan, M. C. Louwerse, and
M. C. Elwenspoek, “Black silicon method X: A review on high speed
and selective plasma etching of silicon with profile control: An in-depth
comparison between Bosch and cryostat DRIE processes as a roadmap
to next generation equipment,” J. Micromech. Microeng., vol. 19, no. 3,
pp- 033 001-1-033 001-41, Feb. 2009.



106

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 8, NO. 1, JANUARY 2018

J. Y. Li, B. Pan, C. Lugo, M. Tentzeris, and J. Papapolymerou, “Design
and characterization of a W-band micromachined cavity filter including a
novel integrated transition from CPW feeding lines,” IEEE Trans. Microw.
Theory Techn., vol. 55, no. 12, pp. 2902-2910, Dec. 2007.

K. M. K. H. Leong et al., “WRI.5 silicon micromachined waveguide
components and active circuit integration methodology,” IEEE Trans.
Microw. Theory Techn., vol. 60, no. 4, pp. 998-1005, Apr. 2012.

J. R. Stanec and N. S. Barker, “Fabrication and integration of micro-
machined submillimeter-wave circuits,” IEEE Microw. Wireless Compon.
Lett., vol. 21, no. 8, pp. 409-411, Aug. 2011.

X. Shang, M. Ke, Y. Wang, and M. J. Lancaster, “Micromachined W-band
waveguide and filter with two embedded H-plane bends,” IET Microw.
Antennas Propag., vol. 5, no. 3, pp. 334-339, Feb. 2011.

Q. Chen, X. Shang, Y. Tian, J. Xu, and M. J. Lancaster, “SU-8 micro-
machined WR-3 band waveguide bandpass filter with low insertion loss.”
Electron Lett., vol. 49, no. 7, pp. 480—482, Mar. 2013.

X. Shang, Y. Tian, M. J. Lancaster, and S. Singh, “A SU8 micromachined
WR-1.5 band waveguide filter,” IEEE Microw. Wireless Compon. Lett.,
vol. 23, no. 6, pp. 300-302, Jun. 2013.

X. Shang et al., “W-band waveguide filters fabricated by laser microma-
chining and 3-D printing,” IEEE Trans. Microw. Theory Techn., vol. 64,
no. 8, pp. 2572-2580, Aug. 2016.

C. H. Smith, A. Sklavonuos, and N. S. Barker, “SU-8 micromachining
of millimeter and submillimeter waveguide circuits,” in I[EEE MTT-S Int.
Microw. Symp. Dig., Boston, MA, USA, 2009, pp. 961-964.

J. Bornemann, “A new class of E-plane integrated millimeter-wave filters,”
in [EEE MTT-S Int. Microw. Symp. Dig., Long Beach, CA, USA, vol. 2,
1989, pp. 599-602.

J. Hong and M. J. Lancaster, Microstrip Filters for RF/Microwave Appli-
cations. New York, NY, USA: Wiley, 2001.

R. R. Mansour and G. Woods, “Design of millimeter-wave extracted-pole
filters with asymmetrical frequency characteristics,” in IEEE MTT-S Int.
Microw. Symp. Dig., Boston, MA, USA, vol. 2, 1991, pp. 659-663.

J. D. Rhodes and R. J. Cameron, “General extracted pole synthesis tech-
nique with applications to low-loss TEp1; mode filters,” IEEE Trans.
Microw. Theory Techn., vol. 28, no. 9, pp. 1018-1028, Sep. 1980.

Y. Yang, M. Yu, and Q. Wu, “Advanced synthesis technique for unified
extracted pole filters,” IEEE Trans. Microw. Theory Techn., vol. 64, no. 12,
pp. 4463-4472, Dec. 2016.

J. R. Montejo-Garai et al., “Compact low-cost diplexer with elliptic filter
response for Ka-band satellite applications,” in Proc. 2015 Int. Workshop
Microw. Filters, 2015, pp. 1-3.

C. H. Smith III, H. Xu, and N. S. Barker, “Development of a multilayer
SU-8 process for terahertz frequency waveguide blocks,” in IEEE MTT-S
Int. Microw. Symp. Dig., 2005, pp. 439-442.

B. Liu, H. Yang, and M. J. Lancaster, “Global optimization of microwave
filters based on a surrogate model-assisted evolutionary algorithm,” IEEE
Trans. Microw. Theory Techn., vol. 65, no. 6, pp. 1976-1985, Jun. 2017.
J. D. Williams and W. Wang, “Study on the postbaking process and the
effects on UV lithography of high aspect ratio SU-8 microstructures,” J.
Microlithogr. Microfab. Microsyst., vol. 3, pp. 563-568, 2004.

X. Shang, M. Ke, Y. Wang, and M. J. Lancaster, “WR-3 band waveguides
and filters fabricated using SU8 photoresist micromachining technology,”
IEEE Trans. THz Sci. Technol., vol. 2, no. 6, pp. 629-637, Oct. 2012.

D. Glynn et al., “Submillimetre rectangular waveguides based on SU-8
photoresist micromachining technology,” in Proc. 2016 46th Eur. Microw.
Conf., London, U.K., 2016, pp. 1346-1349.

Y. Wang, M. J. Lancaster, M. Ke, and X. Shang, “Measurements of micro-
machined waveguide devices at WR-3 band using a T/R-T module based
network analyzer,” in Proc. 77th ARFTG Microw. Meas. Conf., Baltimore,
MD, USA, 2011, pp. 1-4.

Hao Yang was born in Wuhan, China, in 1991. He
received the B.Eng. degree in electronics and infor-
mation engineering from the Huazhong University of
Science and Technology, Wuhan, in 2014, and the
B.Eng. degree in electronic and electrical engineer-
ing from the University of Birmingham, Birmingham,
U.K., in 2014, where he is currently working toward
the Ph.D. degree.

His current research interests include terahertz fre-
quency filters and mutiplexers.

Yuvaraj Dhayalan received the M.Sc. degree in ma-
terials science from the College of Engineering, Anna
University, Chennai, India, in 2004, and the Ph.D. de-
gree from the Indian Institute of Science, Bangalore,
India, in 2010.

He has been with the University of Birmingham,
Birmingham, U.K., as a Research Fellow since 2015.
His research interests are in thin film, nanoscale de-
vices, microfabrication, and nanofabrication.

Xiaobang Shang (M’13) was born in Hubei, China,
in 1986. He received the B.Eng. degree (first class)
in electronic and communication engineering from
the University of Birmingham, Birmingham, U.K., in
2008, the B.Eng. degree in electronics and informa-
tion engineering from Huazhong University of Sci-
ence and Technology, Wuhan, China, in 2008, and the
Ph.D. degree in microwave engineering from the Uni-
versity of Birmingham, in 2011. His doctoral research
concerned micromachined terahertz waveguide cir-
cuits and synthesis of multiband filters.

He is currently a Senior Research Scientist with the National Physical Lab-
oratory (NPL), U.K. Prior to joining the NPL, he was a Research Fellow with
the University of Birmingham. His current main research interests include mi-
crowave measurements, microwave filters and multiplexers, and micromachin-
ing techniques.

Dr. Shang was the recipient of the ARFTG Microwave Measurement Stu-
dent Fellowship Award in 2009 and the co-recipient of the Tatsuo Itoh Award
in 2017.

W

Michael J. Lancaster (SM’04) was born in U.K., in
1958. He received the Graduation degree in physics
and Ph.D. dergree for research into nonlinear under-
water acoustics from Bath University, Bath, UK., in
1980 and 1984, respectively.

After leaving Bath University, he joined the Sur-
face Acoustic Wave (SAW) Group, Department of
¢ Engineering Science, Oxford University, as a Re-
|8 search Fellow. His research was in the design of new,
\§ i novel SAW devices, including RF filters and filter

banks. In 1987, he became a Lecturer with the De-
partment of Electronic and Electrical Engineering, University of Birmingham,
Birmingham, U.K., lecturing in electromagnetic theory and microwave engi-
neering. Shortly after he joined the department, he began the study of the
science and applications of high-temperature superconductors, working mainly
at microwave frequencies. He was promoted to the Head of the Department
of Electronic, Electrical and Systems Engineering in 2003. He has authored or
coauthored 2 books and more than 200 papers in refereed journals. His research
interests include microwave filters and antennas, as well as the high frequency
properties and applications of a number of novel and diverse materials. This
includes micromachining as applied to terahertz communications devices and
systems.

Dr. Lancaster is a Fellow of the Institution of Engineering and Technology
and the U.K. Institute of Physics. He is a Chartered Engineer and a Chartered
Physicist. He has served on the IEEE Microwaves and Theory and Techniques
Society International Microwave Symposium Technical Committees.

Bo Liu (M’ 15-SM’17) received the B.S. degree from
Tsinghua University, Beijing, China, in 2008, and the
Ph.D. degree from the MICAS Laboratories, Univer-
sity of Leuven (KU Leuven), Leuven, Belgium, in
2012.

From 2012 to 2013, he was a Humboldt Research
Fellow and was with the Technical University of
Dortmund, Dorthmund, Germany. In 2013, he was
appointed a Lecturer with Wrexham Glyndwr Uni-
versity, Wrexham, U.K., where he was promoted to a
Reader in computer-aided design in 2016. He has au-
thored or coauthored 1 book and more than 40 papers in international journals,
edited books, and conference proceedings. His research interests include de-
sign automation methodologies of analog/RF integrated circuits, microwave de-
vices, microelectromechanical systems, evolutionary computation and machine
learning.

Dr. Liu is an Honorary Fellow of the University of Birmingham,
Birmingham, U.K.



YANG et al.: WR-3 WAVEGUIDE BANDPASS FILTERS

Hui Wang received the M.Sc. and Ph.D. degrees in
astrophysics and space instrumentation from the Uni-
versity Pierre and Marie Curie, Paris, France, in 2005
and 2009, respectively.

She joined the Millimetre Wave Technology
Group, STFC Rutherford Appleton Laboratory,
Oxfordshire, U.K., in 2009, where she is currently
leading mixer device development within the group.
Her current research interests include millimeter-
wave and terahertz devices, primarily heterodyne fre-
quency mixers and harmonic up-conversion multipli-
ers, in support of earth observation and astronomy remote sounding experiments.

Manju Henry received the Master’s and Ph.D. de-
grees in electronic engineering from the Cochin Uni-
versity of Science and Technology, Kerala, India, in
1998 and 2002, respectively.

After receiving the Ph.D. degree, she had done five
years of postdoctoral studies with the Institute of High
Frequency and Microwave Techniques, Karlsruhe In-
stitute of Technology, the former FZK, Karlsruhe,
Germany, and at the University of Surrey, Guildford,
U.K. She joined the Millimetre Wave Technology
Group, STFC Rutherford Appleton Laboratory, Ox-
fordshire, U.K., in 2007. After joining the group, she had undertaken key
technical and management roles in several European Union/European Space
Agency programs. She is currently involved in a wide range of tasks that in-
clude millimeter-wave passive system design for atmospheric sounding and
astronomy, active system development for meteorological remote sounding,
and security imaging.

107

Peter G. Huggard (M’ 11-SM’12) received the B.A.
(Mod) degree in experimental physics and Ph.D. de-
gree from the University of Dublin, Trinity College,
Dublin, Ireland, in 1986 and 1991, respectively.
Since 2000, he has been a member of the Millime-
tre Wave Technology Group, UK’s STFC Rutherford
Appleton Laboratory, Oxfordshire, U.K. His current
research interests include developing filters, sources
and detectors for gigahertz and terahertz radiation.



1976

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 65, NO. 6, JUNE 2017

Global Optimization of Microwave Filters
Based on a Surrogate Model-Assisted
Evolutionary Algorithm

Bo Liu, Member, IEEE, Hao Yang, and Michael J. Lancaster, Senior Member, IEEE

Abstract— Local optimization is a routine approach for full-
wave optimization of microwave filters. For filter optimization
problems with numerous local optima or where the initial
design is not near to the optimal region, the success rate of the
routine method may not be high. Traditional global optimization
techniques have a high success rate for such problems, but are
often prohibitively computationally expensive considering the
cost of full-wave electromagnetic simulations. To address the
above challenge, a new method, called surrogate model-assisted
evolutionary algorithm for filter optimization (SMEAFO),
is proposed. In SMEAFO, considering the characteristics of
filter design landscapes, Gaussian process surrogate modeling,
differential evolution operators, and Gaussian local search are
organized in a particular way to balance the exploration ability
and the surrogate model quality, so as to obtain high-quality
results in an efficient manner. The performance of SMEAFO is
demonstrated by two real-world design cases (a waveguide filter
and a microstrip filter), which do not appear to be solvable by
popular local optimization techniques. Experiments show that
SMEAFO obtains high-quality designs comparable with global
optimization techniques but within a reasonable amount of time.
Moreover, SMEAFO is not restricted by certain types of filters
or responses. The SMEAFO-based filter design optimization
tool can be downloaded from http://fde.cadescenter.com.

Index Terms— Design optimization, design tools, evolutionary
computation, Gaussian process (GP), metamodeling, microwave
filters.

I. INTRODUCTION

ICROWAVE filter design can be formulated as an

optimization problem. Among various optimization
methods, evolutionary algorithms (EAs) are being widely
used for microwave design optimization due to their high
global optimization ability, free of a good initial design,
wide applicability, and robustness [1]-[3]. Moreover, they
are embedded in most commercial electromagnetic (EM)
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simulation tools, such as CST Microwave Studio. However,
EAs are seldom applied to microwave filter design, because
full-wave EM simulations are often needed to obtain accurate
performance evaluation, which are computationally expensive.
Considering thousands to tens of thousands of EM simulations
needed for a standard EA to get the optimum, the filter design
optimization time can be unbearable (e.g., several months).

To obtain an optimal design in a reasonable timeframe,
local optimization from an initial design has become a routine
approach for filter design optimization during the last decade.
Derivative-based local optimization methods (e.g., sequential
quadratic programming [4]) and derivative free local opti-
mization methods (e.g., the Nelder—Mead simplex method [5])
are widely applied. Because the quality of the initial design
is essential for the success of local optimization, a lot of
research has been done aiming to find a reasonably good
initial design efficiently. Available methods mainly include
employing equivalent circuit [6], low-fidelity EM model [7] for
a preliminary relatively low-cost optimization, and coupling
matrix fitting [8].

To further improve the efficiency of local optimization, the
space mapping technique [9] is widely used. Several important
improvements have been made to enhance the reliability and
the efficiency of traditional space mapping, such as introducing
the human design intuition [10], altering an EM model by
embedding suitable tuning elements (port tuning) [11], and the
multilevel method [12]. The port tuning method has shown
great success in commercial applications for planar filters.
Methods based on integrating human design intuition and
port tuning have obtained optimal designs for some filters
whose initial designs are not near the optimal region. Adjoint
sensitivity is also introduced to replace traditional gradient-
based local optimization techniques, and shows great speed
improvement [13].

Although many filters have been successfully designed
using the available techniques, and some of them even only
need a few high-fidelity EM simulations, available methods
still face severe challenges when the initial design is not
near the optimal region and/or the filter design landscape has
many local optima (not smooth enough) [10]. Unfortunately,
this happens to many microwave filter design problems, and
this problem is the target of this paper. Clearly, traditional
space mapping and adjoint sensitivity techniques are difficult
to provide a generic solution to this issue, because their main
goal is to improve the efficiency of local optimization rather
than improve the optimization capacity (i.e., jumping out of

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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local optima). In recent years, some novel methods have been
proposed to improve the optimization capacity while keeping
the efficiency improvement, but they often concentrate on a
certain type of filter or response [6].

Also, with the rapid improvement of computing power and
numerical analysis techniques, high-fidelity EM simulation of
many microwave filters can be completed within 20 min.
Although directly employing EAs is still prohibitively com-
putationally expensive, developing widely applicable methods
with largely improved optimization ability compared with local
optimization, but using a practical timeframe (e.g., within
several days) for the targeted problem is of great importance
to complement the state of the arts.

An alternative is surrogate model-assisted EAs (SAEAs),
which introduce surrogate modeling to EAs. In the context
of filter optimization, a surrogate model is a computationally
cheap mathematical model approximating the output of EM
simulations, which is often constructed by statistical learning
techniques and is widely used in space mapping. By coupling
surrogate models with an EA, some of the EM simulations
can be replaced by the surrogate model predictions, and the
computational cost can, therefore, be reduced significantly.
SAEA is attracting increasing attention in the computational
intelligence field, and various new SAEAs have been proposed.

However, most of the available SAEAs are not suitable for
filter optimization. Besides the efficiency issue, microwave
filter optimization has two difficulties:

1) A filter is a narrowband device, and the optimal region
is often very narrow.

2) There often exist numerous local optima in the
landscape, especially for high-order filters.

Because of different tradeoffs between the exploration ability
and the surrogate model quality, most available SAEAs can
get either the optimal solution, but need more than necessary
EM simulations causing very long optimization time or spend
reasonable time but miss the optimal solution. The reasons
will be described in Section III-A.

To address this challenge, a new method is proposed, called
SAEA for filter optimization (SMEAFO). The main innovation
of SMEAFO is the new SAEA framework balancing the
exploration ability and the surrogate model quality considering
the characteristics of filter design landscape. SMEAFO targets
at filter optimization problems with numerous local optima
and/or where the initial design is far from the optimal region,
aiming to the following:

1) achieve comparable results with standard EAs (often
have very high success rate and are considered as the
best in terms of solution quality);

2) obtain significant speed improvement compared with
standard EAs and complete the optimization in a rea-
sonable timeframe (several hours to several days) for
problems with less than 20 min per EM simulation;

3) general enough for most kinds of filters without consid-
ering specific properties of the targeted filter.

The remainder of this paper is organized as follows.

Section II introduces the basic techniques. Section III intro-
duces the SMEAFO algorithm, including its main ideas,
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design of each algorithmic component, its general framework,
and parameter settings. Section IV presents a waveguide filter
and a microstrip filter that do not appear to be solvable by
available popular local optimization techniques to show the
performance of SMEAFO. Comparisons with the standard
differential evolution (DE) algorithm are also provided. The
concluding remarks are presented in Section V.

II. BAsIC TECHNIQUES
A. Gaussian Process Surrogate Modeling

Among various surrogate modeling methods, Gaussian
process (GP) machine learning [14] is selected for SMEAFO.
The main reason is that the prediction uncertainty of GP
has a sound mathematical background, which is able to take
advantage of prescreening methods [15] for surrogate model-
based optimization. A brief introduction is as follows. More
details are in [14].

Given a set of observations x = (x!,...,x") and
y = (y',...,y"), GP predicts a function value y(x) at some
design point x by modeling y(x) as a Gaussian distributed
stochastic variable with mean x4 and variance o2. If the
function is continuous, the function values of two points x!
and x/ should be close if they are highly correlated. In this
paper, we use the Gaussian correlation function to describe
the correlation between two variables

d
corr(x’, x7) =exp(—291lxli —X/Iz) 40
=1

where d is the dimension of x and &; is the correlation
parameter, which determines how fast the correlation decreases
when x’ moves in the [-direction. The values of u, ¢, and
6 are determined by maximizing the likelihood function that
y = y at x = x/(i = 1,...,n). The optimal values
of u and o can be found by setting the derivatives of the
likelihood function to O and solve the equations, which are as
follows:

f=UTR'y)TTRy 2)
o2 =(y— IR R (y— I~ 3)

where I is an n x 1 vector with all elements having the value
of one and R is the correlation matrix

Rij = corr(x',x)), i,j=1,2,...,n. (4)

Using the GP model, the function value y(x*) at a new
point x* can be predicted as (x* should be included in the
correlation matrix)

e =a+r"R Gy - 1) (5)
where
r = [corr(x*, x1), corr(x*, x?), ..., corr(x*, x™)]".  (6)

The measurement of the uncertainty of the prediction (mean
square error), which is used to access the model accuracy, can
be described as

26" =21 —r "R + (I —rTR'2UTR™' D)7
(7
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To make use of the prediction uncertainty to assist SAEA,
the lower confidence bound prescreening [15], [16] is selected.
We consider the minimization of y(x) in this paper. Given
the predictive distribution N(3(x), s2(x)) for y(x), a lower
confidence bound prescreening of y(x) can be defined as [16]

Yieb(x) = J(x) — ws(x)
w € [0,3] ®)

where w is a constant, which is often set to two to balance
the exploration and exploitation ability [15].

In this paper, we use the 00DACE toolbox [17] to implement
the GP surrogate model.

B. Differential Evolution

In SMEAFO, the DE algorithm [18] is selected as the global
search engine. DE outperforms many EAs for continuous
optimization problems [18] and also shows advantages for EM
design optimization problems among various EAs [19]. DE is
an iterative method. In each iteration, the mutation operator
is firstly applied to generate a population of mutant vectors.
A crossover operator is then applied to the mutant vectors to
generate a new population. Finally, selection takes place and
the corresponding candidate solutions from the old population
and the new population compete to comprise the population
for the next iteration.

In DE, mutation is the main approach to explore the design
space. There are a few different DE mutation strategies trading
off the convergence speed and the population diversity (imply-
ing higher global exploration ability) in different manners.
Arguably, the three DE mutation strategies that are widely
used in engineering design optimization are as follows.

1) Mutation Strategy 1: DE/best/1
Z)i — xbest 4+ F. (xrl _xrz) (9)

where x"®! is the best individual in P (the current

population) and x”' and x'? are two different solutions
randomly selected from P and are also different from
xPest i is the ith mutant vector in the population after
mutation. F' € (0, 2] is a control parameter, often called
the scaling factor [18].

2) Mutation Strategy 2: DE/rand/1

ol =X+ F - (x" —x"). (10)

Compared with DE/best/1, x®' is replaced by a
randomly selected solution x’3 that is also different
from x" and x"2.

3) Mutation Strategy 3: DE/current-to-best/1!

l)i — )Ci +F- (xbest _xi) +F. (xr] _er) an

where x/ is the ith vector in the current population.

Crossover is then applied to the population of mutant
vectors to produce the child population U, which works as
follows.

1) Randomly select a variable index jrang € {1, ..., d}.

IThis mutation strategy is also referred to as DE/target-to-best/1.
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is used.

Tllustrative figure of filter design landscape: the Ackley function [21]

2) For each j = 1 to d, generate a uniformly distributed
random number rand from (0, 1) and set

i
. ot
uy = 7
X

where CR € [0, 1] is a constant called the crossover
rate.
Following that, the selection operation decides on the
population of the next iteration, which is often based on a
one-to-one greedy selection between P and U.

if (rand < CR)|j = jrand

12
otherwise (12)

C. Gaussian Local Search

Gaussian local search is a verified effective method for
elaborate search in a local area [20]. Gaussian local search
is often used for enhancing local search ability of EAs.
In SMEAFO, the following implementation is used:

i gls . 1
x} —i—N(O,aj ), ifrand < 5

xgj- =1x otherwise; (13)

j=1,2,....d

l
ja

where N(O, ajgls) is a Gaussian distributed random number

with a standard deviation of ¢&° and rand is a uniformly
distributed random number from (0, 1).

III. SMEAFO ALGORITHM
A. Challenges and Main Ideas of SMEAFO

The SMEAFO algorithm is an SAEA. Integrating a surro-
gate model into global optimization is much more difficult
than integrating it into space mapping because there is no
information of the optimal region. Recall the two major
difficulties for filter optimization described in Section I (an
illustrative figure is Fig. 1): 1) the optimal region is located
in a (very) narrow valley of the design space and 2) there are
often numerous local optima. The SAEA, therefore, should
have sufficient exploration ability to jump out of local optima
in the outer region so as to find the narrow valley and to jump
out of local optima within it. Although this is often achievable
for a modern standard EA, SAEAs may not have the same
exploration ability due to the surrogate model prediction
uncertainty, i.e., some optimal designs may be predicted wrong
and then the SAEA search is guided to wrong directions.
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High exploration ability indicates getting access to diverse
candidate designs. To make a good prediction of them, more
training data points through EM simulations are necessary
to maintain the surrogate model quality, which decreases
the efficiency. Finding an appropriate balance between the
exploration ability and the efficiency for filter design landscape
is the main challenge of SMEAFO.

The required exploration ability in the filter optimization
process is different from time to time. Instead of using a fixed
SAEA with a certain exploration ability, it is natural to divide it
into the exploration phase aiming to find a near optimal region
and the exploitation phase aiming to obtain the final optimal
design from near-optimal designs. The latter phase requires
less exploration ability (indicating more space for efficiency)
without sacrificing the solution quality. Various methods can
be used for the exploitation phase, and space mapping is
compatible. Because space mapping is sometimes sensitive to
the surrogate model type and settings [7], a surrogate model-
assisted Gaussian local search method is used in SMEAFO
for the sake of generality. Now the major challenge is the
exploration phase providing both sufficient exploration ability
and efficiency.

To balance the exploration ability and the efficiency,
available SAEAs can be mainly classified into “conservative”
SAEAs and “active” SAEAs. Conservative SAEAs [22], [23]
emphasize the exploration ability. These methods begin with
a standard EA for certain iterations aiming to collect training
data points that are able to build a reasonably good global
surrogate model and then iteratively improve the solution
quality and the surrogate model quality in the consecutive
search. Thus, the exploration ability can benefit a lot at
the cost of a considerable computing overhead for standard
EA-based iterations. When applied to filter optimization, much
of this computing overhead is wasted because they are collect-
ing training data points for modeling the outer region instead
of the narrow valley where the optimal design is located.

Active SAEAs, in contrast, emphasize the efficiency [15].
These methods perform exact expensive evaluations to the
“optimal” solutions predicted by the existing surrogate model,
despite that its quality may not be good enough. The number
of expensive exact evaluations is therefore highly reduced,
but the exploration ability becomes a weakness. Prescreening
methods [16], [24] are used to assist jumping out of local
optima, but they cannot fully solve the problem. In [15], tests
on the Ackley benchmark problem (with a narrow valley and
many local optima) [21] (Fig. 1) show that such SAEAs are
not able to jump out of local optima. Hence, the exploration
ability is insufficient for filter optimization.

The exploration phase of SMEAFO follows the idea
of active SAEAs to avoid consuming considerable EM
simulations to nonoptimal regions. To largely improve the
exploration ability compared with existing active SAEAs,
two questions are focused: 1) what is the search method
to obtain sufficient exploration ability? and 2) how to build
surrogate models of sufficient quality using as few samples
as possible (for the sake of efficiency) in order to support the
exploration ability? This is achieved by the combination of
a novel surrogate model assisted search method with specific
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Fig. 2. Flow diagram of the exploration phase.

DE mutation and training sample selection methods, which
will be detailed in Section III-B.

B. Design of the Exploration Phase

The general framework of the exploration phase is shown
in Fig. 2, which consists of the following steps.
Step 1: Sample 1 (often small) candidate designs, perform
EM simulations of all of them, and let them form
the initial database.
Select the A best designs from the database based on
the objective function values to form a population P.
Apply the DE/current-to-best/1 mutation (11) and the
crossover operator (12) on P to generate A child
solutions.
For each child solution, select training data points
and construct a local GP surrogate model.
Prescreen the A child solutions generated in Step 3
using the lower confidence bound method. Estimate
the best child solution based on the lower confidence
bound values.
Perform EM simulation to the estimated best child
solution from Step 5. Add this design and its per-
formance (EM simulation result) to the database.
Go back to Step 2 until switching to the exploitation
phase.

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

A main difference compared with available active SAEAs
is that a standard EA process is not adopted; instead, only the
predicted best candidate design is simulated and the current
best A candidate designs are used as the new population in each
iteration. This new SAEA framework improves the locations
of training data points. It is well known that the number of
training data points affects the quality of the surrogate model,
while their locations are often overlooked. With the same
number of training data points, it is intuitive that using training
data points located near the points waiting to be predicted
(child population in Step 3) can obtain surrogate model(s) with
better quality. This is implemented in Steps 2-6.
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From Step 2 to Step 6, in each iteration, the A current
best candidate solutions construct the parent population (it is
reasonable to assume that the search focuses on the promising
region) and the best candidate design based on prescreening
in the child population is selected to replace the worst one
in the parent population. Hence, only at most one candidate
is changed in the parent population in each iteration, so the
best candidate in the child solutions in several consecutive
iterations may not be far from each other (they will then be
simulated and are used as training data points). Therefore, the
training data points describing the current promising region
can be much denser compared with those generated by a
standard EA population updating mechanism, which may
spread in different regions of the design space, while there
may not be sufficient training data points around the candidate
solutions to be prescreened.

Using the database with improved sample locations for
surrogate modeling, a consecutive critical problem is selecting
samples from it which will be used as the training data points.
Most SAEASs build a single surrogate model for predicting the
child population. For example, a certain number of evaluated
promising solutions (ranked by fitness function values) [15]
or latest solutions are used to build a model for the child
population. But such methods are not suitable for the targeted
problem because of the two design landscape characteristics
of microwave filters (Section III-A). In particular, due to the
narrow valley where the optimal design is located, a promising
point that is located near it may be predicted to be not
promising when many training data points are in the outer
nonoptimal region. The reason is that the hyperparameters
in (1) are highly likely to be poorly estimated in likelihood
function optimization when the number of training data points
near it is insufficient. Therefore, in SMEAFO, a local GP
surrogate model is built for each child solution using 7 nearest
samples (based on Euclidean distance). This means that A
separate local GP models are built in each iteration.

With improved surrogate model quality, appropriate search
operators should be selected to provide neither insufficient nor
excessive population diversity, which directly determine the
exploration ability. Intuitively, DE/best/1 (9) may not have
sufficient population diversity, because the added diversity
into the current best design is not large. Note that although
there exist SAEAs with DE/best/1 showing success [25], the
optima of the test problems are not located in a narrow
valley. In contrast, DE/rand/1 (10) may introduce too much
population diversity. DE/current-to-best/1 (11) is in the middle.
Pilot experiments on the Ackley benchmark problem [21] are
carried out. Results show that DE/current-to-best/1 just gets
an appropriate balance of the population diversity and the
surrogate model quality (almost 100% getting very near to
the global optimum) with the new GP model-assisted search
framework, while DE/rand/1 performs the worst because
excessive diversity suffers the surrogate model quality.

It has to be noted that the above particular surrogate
model-assisted search method, the training data selection
method for GP modeling (building a separate GP model
for each child solution), and the above DE mutation
operator (DE/current-to-best/1) must be used together.
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Pilot experiments on real-world filters show that when any
of the factors is altered, the algorithm often fails to find the
narrow valley or the performance becomes unstable.

Note that the lower confidence bound method also con-
tributes to the algorithm performance. In Step 5, instead of the
predicted value of the GP model, the lower confidence bound
value (8) is used for ranking. The use of lower confidence
bound can balance the search between present promising
regions [i.e., with low y(x) values in (8)] and less explored
regions [i.e., with high s(x) values], so as to improve the
ability of an SAEA to jump out of local optima. Reference [15]
provides more details.

For initial population generation (Step 1), each candidate
solution is calculated by (14) if an initial design is available;
otherwise, it is generated randomly within the design space

xj = x" + NO, oinit), j=1,2,....d (14)

where x™! is the initial design and ojyi¢ is the standard
deviation of the added Gaussian distributed random number.
The value of aini¢ is roughly estimated according to the
response of the initial design. Pilot experiments show that the
initial population is far from optimal no matter if using (14)
or random generation due to the landscape characteristics of
microwave filters and the quality of the initial designs. Note
that SMEAFO performs global optimization and a poor initial
population is not a problem and is even assumed.

C. Design of the Exploitation Phase

The general framework of the exploitation phase is shown
in Fig. 3, which consists of the following steps.

Step 1: Perform Gaussian local search from the current best
design in the database to generate d (number of
design variables) solutions.

For each solution from Step 1, select training data
points using the method in Section III-B and con-
struct a local GP surrogate model.

Prescreen the d solutions generated in Step 1 using
the lower confidence bound method. For each
of them, if the lower confidence bound value is
better than the current best design, perform an

Step 2:

Step 3:
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EM simulation to it. Add this design and its perfor-
mance (the EM simulation result) to the database.
If a preset stopping criterion (e.g., computing
budget) is met, output the best solution from the
database; otherwise, go back to Step 1.

Step 4:

The goal of the exploitation phase is to obtain the final opti-
mal design from a near optimal design based on a surrogate-
based local search method with largely reduced exploration
ability. Although heuristic local search methods themselves are
not complex, a common challenge is the adaptation of critical
parameters, including the starting condition and the scale of
exploitation [26].

Note that there is no clear threshold to divide exploration
and exploitation in a search process because “near optimal”
is an empirical definition [26]. However, an appropriate def-
inition of the starting condition of the exploitation phase is
important for SMEAFO. Early starting of this phase may make
the algorithm trapped in a local optimum, while late starting
decreases the efficiency. In SMEAFO, we use the average
standard deviation of the current population P, op, to reflect
the population diversity or progress of SMEAFO. Often, the
value of op first increases (exploring the design space) and
then decreases (converge to the optimal area) in an SMEAFO
run. We set 10% of the maximum op in the exploration phase
as the threshold to start the exploitation phase.

For the sake of generality, a verified effective method for
elaborate search, Gaussian local search (Section II-C), is used
in this phase. ogs is a critical parameter of Gaussian local
search and is problem dependent. However, with the help of
the exploration phase, it is set self-adaptively as

afls =05 xsd(PB)), j=1,2,....d (15)

where PB is the best d candidate designs in the database
and std is the standard deviation. This indicates that 95.4%
(20 value) of the candidate designs generated by Gaussian
local search are within the standard deviation of the best d
available candidate designs, which are already in a small
region. This is in line with the basic idea of this phase
(performing local exploitation around the current best design).
With the update of PB, the & is self-adapted. Experiments
on mathematical benchmark problems and eight real-world
filter design problems verified empirical settings of op and
the self-adaptive setting of o215,

Considering the surrogate model quality, because this phase
performs local search, the database provided by the explo-
ration phase is a good starting pool of training data points.
The training data pool is also updated adaptively by Step 3
supporting the consecutive local search. The lower confidence
bound value is used in Step 3 to avoid missing potentially
optimal solutions, which also provides more samples around
the optimal region.

D. Parameter Settings

Besides the self-adaptive parameters and the threshold
value to start the exploitation phase (they are no longer
parameters), remaining parameters are the DE parameters (4,
F, and CR), the number of training data points (7) for each
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solution waiting to be prescreened (Step 4 in the exploration
phase and Step 2 in the exploitation phase), and ajnir (Step 1
in the exploration phase).

The DE parameters have clear setting rules. Following [18],
we suggest F = 0.8, CR = 0.8, and 1 = 50. We suggest
7 = 8 x d. This is based on the empirical rule in [24] and [25]
for online surrogate modeling, and pilot experiments show a
success. Note that in all the test problems, the same set of
the above parameters is used. giyj; is a rough estimation of the
scale to be added to the initial design if it exists. If the response
of the initial design is far from anticipated, a larger ojpj; can
be used; otherwise, a smaller one may be used. This parameter
is not sensitive for most filter design cases because no optimal
solution is expected in the initial population. For some very
challenging cases, using a smaller value is recommended to
prevent the valley from becoming too narrow, so as to improve
the solution quality and efficiency. The use of (14) is because
using information from the initial design (although may have
low quality) is better than random initialization.

IV. EXPERIMENTAL RESULTS AND COMPARISONS

SMEAFO has been tested by eight real-world filter design
problems (five waveguide filters, one hairpin filter, one
microstrip filter, and one diplexer). The initial designs are
obtained by equivalent circuits or coupling matrix fitting [27].
The number of design variables varies from 5 to 22. The
number of orders varies from 3 to 16. SMEAFO obtains high-
quality results to all of them taking from 10 h to four days.
We have not successfully solved six out of eight problems by
popular local optimization-based methods.

In this section, two examples are used to demonstrate
SMEAFO for different kinds of filter optimization problems
with different challenges. The first one is a waveguide filter,
and the initial design is obtained by coupling matrix fitting.
Unfortunately, the initial response is far from the design
specifications. The second one is a microstrip filter. The
initial design is obtained by an equivalent circuit optimization,
and the initial response is reasonably good. However, this
seemingly easy problem is, in fact, difficult because the design
landscape is very rugged, making local search methods fail to
jump out of local optima in the narrow valley.

For the first example, ten runs of SMEAFO with indepen-
dent random numbers (including initialization) are carried out
to test the robustness of SMEAFO and the results are analyzed
statistically. A comparison with standard DE is also carried
out. Because the advantages of the DE algorithm compared
with some other popular EAs (e.g., genetic algorithm and
particle swarm optimization) in microwave engineering have
been demonstrated in [28], such comparisons will not be
repeated here. For the second example, only a single run
of SMEAFO is carried out because standard DE is not
affordable in terms of the computing overhead. The ability
to handle larger search space is especially interesting for
filter optimization because this is a major challenge of filter
landscapes (Section I). This example has 12 design variables,
which is relatively large for filter optimization, and we further
intentionally expand the search ranges of each design variable
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TABLE 1T

INITIAL SOLUTION AND AN OPTIMIZED SOLUTION
(ALL SIZES IN MILLIMETERS) FOR EXAMPLE 1

(¢) Front View

(d) Top View

Fig. 4. Waveguide filter: T1, input test port, T2: output test port, and
R1-R4: resonators.
TABLE I

RANGES OF THE S1X DESIGN VARIABLES (ALL SIZES
IN MILLIMETERS) FOR EXAMPLE 1

Variables D12 | D23 Dt H12 | L1 | L2
Lower bound 0.2 0.1 0.05 | 005 | 0.5 | 0.5
Upper bound 0.6 0.3 0.3 043 | 09 | 09

Variables D12 D23 Dt H12 L L2
Initial design 0.42 0.19 0.15 | 0.369 | 0.725 | 0.66
SMEAFO optimized design | 0.442 | 0.257 | 0.168 | 0.296 | 0.735 | 0.658
(@) |S,,| of the initial design (the red solid lines indicate the specifications)
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(b) |S16| of the SMEAFO optimized design (the red solid lines indicate the specifications)
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Fig. 5. Response of the waveguide filter.

TABLE III

to make the optimal valley even narrower, so as to verify the
capability of SMEAFO on an extreme case.

Both examples are constrained optimization problems. The
penalty function method [29] is used to handle the constraints,
and the penalty coefficient is set to 50. The examples are
run on a PC with Intel 3.5-GHz Core i7 CPU and 8-GB
RAM under Windows operating system. CST is used as the
EM simulator. No parallel computation is applied in these
experiments. All the time consumptions in the experiments
are clock time.

A. Example 1

The first example is a WR-3 band (220-325 GHz)
waveguide filter, which is composed of four coupled resonators
operating in the TE101 mode. The filter has a Chebyshev
response [30] (Fig. 4). Because of the fabrication methods in
this frequency range, the filters can be complex in construction
and difficult to design. The ranges of design variables are in
Table I. The design specifications are that the passband is from
296 to 304 GHz (8-GHz passband centered at 300 GHz) and
the max(|Syy|) within the passband should be at least less
than —20 dB and is as smaller as possible. The stopbands
are from 280 to 292 GHz and from 308 to 320 GHz, where
the max(|Sy1|) should be better than —1 dB. Therefore, the
optimization problem is formulated as

minimize max(|S11]), 296 GHz-304 GHz
s.t. min(|S11|) > —1dB, 280 GHz-292 GHz

min(|S11]) > —1dB, 308 GHz-320 GHz. (16)

The initial design is obtained by coupling matrix fitting and
is shown in Table II with a performance in Fig. 5(a). It can

OPTIMIZED RESULTS USING DIFFERENT METHODS FOR EXAMPLE 1

Methods maz([S11]) : | min([S11]) : | min([S11]) : | time
296-304GHz| 280-292GHz| 308-320GHZ|

Nelder- -3.26 dB -0.20 dB -0.05 dB 9.2 hours

Mead

simplex

sequential | —4.22e-5dB | -1.7e-3 dB -0.84 dB 1.9 hours

quadratic

program-

ming

DE —22.86 dB —0.08 dB -0.17 dB 691.2 hours

SMEAFO | -24.85 dB -0.12 dB -0.25 dB 20.6 hours

be seen that this response is far from the specifications. The
Nelder—-Mead simplex method [5] and the sequential quadratic
programming method [4] are first used. These two methods
are well-known local optimization methods, and many space
mapping techniques are based on these two search engines.
The implementation is based on MATLAB optimization tool-
box functions fminsearch and fminimax. Each EM simulation
costs about 2 min. The results are shown in Table III. It can
be seen that both of them fail to find the narrow valley where
the optimal design is located. It is not a surprise because
the poor response of the initial design indicates that it is not
near the optimal region, which is a major challenge for local
optimization methods when facing filter design landscapes.
Ten runs with independent random numbers (including ten
different initial populations) are carried out for SMEAFO to
demonstrate the performance and the robustness. Because the
initial response is far from the specifications and considering
the ranges of the design variables, we set ojyi to 0.1. When
the generated values by (14) are not within the ranges of the
design variables, they are set to the nearest bound. As was
said in Section III-D, the value of ojy;; is a rough estimation
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Fig. 6. SMEAFO convergence trend for Example 1 (average of ten runs).
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Fig. 7. DE convergence trend for Example 1.

and is not sensitive. The computing budget is 1000 EM
simulations, but in most runs, convergence happens before
800 EM simulations. In all the ten runs using SMEAFO,
the constraints are satisfied and the average objective function
value is —24.14 dB. The best value is —26.90 dB, the worst
value is —17.72 dB, and the standard deviation is 3.37.
Eight out of ten runs obtain max(|Sy1]) (296-304 GHz) smaller
than —24 dB. A medium one is provided in Tables II (opti-
mized design variables) and III and Fig. 5(b) (performance).
The convergence trend is shown in Fig. 6. It can be seen
that the design quality is satisfactory using less than 600 EM
simulations on average.

DE is also carried out using the initial population of the
SMEAFO run provided in Tables II and III with the same
related algorithm parameters of SMEAFO. The computing
budget is set to 25000 EM simulations. The obtained result
is —22.86 dB. Hence, SMEAFO obtains more than 33 times
speed improvement compared with standard DE for this exam-
ple, making the unbearable time to be very practical (one
month to one day) and obtaining an even better result. The
convergence trend of DE is shown in Fig. 7. Comparing the
two convergence trends, some observations can be made.

On average, the exploitation phase of SMEAFO starts from
about 540 EM simulations with the starting performance
of about —17 dB (according to the rule defined in
Section III-C). The observations are as follows.

1) DE completes the exploration using about 8500 EM
simulations (obtaining —17 dB), while SMEAFO uses
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Fig. 8. Microstrip filter: front view.
TABLE IV
RANGES OF THE 12 DESIGN VARIABLES (ALL SIZES
IN MILLIMETERS) FOR EXAMPLE 2

Variables w1l | W2 | W3 | W4 | LO1 | L02
Lower bound | 0.5 0.5 0.5 0.5 2 2
Upper bound | 3.5 35 35 35 8 8

Variables L03 | L04 L1 L2 L3 L4
Lower bound 2 2 7 7 7 7
Upper bound 8 8 18 18 18 18

about 540 EM simulations, obtaining about 16 times
speed improvement.

2) DE then costs 16500 EM simulations to improve the
result from near-optimal designs to the final optimized
design because of the rugged landscape in the val-
ley, while the exploitation phase of SMEAFO costs
about 250 EM simulations to get a better solution,
achieving about 66 times speed improvement. This veri-
fies the effectiveness of main ideas of SMEAFO in both
phases.

B. Example 2

The second example is an eighth-order microstrip filter
working from 3.3 to 7.3 GHz, which is shown in Fig. 8.
The ranges of design variables are in Table IV. As mentioned
above, they are intentionally expanded to test SMEAFO in
an extreme condition. The design specifications are that the
passband is from 4 to 7 GHz and the stopbands are from
3.3 to 3.92 GHz and from 7.08 to 7.3 GHz. Therefore, the
optimization problem is defined as follows:

minimize max(|S11]), 4 GHz-7 GHz
s.t. min(|Sy1]) > —3dB, 3.3 GHz-3.92 GHz

min(|S11]) > —3dB, 7.08 GHz-7.3 GHz. (17)

An equivalent circuit model is available, which is used
for a first optimization to get the initial design, in which
the simulation is performed by ADS circuit simulator (not
Momentum). Because each ADS circuit simulation only costs
a few seconds, standard DE is used. The optimized design
variables (initial design for full-wave optimization) are shown
in Table V with a performance in Fig. 9(a). It can be seen
that the response of the optimized design using the equivalent
circuit model is excellent in terms of circuit simulation, and
when simulating it with the full-wave EM model, the response
seems to be good as a starting point and only a slight move
from the initial design is needed. However, this “correct slight
move” is difficult.
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TABLE V
INITIAL SOLUTION AND AN OPTIMIZED SOLUTION
(ALL SIZES IN MILLIMETERS) FOR EXAMPLE 2

Variables w1 w2 w3 W4 L01 L02

Initial design 0.591 | 0.746 | 1.476 1324 | 4440 | 5.408

Variables L03 L04 L1 L2 L3 L4
Initial design 2742 | 2.595 | 16.531 15.42 16.748 | 17.708
Variables w1 w2 w3 w4 L01 L02
SMEAFO optimized design | 0.549 | 0.953 | 1.727 1.887 3.885 5.245

Variables L03 L04 L1 L2 L3 L4
SMEAFO optimized design | 2.771 | 2.219 | 16.111 | 15.321 | 16.273 | 17.206

@ |S“| of the initial design

(b) IS,,| of the SMEAFO optimized design
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Fig. 9. Response of the microstrip filter.
TABLE VI
OPTIMIZED RESULTS USING DIFFERENT METHODS FOR EXAMPLE 2
Methods maz([S11]) : | min([S11]) : | min(JS11]) : | time
4-TGHz 3.3-3.92GHz| 7.08-7.3GHz
Nelder- -6.29 dB -2.81 dB -3.00 dB 47.2 hours
Mead
simplex
sequential | —2.42 dB —22.40 dB -0.20 dB 77 hours
quadratic
program-
ming
SMEAFO | -19.48 dB -2.93 dB -2.96 dB 96.9 hours

The Nelder-Mead simplex method and the sequential
quadratic programming method are first applied. Note that
these local optimization methods are not affected by the
expanded search ranges, as a good starting point is available.
For this example, each EM simulation costs about 3—6 min.
The results are shown in Table VI. It can be seen that
Nelder-Mead simplex fails to jump out of local optima,
although the initial design is near the narrow valley, while
sequential quadratic programming goes out of the narrow
valley and is trapped in a local optimum in the outer region.
Simulation data indicates that in all the eight test problems,
this problem has the most rugged landscape.

Then, SMEAFO is carried out. Because of the intentionally
set large ranges of the design variables, ojyj; is set to 0.25. As
was said in Section III-D, the value of aiyi; is a rough estima-
tion and is not sensitive. The computing budget is 1250 EM
simulations. The results are shown in Tables V (optimized
design variables) and VI and Fig. 9(b) (performance). The
convergence trend is shown in Fig. 10. It can be seen that
SMEAFO obtains a satisfactory result for this very challenging
problem in terms of the ruggedness of the landscape and the
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Fig. 10. SMEAFO convergence trend for Example 2.

narrowness of the optimal valley. This example shows that for
problems that space mapping seems to be the suitable method,
there are exceptions and SMEAFO can be a supplement for
these exceptions.

Experiments on our real-world filter design test cases show
that most hard filter optimization can be finished within
700 EM simulations using SMEAFO obtaining satisfactory
results. For most test cases, the optimization time is one to
two days. Note that SMEAFO is designed for filter opti-
mization problems that may be difficult to solve by existing
local optimization methods (space mapping-based methods
without problem specific tuning often at most obtain the same
solution quality compared with direct local search), comparing
speed with such methods is therefore not relevant. Rather, an
excellent result in a reasonable timeframe for hard problems
is the goal of SMEAFO.

V. CONCLUSION

In this paper, the SMEAFO algorithm has been pro-
posed. SMEAFO is aimed to serve as a widely applicable
method (i.e., not restricted by filter types/responses) targeted
at microwave filter optimization problems that are difficult to
be solved by popular local optimization methods, while at the
same time are not affordable to be solved by standard global
optimization methods, so as to complement the state of the
arts. Experiments show that SMEAFO can provide optimal
filter designs that are comparable with the DE algorithm,
which is expected to provide very high-quality design, but uses
a reasonable timeframe and is several orders faster than DE.
These results are achieved by our novel SAEA designed for
filter landscapes, including the two-phase structure, the novel
surrogate model-assisted search methods, and the training data
selection method in each phase. In addition, SMEAFO with
a lower fidelity EM model can be used to support space
mapping, providing a good initial design and a database
with lower fidelity model evaluation results. The SMEAFO-
based filter design optimization tool can be downloaded from
http://fde.cadescenter.com. Future works include developing
parallelized SMEAFO.
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Synthesis of Coupling Matrix for Diplexers Based
on a Self-Adaptive Differential Evolution Algorithm

Bo Liu", Senior Member, IEEE, Hao Yang, and Michael J. Lancaster, Senior Member, IEEE

Abstract—Diplexer coupling matrix synthesis often involves
both analytical methods and optimization techniques. At present,
general purpose optimization algorithms are used, but they need
strong supporting information (e.g., high-quality starting points
and very narrow search ranges) from analytical methods, which is
not available or too complex to be obtained in many cases. Aiming
to obtain the desired coupling matrix with highly reduced sup-
porting information to relieve the pressure of analytical methods,
a new optimization algorithm, called self-adaptive differential
evolution for coupling matrix synthesis (SADEC), is proposed.
Considering the landscape characteristics of diplexer coupling
matrix synthesis problems, a new self-adaptive multipopulation
search framework and a self-adaptive algorithm parameter
control strategy are proposed and organized in a particular
way. The performance of SADEC is demonstrated by two
all-resonator-based narrowband diplexers using large search
ranges only with the requirement of matching the diplexer
topology and no ad hoc analysis is included. Experiments and
comparisons show the high performance of SADEC and clear
advantages compared with the state-of-the-art global optimiza-
tion methods. SADEC is also applicable to filter coupling matrix
synthesis and is downloadable.

Index Terms— Coupling matrix, coupling matrix synthesis,
differential evolution (DE), diplexer.

I. INTRODUCTION

HE coupling matrix model is often employed in modern

filter and diplexer design [1]. Because of the direct con-
nection between the coupling matrix and the geometric para-
meters of the physical design, the coupling matrix is a widely
used tool to obtain the initial geometric design parameters
before 3-D full-wave electromagnetic (EM) simulation-based
design optimization. Bandler ef al. [2] and Liu et al. [3] show
that both the local optimization and global optimization-based
EM simulation-driven design optimization methods can benefit
from a good initial design for complex filters and diplexers.
Therefore, the high-quality synthesis of a coupling matrix is
essential.

Manuscript received July 4, 2017; revised September 19, 2017; accepted
September 30, 2017. Date of publication January 3, 2018; date of current
version February 5, 2018. This work was supported by the U.K. Engineer-
ing and Physical Science Research Council under Project EP/M016269/1.
(Corresponding author: Bo Liu.)

B. Liu is with the School of Electrical, Electronic and System Engineering,
University of Birmingham, Birmingham B15 2TT, U.K., and also with the
School of Applied Science, Computing and Engineering, Wrexham Glyn-
dwr University, Wrexham LL11 2AW, UK. (e-mail: b.liu.3@bham.ac.uk;
liubo168 @ gmail.com).

H. Yang and M. J. Lancaster are with the School of Electrical, Electronic
and System Engineering, University of Birmingham, Birmingham B15 2TT,
U.K. (e-mail: hxy297@student.bham.ac.uk; m.j.lancaster@bham.ac.uk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2017.2772855

Coupling matrix synthesis methods can be mainly classified
into three categories: analytical methods [4]-[6], optimization-
based methods [7]-[9], and hybrid analytical and optimization
methods [10], [11]. In analytical methods, the appropriate
coupling coefficient and external quality factor values are ana-
lytically calculated based on the properties of the microwave
device. They are theoretically sound and with guaranteed
good results. Optimization-based methods, on the other hand,
obtain the appropriate coupling matrix through a black-box
optimization process. Except for the selection of cost func-
tions [9], [12], [13], much less theoretical analysis is involved,
providing the advantages of ease of use and being general.

However, as the complexity of the response and topology
increases, especially for multiport devices, both kinds of
methods face challenges: the analytical methods can become
intricate and sometimes impossible to realize [14] and the
optimization methods may have a low success rate even with
fine tuning of the cost function and the search range [9], [15].
Traditional genetic algorithms or genetic algorithm-based
memetic/hybrid algorithms and state-of-the-art global opti-
mization algorithms (e.g., differential evolution (DE) [16] and
particle swarm optimization (PSO) [17]) are tested in our
pilot experiments. The success rate is low for various diplexer
coupling matrix synthesis problems.

Therefore, the hybrid analytical and optimization-based
methods are attracting much attention. In such methods,
an optimization engine is employed, but the optimization
problem is highly simplified based on analytical methods, such
as a high-quality starting point [11], a well-organized synthesis
process [10], or highly reduced search ranges [18]. Due to such
strong supporting information, the optimization algorithm does
not need to be strong. At present, the widely used methods are
general purpose optimization methods, such as Nelder—Mead
simplex method [19], sequential quadratic programming [20],
and evolutionary algorithms (EAs), which are widely used in
microwave engineering [21]-[24].

However, the main application area of hybrid analytical and
optimization-based methods is filter synthesis. To the best of
our knowledge, for more complex topologies, such as the
all-resonator-based diplexer, which is a new and promising
component in satellite communication systems, there are a few
matured coupling matrix synthesis methods. When applying
the above hybrid method for diplexer synthesis, it is not easy
to obtain a good enough starting point or the search range is
not narrow enough in many cases, causing optimization not to
be successful [15]. Hence, developing a strong optimization
mechanism for complex coupling matrix synthesis, which

0018-9480 © 2018 British Crown Copyright
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can considerably relieve the pressure of the prior analytical
analysis, is important to complement the state of the art for
coupling matrix synthesis for multiport devices.

Aiming to fill this gap, an optimization method for cou-
pling matrix synthesis for diplexers, called self-adaptive DE
for coupling matrix synthesis (SADEC), is proposed. The
main innovations include a new self-adaptive multipopulation
search framework and a self-adaptive DE algorithm parameter
control strategy. Both of them are designed to tackle the
landscape characteristics of the targeted problem. SADEC
aims as follows.

1) To obtain highly optimal solutions for diplexer coupling

matrix synthesis with a high success rate.

2) Do not rely on good initial values, highly reduced search
ranges, or other specific properties of the targeted design
cases.

We believe that if these two goals are met, diplexer coupling
matrix synthesis with weak, easy to obtain, or highly reduced
supporting information from analytical methods is expected
to be successful in most cases. General purpose optimization
techniques (e.g., sequential quadratic programming and PSO),
which show difficulty for the targeted problem, can therefore
be replaced.

The remainder of this paper is organized as follows.
Section II introduces the basic techniques, including a brief
introduction of the coupling matrix method and the standard
DE algorithm. Section III introduces the SADEC algorithm,
including its main ideas, the design of the new algorithm
framework and algorithmic components and parameter setting.
Section IV demonstrates SADEC by two all-resonator-based
diplexers. Large search ranges only with the requirement of
matching the diplexer topology are used. Comparisons with
standard DE and PSO are also provided. The concluding
remarks are provided in Section V.

II. BASIC TECHNIQUES

A. Coupling Matrix Method for Diplexer Design

The S-parameter design specifications of a diplexer can be
calculated using the scaled external quality factors ¢.; and the
general matrix [A] using the following equations [18]:

2
Si = j:(l — —[A]] 11)
del ’
1

[A]7]
Vqelqei

i1
where n is the number of ports. The general matrix [A] can
be expressed as

Si1 =2

i=2,...,n

ey

[Al = [g]+ plU] = jlm] @

where [g] is an n x n matrix with all entries zero, except
for gi; = (1/qei),i = 1,2,...,n (i stands for the index of
a resonator connected to an external port), [U] is an n X n
identity matrix, p is the complex lowpass frequency variable,
and [m] is the general normalized coupling matrix, which is
what SADEC targets at.

B. Differential Evolution Algorithm

The DE algorithm [16] is the fundamentals of SADEC.
DE is a population-based global optimization algorithm, which
outperforms many EAs for continuous optimization prob-
lems [16] and is widely used in the EM design optimization
domain. Nevertheless, DE is not the only choice, other popular
EAs (e.g., PSO and evolution strategy) may also be improved
following similar ideas in this paper.

DE is an iterative method. In each iteration, the mutation
operator is first applied to generate a population of mutant
vectors. A crossover operator is then applied to the mutant
vectors to generate a new population. Finally, selection takes
place and the corresponding candidate solutions from the old
population and the new population compete to comprise the
population for the next iteration.

In the tth iteration, the ith candidate solution in the popu-
lation, P, can be represented as

3

xi(t) = [xi,xé, . ..,xé]
where d is the number of design variables.
In DE, mutation is the main approach to explore the design
space. There are a few different DE mutation strategies trading
off the convergence speed and the population diversity in
different manners. Arguably, the most widely used one is
DE/rand/1 [16], which is as follows:

oI+ 1) =x" () + F - (x2(1) — 27 (1) 4

where x", x"2, and x"3 are three different solutions randomly
selected from the current population, P. v’ is the ith mutant
vector in the population after mutation. F' € (0, 2] is a control
parameter, called the scaling factor.

Crossover is then applied to the population of mutant vectors
to produce the child population U, which works as follows.

1) Randomly select a variable index jiang € {1,...,d}.

2) For each j = | to d, generate a uniformly distributed

random number rand from (0, 1) and set

: ol (t 4+ 1), if (rand < CR)|j = j
u’j(t—i—l): {( ) ( = )Jj = Jjrand
x5 (1), otherwise

(%)
where CR € [0, 1] is a constant called the crossover
rate.

Following that, the selection operation decides on the pop-
ulation of the next iteration, which is often based on a one-
to-one greedy selection between P and U. Considering a
minimization problem, the selection operator is

ul (e + 1), if f@i(t+1)) < fFx(r)

xi(), otherwise.

xi(t+1)= [ (6)
ITII. SADEC ALGORITHM
A. Challenges and Motivations

Aiming to propose a general method for diplexer coupling
matrix synthesis, case-specific information is not included
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(a)landscape of [-60,60]>  (b)landscape of [-6,6]
outer region gfiti)

Fig. 1. Ilustrative figure of diplexer coupling matrix synthesis problem
landscape (the Ackley benchmark test function [25] is used for illustration).

in the cost function. Our cost function only involves viola-
tion of S-parameter constraints, such as max{max(|Si1|) —
(=20 dB), 0} for the constraint of max|Sy;] < —20 dB in
the passband(s). The cost function is defined as the sum
of normalized S-parameter constraint violations. For normal-
ization, the violation of each constraint for each candidate
solution is divided by the maximum constraint violation so
far for the corresponding constraint. Examples are shown in
Section IV. Transmission and reflection zeros are not used due
to generality consideration. Transmission zeros do not always
exist. We also found that for some complex synthesis prob-
lems, there are many solutions with very close transmission
and/or reflection zeros compared with the desired ones, but
the S-parameter response is far away from the specifications.

Using the above cost function, by studying various diplexer
coupling matrix synthesis problems (e.g., sampling and sweep-
ing), Fig. 1 (illustrative figure) shows the characteristics of
the landscape. It can be seen that: 1) if without an ad hoc
selection of the search range, the optimal regions locate in
several narrow valleys of the search space and the outer
region is flat. This characteristic is understandable because
most diplexers are narrowband, and resonance only happens
in very particular design parameters; 2) the optimal regions
are separated because these narrow valleys are not connected
with each other; 3) the best solution in most of the narrow
valleys is only a local optimum (point B in Fig. 1), which
is not useful (an example is shown in Section IV-A); and
4) even in a narrow valley, the landscape is multimodal (has
local optima).

EAs are stochastic optimization methods and there is always
a balance between the exploration ability and the probability
to find the correct search direction [26]. In a stochastic search
process, if the diversity of possible movements is limited, it is
easy to get trapped in a local optimum. When the diversity
of possible movements increases, the capacity of exploring
unknown space is promoted, but the probability to find the
correct search direction decreases considerably. The charac-
teristics of the targeted landscape require the optimization
algorithm having a good exploration ability because it is
multimodal. However, it also requires the algorithm having
a high capacity to find the correct search direction because

the optima locate in narrow valleys. In addition, most of the
narrow valleys only provide local optima even if they are
visited. Therefore, it is not a surprise that modern EAs, such as
standard DE and PSO, have a very low success rate. Our pilot
experiments show that standard DE and PSO have difficulty
in converging at the global optimum and may converge at a
local optimum (i.e., point B in Fig. 1).

In the computational intelligence field, various improved
DE and PSO are proposed [27] and many of them focus
on jumping out of local optima. Their general idea is to
promote the exploration ability. However, these methods do
not seem suitable for the targeted problem. These meth-
ods target at highly multimodal problems, but their optimal
regions are not narrow and not separated [25]. Hence, find-
ing the correct search direction is not a main consideration
for those methods, but it is an important challenge for the
coupling matrix synthesis problem. Arguably, the benchmark
test problem with the narrowest optimal region used in the
computational intelligence field is the Ackley function [25],
while our experiments show that the optimal region of the
targeted problem is much narrower than that of the Ackley
function. Therefore, promoting exploration ability makes the
optimization algorithm be trapped in the outer region when
synthesizing diplexer coupling matrix, which is verified by
our pilot experiments. For example, several popular improved
DE even cannot detect the narrow valleys.

To the best of our knowledge, there are few works focusing
on identifying the correct search direction for the targeted
landscape. Therefore, the goal of the SADEC algorithm is
to increase the probability of finding and preserving the
correct search direction while maintaining its exploration
ability. SADEC is based on DE and its design is described
in Sections III-B and III-C.

B. Self-Adaptive Parameter Control Strategy

There are four key algorithmic parameters in DE, which
are the population size (NP), the mutation strategy, the scaling
factor (F), and the CR. The selection of them has a significant
influence on the performance of DE for complex optimization
problems [28], [29]. The mutation strategy and the scaling fac-
tor control the exploration of the decision space. In particular,
the mutation strategy can be considered as the choice of the
search direction, while the scaling factor can be considered as
the step length. An example is the DE/rand/l mutation (4).
Selecting different kinds of mutation strategies and scaling
factor leads to different capabilities of exploration. Besides,
by increasing the size of the population, the exploration ability
is promoted. As described above, the probability of finding
the correct search direction is therefore decreased. According
to (5), the crossover operator decides how many decision
variables in expectation are changed in a population member.
Thus, it decides to what extent that the visited search patterns
(or search directions) can be changed/preserved.

A central question then becomes how to control these
parameters so as to promote the probability of finding and
preserving the correct search directions while maintaining
the exploration ability. As described in Section III-A, there
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are almost no guidelines for the landscapes of the targeted
problem. Hence, empirical tests using various coupling matrix
synthesis problems with different complexities are carried out
and the following observations are obtained: 1) the inventor
of DE suggests that the population size NP should be around
5 x D to 10 x D [16]. Our experiments show that when
using the DE/rand/1 mutation with a reasonable scaling factor,
NP = 5 x D always provides enough exploration ability and
2) when using DE mutation strategies with higher exploration
ability than DE/rand/1 (e.g., DE/rand/2 [16]), the probability
of visiting the narrow valleys decreases. Given the settings of
NP = 5 x D and the DE/rand/1 mutation, the control of F and
CR is discussed in the following.

Considering the characteristics of the targeted landscape,
large F is needed to explore the decision space so as to get
access to the narrow valleys. Small F is also needed to per-
form local exploitation in the narrow valley. Price et al. [16]
suggest that F should not be smaller than 0.4, while a widely
used parameter study Gamperle et al. [30] argue that the lower
bound of F is problem dependent. Both studies suggest that
if F is larger than 1.0, the convergence speed will decrease.
Price et al. [16] and Gamperle et al. [30] recommend to use
F = 05 and F = 0.6 as a default value, respectively.
Considering above, SADEC uses the following method to
decide the scaling factor:

Femp = norm(0.5, 0.25)
1, if Fiemp > 1
0.1, if Fiemp < 0.1 7

Femp, otherwise

Fi(r) =

where norm(0.5, 0.25) is a Gaussian distributed random num-
ber with a mean of 0.5 and a standard deviation of 0.25.

It can be seen that: 1) because of the Gaussian distri-
bution, there is about 68% probability, the generated F is
between 0.25 and 0.75 (near the recommended default values).
For about 27% probability, F is between 0.1 and 0.25 or
between 0.75 and 1 (emphasizes exploration or exploitation
in particular) and 2) for each candidate solution in each
iteration, there is a separate F. In this way, different kinds of
candidate designs have the opportunity to use various kinds
of F (i.e., step size) in an appropriate range to either perform
exploration or exploitation.

In terms of CR control strategy, various DE parameter
studies show different recommendations [16], [30], [31].
Unfortunately, none of them works in our pilot tests using
diplexer coupling matrix synthesis problems. In our empirical
study, using various candidate solutions (x) and their mutant
vectors (v) in the optimization process, a number of child
candidates (u) are generated for a certain CR value. The
number of successful crossovers, for which, u is better than
x, can be observed. Two main observations include: 1) for
different candidate solutions, there is not a universal workable
CR value and the fit CR values can be very different and 2) in
many cases, the workable CR value for a candidate solution
spans in a narrow range (e.g., 0.4-0.5). This explains why a
fixed setting rule of CR cannot work for the targeted problem.
Therefore, a possible way is to explore random CR values and

inherit the workable ones, which is shown as follows:
CRemp = 0.1 +rand; x 0.8

CReemp, if rand, < 0.1

i . ®)
CR'(tr — 1), otherwise

cwmz[
where rand is a uniformly distributed random number between
0 and 1. CR(1) = 0.9, which is based on the suggested default
value in [16].

It can be seen that for 10% probability, CR can be any
value between 0.1 and 0.9 (the possible range suggested
by [16]); Otherwise, CR is inherited from the last iteration.
Note that each candidate solution in the optimization process
has its own CR value. Pilot experiments show that there is
a considerable probability that a feasible CR for a certain
candidate solution is sampled and inherited in the optimization
process. Comparisons with several widely used self-adaptive
setting rules (see [32]) show that this control method has the
highest success rate.

C. Self-Adaptive Multipopulation Search Framework

Despite employing the above self-adaptive parameter con-
trol mechanism, obtaining the appropriate F and CR values
cannot be guaranteed. Sometimes, the optimization converges
to narrow valleys that only contain local optima (such as
point B in Fig. 1). In almost all of the local optima that
we have encountered, some resonance happens in undesired
frequency ranges, while the others are correct. Hence, a new
operator, called self-adaptive return operator, is activated when
the optimization is judged to be trapped in local optima,
which can often be observed in earlier iterations if it happens.
The judgment of being trapped in local optima is based
on two conditions: 1) the maximum standard deviation of
decision variables in the current population is smaller than
a predefined threshold J and 2) the number of reflection
zeros in any passband is incorrect. Using the return operator,
the optimization returns to the original initial population, and
the F and CR will be resampled based on (7) and (8) and
the optimization process will restart. The effectiveness of this
operator is shown by various test cases, and an example is
shown in Section IV-B.

Uhm et al. [7] shows that the choice of initial population
has an effect on the final result for coupling matrix synthesis
problems. Our pilot experiments show a similar observation
that some initial populations have a higher probability to
obtain the desired global optimum than others using the same
process in Section III-B. Hence, a multipopulation framework
is proposed to increase the success rate.

Two populations are used. For one of them (P), the ini-
tialization is based on random sampling. The initialization of
the other one (P) is the opposite population of P, which is
composed by

Fy=a+b-x'(1) 9)

where x/(1) is the ith candidate solution in initial P, ¥’ (1) is
the corresponding candidate solution in initial P, and [a, b]¢
is the search range. Experiments show that in many cases,
if the optimization is not successful when using P as the initial
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Fig. 2. Flow diagram of SADEC.

population, using P as the initial population has much larger
success rate than using another randomly sampled population.
This is understandable because P is often the best complement
of P, covering search patterns that do not exist in P as much
as possible.

D. General Framework of the SADEC Algorithm

The flow diagram of the SADEC algorithm is shown
in Fig. 2, which consists the following steps.

Step I: Initialize P and P using the method in
Section III-C. Initialize NP to be 5 x D. Initialize
CR to be 0.9 for the crossover of the first iteration.
Check if the stopping criteria (e.g., a certain number
of iterations) are met. If yes, output the result;
otherwise, go to Step 3.

Apply the DE/rand/l1 mutation (4) on P and P
to generate mutant vectors V), and V. Use (7) to
generate F values for the composing of each mutant
vector.

Apply the crossover operator (5) on V), and V5 to
generate U, and Up. If it is in the first iteration,
CR = 0.9; otherwise, use (8) to generate CR for
each crossover.

Apply the selection operator (6) to generate P and
P for the next iteration.

Check if the return criteria for P or P are met.
If yes, return to the corresponding initial popula-
tion(s) and go to Step 2; otherwise, go to Step 3.

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

The only user defined algorithmic parameter in SADEC
is 0 when judging whether the population is trapped in a
local optimum or not, which is the threshold of the maximum
standard deviation of the decision variables in the current
population. This threshold should be small enough making
sure that the difference between the members of the current
population is small, indicating that convergence happens.
Clearly, this parameter is not sensitive if it is small enough,
and the worst case is wasting function evaluations when the

search stucks in a narrow valley that only contains a local opti-
mum. Considering the search range of (normalized) coupling
matrix optimization problems, which is often around [—1, 1],
a recommended setting is 6 = 0.01.

IV. NUMERICAL RESULTS AND COMPARISONS

SADEC has been tested by coupling matrix synthesis
problems of seven real-world all-resonator-based diplexers.
SADEC obtains high-quality results with very high success
rate to all of them. In this section, two examples are used
to demonstrate different operators in SADEC. To the best of
our knowledge, there are no general global optimization-based
methods to solve them. The two diplexers have Chebyshev
response, but SADEC is applicable to any response (e.g.,
Butterworth response) that can be generated by a coupling
matrix. In both examples, the sum of normalized constraint
violations is set as the cost function to be minimized. Because
we are working with normalized values, practical diplexers
can in principle be made at any frequency with any type of
resonator [1]. Hence, we only concentrate on the normalized
coupling matrix in the following.

For both examples, 20 runs are carried out for SADEC,
standard DE, and PSO and the results are compared statisti-
cally. DE and PSO are the state-of-the-art global optimization
methods, which have both strong global exploration and local
exploitation ability. The stopping criterion for SADEC is that
the maximum number of activating the return operator is 3
and the maximum number of iterations after each activation
(if there is) is 1000. If the return operator is not activated,
the maximum number of iterations is 1000. The stopping
criterion for DE and PSO is also 1000 iterations. In all the
runs for the three methods, the convergence happens before
1000, either stucks in a local optimum or obtains a successful
result.

For the parameter setting of standard DE, the population
size is the same as SADEC, the same DE/rand/l mutation is
used. As suggested by [16] and [33], F = 0.5, CR = 0.9
are used. PSO is implemented using the MATLAB Global
Optimization Toolbox. The star topology is used. As suggested
by [34], the cognitive coefficient and the social coefficient are
both set to 2. According to [35], when the swarm size is larger
than 50, PSO is not sensitive to the size of the population.
Similar to DE, to improve the probability of finding the correct
search direction, larger swarm size should not be used. Hence,
the swarm size is set to 50. There are various methods to set
the inertia weight. Our experiments show that using a constant
inertia weight of 0.4 shows the best performance, which is
used for comparison.

The examples are run on a PC with Intel 3.5-GHz Core
(TM) i7 CPU and 8-GB RAM under Windows operating
system. Since each function evaluation costs around 1 s,
computational time is not a problem. Each SADEC run often
costs about 40 min to 1 h, while each DE and PSO runs often
costs about 20 min. In the SADEC optimization, the number of
cost function calls, for example, 1 is around 1660 and that, for
example, 2 is around 2870. In each cost function evaluation,
4000 frequencies are swept.
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Fig. 3. Topology of example 1.
A. Example 1

The first example is a 10-resonator diplexer with a symmet-
rical Chebyshev response [36] (Fig. 3), which is a moderate
test case among all the problems. This is a novel all-resonator-
based diplexer topology that eliminates the need of additional
common junction such as T-junction or power splitter. It is
especially suitable for applications that need reduced size and
volume of the circuit. A full description is in [36]. Due to
the symmetry of the response and topology, the total number
of variables in the coupling matrix is reduced to 9 [36]. The
external quality factors can be straightforwardly calculated,
which are ¢.1 = 1.943 and ¢.» = g.3 = 3.886. The ranges
of the design variables are in Table 1. The design variables
are the coupling matrix elements m;; defined in (2). It can
be seen that the search range is decided without any careful
selection and no additional information is provided to SADEC.
The design specifications over the normalized frequency are:
two passbands (PB; and PB») are with the same bandwidth
of 0.5 centered at —0.75 and 0.75 and the max(|S;;|) within
the passband should be at least less than —20 dB. The
normalized stopbands for channel 1 (PB 7 and PBg) are from
—2 to 0.25 and from 1.25 to 2, where the max(|S21]) should
be less than —20 dB. The normalized stopbands for channel
2 (PByy and PBog) are from —2 to —1.25 and from —0.25
to 2, where the max(|S31]) should be less than —20 dB. The
design specifications are

TABLE 1
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RANGES OF THE NINE DECISION VARIABLES FOR EXAMPLE 1

Variables Mi2 | M23 | M34 | Mus | Mse
Lower bound 0 0 0 0 0
Upper bound 1 1 1 1 1

Variables 33 | Ma4q | M55 | Mee
Lower bound 0 0 0 0
Upper bound 1 1 1 1
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Fig. 4. Example 1: response of a typical optimized solution by SADEC.

TABLE 11
TYPICAL OPTIMAL RESULT FOR EXAMPLE 1

Variables mig ma3 msq mMys mse
Values 0.8204 | 0.2856 | 0.1625 | 0.1598 | 0.2170
Variables | ms3 Ma4a mss mMee
Values 0.7004 | 0.7442 | 0.7478 | 0.7487

PB; < —20 dB
PB, < —20 dB
PBi, < —-20dB
PBip < —-20 dB
PBy; < —-20dB
PBygr < —20 dB (10)
where
PB| = max(|S11]),0.5 to 1
PB, = max(|Sn[), —1to —0.5
PB; = max(]S>2]), =2 to 0.25
PBir = max(|$21]), 1.25 to 2
PBy; = max(]S31]), —2 to —0.75
PBor = max(|S31]), —0.25 to 2 (1

where the numbers in (11) are normalized frequencies.

The cost function is defined as
max(PB; — (=20),0) max(PB, — (=20), 0)
Mpg, Mpg,
max(PBiz — (=20),0) max(PBig — (—20),0)
+ +
MPBlL MPBlR
max(PBsr, — (—20),0) max(PBag — (—20),0)
+ +
MPBzL MPBQR

1 =

(12)

where Mpg, is the max{max(PB; — (—20),0)} so far (i.c.,
the maximum violation of the PB; < —20-dB constraint,
found so far), so do the others.

A typical response of SADEC is shown in Fig. 4, and the
corresponding optimal design variables are shown in Table II.
Other normalized coupling coefficients are: mo7 = mo3, m73 =
m34, Mgy = M4s5, M9 10 = MsG, M77 = —M33, Mg = —N44,
mog = —mss, and mig,10 = —mee. Plugging in the optimal
values to (2) and then to (1), the response can be obtained.
The average optimized responses of SADEC, standard DE,
and PSO are shown in Table III. It can be seen that SADEC
obtains successful results and is much better than DE and PSO
in terms of optimization quality for this example.

The most important criterion for comparison is the success
rate. In a diplexer design flow, the coupling matrix synthesis
provides an initial design for 3-D EM simulation-driven design
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TABLE 111

OPTIMIZED RESULTS USING DIFFERENT METHODS FOR EXAMPLE 1
(AVERAGE OF 20 RUNS, IN DECIBEL)

Methods PB1 PB2 PBlL PB1R PBQL PB2R
SADEC | -19.92 | -19.92 | -27.64 | -23.15 | -23.36 | —27.40
DE -14.97 | -14.97 | -27.23 | -20.22 | -23.36 | -27.40
PSO -5.29 | =525 | -20.00 | -19.97 | -19.98 | —20.00
o
s
9
2
o
%]
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Fig. 5. Local optimum (example 1).

optimization, rather than the final design. Hence, we define a
successful result based on the following rules: 1) the reflection
zeros are located in proper frequency ranges and the number
is correct. A poor example is shown in Fig. 5. We consider
that it is a local optimum, because performing various kinds
of local optimization (e.g., sequential quadratic programming)
from this starting point cannot find a better solution. When
it comes to 3-D EM simulation-driven local optimization,
experiments show that using such a starting point often cannot
obtain a successful final design and 2) the S-parameter design
specifications are (almost) satisfied.

Using the above rules, the success rate of SADEC is 20/20,
while those for DE and PSO are 4/20 and 1/20, respectively.
Most DE and PSO runs obtain solutions like Fig. 5 (like
point B in Fig. 1). For SADEC, in 17/20 runs, the return
operator is not activated to either P or P, which means that
successful results are obtained directly using the self-adaptive
parameter control strategy starting from both P and P. In the
other three runs, the return operator is only activated for once
and successful results are obtained. This verifies the consid-
erable improvement of the capacity of finding and preserving
correct search directions compared to standard DE, thanks to
the algorithm parameter control strategy in Section III-B.

B. Example 2

The second example is a 12-resonator diplexer with a cross-
coupling topology shown in [18] (Fig. 6). This topology allows
the design of diplexers with sharp rejection in the guard
band and is especially suitable for applications that require
a reduced guard bandwidth. A full description is in [18].
A cross coupling between resonators 2 and 5 is introduced in
a quadruplet to provide a pair of transmission zeros for both
channels. Using the symmetry characteristics of the diplexer,
the total number of variables is reduced to 12 [18]. The ranges

Fig. 6. Topology of example 2.

of design variables are in Table IV. Again, the search range
is decided without any careful selection and no additional
information is provided to SADEC. The design specifications
over the normalized frequency are: two passbands (PB; and
PB») are with the same bandwidth of 0.5 centered at —0.75
and 0.75 and the max(|S1|) within the passband should be at
least less than —20 dB. The constraints for the middle guard
bands (PBj; and PBojs) (—0.3 to 0.3) of channels 1 and 2 are
that max(]S>1]) and max(]S31]) should be less than —40 dB
due to the introduction of transmission zeros. The max(]S»1[)
for the right stopband of channel 1 (PBig) (1.2 to 2) and
max(]S31]) for the left stopband of channel 2 (PBaz) (=2 to
—1.2) should be less than —20 dB. Therefore, the optimization
problem is formulated as

PB; < —20 dB
PB; < —20 dB
PBiy < —40 dB
PBoy < —40 dB
PBir < —20dB
PB,, < —20 dB (13)
where
PB; = max(]S11]),0.5 to 1
PB> = max(|Si1]), —1 to —0.5
PBiy = max(|S21]), —0.3 t0 0.3
PBoy = max(|S31]), —0.3 to 0.3
PBip = max(|$21]), 1.2 to 2
PBy;, = max(]S31]), =2 to —1.2 (14)
where the numbers in (14) are normalized frequencies.
The cost function is defined as
max(PB; — (—=20),0) max(PBy — (—20),0)
2 =
Mpg, Mps,
n max(PBy — (—40),0) n max(PBay — (—40),0)
MPB|M MPBZM
max(PBigr — (=20),0) max(PBy; — (=20),0)
+ +
MPBlR MPBZL
(15)
where Mpp, is the max{max(PB; — (-20),0)} so far

(i.e., the maximum violation of the PB; < —20-dB constraint,
found so far), so do the others.

A typical response of SADEC is shown in Fig. 7, and the
corresponding optimal design variables are shown in Table V.
Other normalized coupling coefficients are: me 10 = me7,
mip,11 = m78, Mi1,12 = MY, Mi0,10 = —m77, Mi1,11 =
—mgg, and m12,12 = —mog. The average optimized responses
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TABLE IV
RANGES OF THE 12 DECISION VARIABLES FOR EXAMPLE 2

Variables mia mo3 msq mMys Mmse me7
Lower bound 0 0 0 0 0 0
Upper bound 1 1 1 1 1 1

Variables
Lower bound 0 0 0 0 0 0
Upper bound 1 1 1 1 1 1
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Fig. 7. Example 2: response of a typical optimized solution by SADEC.
TABLE V
TYPICAL OPTIMAL RESULT FOR EXAMPLE 2
Variables mi2 ma3 m3q mys ms5e mer
Values 0.8278 | 0.3519 | 0.5786 | 0.2450 | 0.7609 | 0.2087
Variables | mrs msg ™My ™gs Mgy Mas
Values 0.1558 | 0.2142 | 0.7395 | 0.7495 | 0.7501 | 0.1955
TABLE VI

OPTIMIZED RESULTS USING DIFFERENT METHODS FOR EXAMPLE 2
(AVERAGE OF 20 RUNS, IN DECIBEL)

Methods PBl PB2 PB]M PBZM PBlR PBzL
SADEC | -19.82 | —19.83 | —32.88 | —46.92 | —47.14 | -32.61
DE -9.05 | 9.05 | —26.41 | -38.41 | -38.39 | —26.23
PSO -3.19 | -3.17 | -19.94 | -39.69 | -39.71 | -19.92

of SADEC, standard DE, and PSO are shown in Table VI.
It can be seen that SADEC obtains successful results and is
much better than DE and PSO in terms of optimization quality
for this example.

In this example, the success rate of SADEC is 20/20,
while those for DE and PSO are 0/20 and 0/20, respectively.
In 11/20 runs, the return operator is not activated to either
P or P in SADEC. Among these 11 runs, successful results are
obtained from either P or P in 10 of them (only starting from
P or P obtains successful results); for the other one run, suc-
cessful results are obtained from both P and P. This verifies
that using two opposite populations, P and P, in initialization
establishes an effective complementation. Among the other 9
runs, the return operator is only activated for once in 7 of
them; among 2/9 runs, the return operator is activated for twice
and successful results are obtained. These nine runs verify the

effectiveness of the return operator to avoid converging into a
narrow valley that only contains local optima.

It is intuitive that with the increase of the number of
decision variables, the valley that contains the global optimum
is narrower and narrower with respect to the decision space.
This causes any optimization algorithm, including SADEC,
to have difficulty in detecting the narrow valley. We found
that for coupling matrix synthesis problems with more than
25 design variables, the success rate of SADEC is low if using
large search ranges only with the requirement of matching
the topology (e.g., [—1, 11%). In such cases, the support from
analytical methods that reasonably narrow down the search
ranges is needed. Note that SADEC does not aim to replace
the analytical methods; instead, it aims to provide a much
stronger optimizer than the existing general purpose optimizers
applied in hybrid analytical and optimization-based coupling
matrix synthesis methods.

V. CONCLUSION

In this paper, the SADEC algorithm for diplexer coupling
matrix synthesis has been proposed. SADEC aims at fill-
ing the gap that strong supporting information (e.g., high-
quality starting points and narrow enough search ranges) from
analytical methods is essential for the success of diplexer
coupling matrix synthesis when employing available general
purpose optimizers. SADEC focuses on proposing a stronger
optimization mechanism especially for the targeted problem,
which only requires weak, easy to obtain, or highly reduced
supporting information in most cases. Experiments show that
SADEC is able to obtain highly optimized coupling matrix
solutions with very high success rate even without ad hoc sup-
porting information for various diplexers. Much better solution
quality and success rate are shown compared with the state-
of-the-art global optimization methods, DE and PSO. These
results are achieved by our self-adaptive parameter control
strategy and self-adaptive multipopulation search framework.
Future works include developing software tools using SADEC
and coupling matrix synthesis for multiplexers.
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