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Abstract

This thesis presents the designs and measurement performance of nine SU-8 micromachined
waveguide circuits operating at WR-10 band (75-110 GHz), WR-3 band (220-325 GHz) and WR-1.5
band (500-750 GHz). Two thick SU-8 photoresist micromachining processes, namely, the separate
single-layer process and the joint two-layer process, are developed to fabricate these terahertz
waveguide circuits. In order to achieve accurate and secure interconnections with measurement
network analyzers, two calibrated measurement methods for micromachined waveguide circuits are
proposed. The first measurement method is achieved by employing a pair of embedded H-plane back-
to-back bends, which are connected at the two ends of the micromachined waveguide circuits. The
bend structures are specially designed to offer a good match over a wide frequency range. The second
measurement technique employs a conventionally machined metal block constructed with two
separate pieces in which to mount the micromachined circuit. A choke flange is adopted to eliminate
the effect of air gaps at the interfaces between the micromachined circuits and the metal block. The
measurement performance of these micromachined circuits is excellent in terms of very low insertion

loss.

The design of multiple-passband filters using coupling matrix optimisation is also discussed in this
thesis. The optimisation is performed on the coupling matrix and a genetic algorithm (GA) is
employed to generate initial values for the control variables for a subsequent local optimisation
(sequential quadratic programming - SQP search). The novel cost function presented in this thesis
measures the difference of the frequency locations of reflection and transmission zeros between the
response produced by the coupling matrix and the ideal response. This cost function eliminates the
need of weighing functions, which yield faster and more reliable convergence of the optimisation.
Four prototype filters with responses from dual-band to quad-band are given as examples. An eighth-
order X-band dual-band waveguide filter with all capacitive coupling irises is fabricated and measured
to verify the design technique. Excellent agreement between simulation and experimental result is

achieved.
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Chapter 1

Introduction

This thesis is intended to present the work which can be broadly grouped into two separate categories:
(i) SU-8 micromachined terahertz waveguide circuits; (ii) design of coupling matrices for multiple

passband filters using optimisation.

1.1 Motivation and Objectives

There is an increasing interest in the terahertz spectrum due to its promising applications such as
medical imaging, security scanning and communications in space or high-altitude earth atmosphere
[1]. However, as the circuits’ operating frequencies go up into terahertz region, conventional CNC
(computer numerical controlled) machining is no longer a good choice for the fabrication of
waveguide circuits due to its limited dimensional accuracy, lack of ability for large scale production
and relatively high cost [2]. In the past few decades, a wide range of micromachining techniques have
been proposed and developed to fabricate these terahertz waveguide circuits with improved
dimensional accuracy and reduced cost. Among these micromachining techniques, the thick SU-8
photoresist process has attracted the most attention due to its (i) high achievable structure aspect ratio
(>15:1) [3]; (ii) relative low cost processing procedure [2]; (iii) capability of building photoresists
with thickness from 1 um to 2 mm [4]; (iv) nearly vertical sidewalls [5]. The work presented in this
thesis is to investigate the application of thick SU-8 micromachining technique to the fabrication of
terahertz waveguide components. The optimisation of the fabrication process, the designs of
waveguide circuits compatible with the micromachining process, and the investigation of reliable

measurement techniques are three major objectives of this research project.

Recently multi-band filters have been studied extensively to meet the increasing demands in areas
such as satellite systems and modern communication systems where non-contiguous channels are
transmitted to the same geographic area through one beam [6]. Compared with the power
splitter/combiner configuration, a multi-band filter is capable of providing multiple passbands using a

single component. This simplifies the circuit design and reduces the size and mass of the overall
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system. One of the main challenges in multi-band filter design is the calculation of the coupling
matrix that fulfils the filter’s complex specifications. Two types of coupling matrix design techniques
for multi-band filter are reported in literature. They are (i) methods based on optimisation; (ii)
techniques based on synthesis. In this work, the coupling matrix design approach based on
optimisation is chosen and investigated mainly due to its three advantages over the latter one: (i) it is
capable of dealing with filters with arbitrary desired topologies; (ii) it is straightforward to control the
signs and values of certain specified coupling coefficients in the optimisation algorithm; (iii) it is
easier for the end-user to operate. The principle objective of this work is to obtain an efficient and
robust coupling matrix optimisation programme, which can be applied to generate coupling matrices
for cross-coupled filters with large number of resonators, complex magnitude/phase responses and

various coupling topologies.

1.2 Thesis Overview

This thesis has seven chapters, which are intended to present two parts of work: (i) SU-8
micromachined terahertz waveguide circuits; (ii) coupling matrix design of multi-band filters using
optimisation. Chapters 3 to 5 comprise the first part, whereas Chapter 6 in conjunction with Appendix

I forms the second part of this thesis. These seven chapters are organized as follows.

Chapter 1 is devoted to presenting the motivation and objectives of the work described in this thesis.

This chapter also includes an overview of the thesis structures.

Chapter 2 provides the fundamental theories required by the work presented in the following chapters.
It begins with an introduction of basic concepts of microwave filters. Two representation methods for
filters, i.e. transfer function polynomials and the coupling matrix, are explained in this chapter. This
is followed by an overview of waveguide technology, more specifically to the introduction of
waveguide losses, unloaded quality factors and resonant frequencies of waveguide cavities. In the
final part of this chapter, the design of a 300 GHz Chebyshev bandpass waveguide filter is described

in detail as an example.



In Chapter 3, the manufacturing techniques (mainly micromachining) for terahertz waveguide circuits
are discussed. It begins with an introduction of the promising applications of terahertz spectrums. This
is followed by a review of popular micromachining techniques for the fabrication of terahertz circuits.
The final part of this chapter focuses on the detailed description of two thick SU-8 micromachining
processes, which are developed in the EDT research group and employed in the work presented in this

thesis.

Chapter 4 presents the SU-8 micromachined waveguide circuits measured with a pair of H-plane
back-to-back bends. Both the bends and the metal block (discussed in Chapter 5) are employed to help
the measurements of these SU-8 micromachined waveguide circuits. The principles of the bend
measurement technique are explained first. Then the designs and measurement performance of six
SU-8 waveguide circuits (i.e. through waveguides and filters), integrated with a pair of H-plane bends,
operating at WR-10 band (75-110 GHz) and WR-3 band (220-325 GHz), are described in detail. The
design of a WR-1.5 band (500-750 GHz) third order bandpass filter is provided in the final part of this
chapter. This chapter also includes a literature review of some micromachined waveguide circuits that

work at the frequencies range from WR-10 band to WR-3 band.

Chapter 5 deals with the SU-8 micromachined waveguide circuits that are mounted in a metal block
during measurement. It starts by explaining the principles of the metal block measurement method.
This is followed by a discussion of three WR-3 band SU-8 waveguide circuits. This chapter also
includes a discussion of a waveguide choke flange and a photonic bandgap structure, both of which

are proposed to address the issues of air gaps at the joints between the metal block and SU-8 circuits.

Chapter 6 presents a coupling matrix design approach for multi-band bandpass prototype filters. This
design technique is divided into two major steps: (i) the synthesis of the characteristic polynomials; (ii)
the optimisation of non-zero coupling coefficients. These two steps are explained in succession in this
chapter. Then four design examples with different emphasises are demonstrated. In the last part of this

chapter, an eighth order X-band dual-band waveguide filter is presented to verify the design approach.



Chapter 7 concludes the whole thesis. In this chapter, comparisons between two different SU-8
fabrication processes described in Chapter 3, as well as comparisons between two different
measurement techniques described in Chapters 4 and 5, are presented in detail. This chapter also
includes a comparison between the SU-8 micromachining work presented in this thesis and other
published micromachining work. The second part of this chapter outlines the main novelties of the
coupling matrix optimisation work presented in Chapter 6. Suggestions to the future work are

included in the final part of this chapter.
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Chapter 2
Fundamental Theory of Resonator Filters and Waveguides

2.1 Overview of Microwave Filters
A microwave filter is a two-port network employed to transmit and attenuate signals in specified
frequency bands. Microwave filters have wide applications in communication systems, radar systems

and laboratory measurement equipments [1].

A b
o—— -« o0—————
a—s | e
Zon Vi Two port
filter network VZE Zpy H
e v Y
b1<— ; b2—>

Figure 2.1 Network representation of a two port filter. Vy, V, and I,, I, are the voltage and current

variables at the port 1 and 2, Z; and Z, are the terminal impedances. [2]

Figure 2.1 illustrates a two-port filter network connected between a source and a load. In Figure 2.1, a
denotes incident waves and b stands for reflected waves. They are related to the current and voltages

variables through the following equation [2]

a, = ﬂﬁn

n=1,2 2.1)

For microwave circuits, it is desirable to express the transmitted and reflected energy in terms of

scattering or S parameters. Since compared with currents and voltages, S parameters are easier to



measure and work with at high frequencies [3]. The S parameters of the filter network shown in

Figure 2.1 can be expressed as [2]

b b
Sn =—1 S12 =—
4 a,=0 ) a;=0 (2 2)
b, b, ‘
Sy =— Sy =—
(11 a,=0 az a;=0

The parameter Sy, is the reflection coefficient looking into port 1, when port two is terminated with a
matched load (i.e. a;=0). The parameter S, is the transmission coefficient from port 1 to port 2.
Similarly, S}, is the transmission coefficient from port 2 to port 1, and S5, is the reflection coefficient
seen at port 2 when port 1 is terminated in a matched load (i.e. a;=0). In this work, the prototype filter

network is assumed to be reciprocal (i.e. $51=S),), symmetric (i.e. S;1=S5,) and lossless (|S11|2+|SZI|2=1).

Typically, filters are specified using their amplitude and phase or group delay responses. For

amplitude responses, the transmission loss (L) and return loss (L) are defined as

La=-20log(]S,,]) dB

(2.3)
L, =-20log(S, ) dB

where the logarithm operation is base 10. In this thesis both the transmission loss and the return loss

are assumed to be positive. For a lossless filter network (i.e. |Sy;[*+[Sy|*=1), L4 and Ly are related as

La=-10log(1-107""%)  dB

(2.4)
Lr =—10log(1-10721%  dB

Normally, the phase response of a filter is characterized by its group delay (z), which is defined as [2]

seconds (2.5)



where ¢, (in radians) is the phase of the S,; and w is the angular frequency. Group delay represents

the actual time delay of the transmitted signal passing through the filter.

2.2 Filter Transfer Functions

The design of a microwave filter starts with developing a low-pass prototype filter normalised in
terms of centre frequency, bandwidth and impedance [3]. This normalisation simplifies the design of
the practical filter regardless of its frequency range, impedance and type (low-pass, high-pass,
bandpass, or bandstop) [3]. Then the desired filter responses (for instance bandpass) can be achieved
through a low-pass to bandpass frequency transformation. This section explores the transfer functions

of some classical low-pass prototype filters.

2.2.1 All-pole Chebyshev filters
The filter with Cheyshev responses shows an equal-ripple passband and a maximally flat stop-band

[2]. The amplitude-squared transfer function for a lossless filter with Cheyshev responses is defined as

|8, () = 1 : (2.6)

+&’T Q)

where Q is the angular frequency, e is the ripple constant, which can be determined from the

passband ripple L, (in dB) as

LAr
e=\1010 —1 2.7)

T,(Q) is the Chebyshev polynomial and it can be expressed as [2]



{cos(n cos”' Q) Q<1
T,(Q)= 2.8)

cosh(ncosh™ Q) Q1

Figure 2.2 exhibits the amplitude response of a 6™ order Chebyshev filter. The response is normalised
to have a unit cutoff frequency. The passband ripple L, is designed to be 0.01 dB. Substituting it into
equation (2.4) yields its corresponding passband return loss as 26.4 dB. As can be seen from Figure
2.2, the S,; magnitude response oscillates between the values of -0.01 dB and 0 dB in the interval -1 <
Q < 1, and the S;; magnitude response exhibits a passband return loss of 26.4 dB. Since all the
transmission zeros of the Cheyshev filters are located at infinity, therefore Chebyshev filters are also

referred as all-pole Chebysheyv filters. For all-pole filters, the stopband attenuation rises monotonically

beyond the passband.

S Parameter, dB

S Parameter, dB

Frequency, rad/s

(b)

Figure 2.2 Lowpass responses of the 6™ order Chebyshev filter with a 0.01 dB passband ripple. (a) Sy

and S;; magnitude responses. (b) Enlarged view of the |S;;| in the normalised passband.



2.2.2 Filters with finite transmission zeros
For filters with transmission zeros at finite frequencies, it is preferable to express the filter’s scattering

parameters, S;;(s) and S,(s), in terms of the ratio of two polynomials, as [3]:

Fs) Syy(s) =2 (2.9)

510 =% 5 ZE(s)

F(s) and E(s) are N™-degree polynomials with highest-power coefficients equal to one. P(s) has also
been normalized to its highest-power coefficient and its order is the same as the number of
transmission zeros at finite frequencies. ¢ is a real constant and it is used to normalise the polynomial
P(s). € is computed by evaluating P(s)/E(s) at a special frequency (for instance band edge frequency),
where [Syi(s)| is known. From equation (2.9) it is readily seen that the roots of P(s) and F(s)
correspond to the filter’s transmission zeros (st.p) and reflection zeros (sg.p), respectively. The filter
poles (spp) common to Sy(s) and S,(s) correspond to the roots of E(s). The relationships between the
normalised polynomials and the positions of zeros and poles are established with the following

equations:

NTZ

P(s) = H(s )
F(s)= ﬁ(s — SRoP) (2.10)

E(s)= H(s — spp)

where N is the number of resonators and Ntz is the number of finite transmission zeros (Ntz < N-2).
This calculation will lead to a unit leading coefficient (i.e. coefficient of the term with highest power
of s) for these three polynomials. From the filter’s specifications, a wide range of methods are
available to obtain the desired frequency locations of the zeros and poles. Then the characteristic
polynomials of the filter can be constructed using equation (2.10). A detailed review of these

polynomial generation methods is provided in Chapter 6.



Typically, finite transmission zeros are introduced to increase the selectivity of the filter’s amplitude
response. Figure 2.3 plots the magnitude responses of a 6™ order general Chebyshev filter with a pair
of transmission zeros located at £1.5. The passband return loss of this filter is designed to be 26.4 dB,
which is the same as the 6™ order all-pole Chebyshev filter shown in Figure 2.2. As can be observed
from Figure 2.3 (b), by introducing finite transmission zeros, increased selectivity has been achieved

at the frequencies near the passband. However, all-pole filter provides higher attenuation in the far-

out-of-band region.

S Parameter, dB

@

=l

!

2

g

en

<

=

(ON
—— With TZs
.......... Without TZs

0
Frequency, rad/s
(b)

Figure 2.3 (a) Lowpass responses of the 6™ order general Chebyshev filter with a pair of finite

transmission zeros (TZs) located at +j1.5. (b) Comparison of the |S| between the 6™ order general

Chebyshev filter and the 6™ order all-pole Chebyshev filter.
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S Parameter, dB

Frequency, rad/s

Figure 2.4 Lowpass amplitude responses of a 6™ order symmetrical dual-band filter. The finite

transmission zeros are placed at £0.1.

Finite transmission zeros can also be employed to divide the single passband into multiple passband
responses, as shown in Figure 2.4. In this figure, a pair of transmission zeros at £j0.1 are placed in the
middle of the passsband to split the single passband into two separate passbands. Other multi-band
filter responses can be achieved by altering the positions of the transmission zeros. This is described

in more depth in Chapter 6.

2.2.3 Linear phase filters

In the above section, pure imaginary transmission zeros have been introduced to improve the near-
out-of-band amplitude selectivity or split the single band amplitude response into multiple bands.
Complex transmission zeros can be utilized to improve the passband phase response. This kind of
filters is named as linear phase filters. The transfer functions of linear phase filters can be expressed in

the same form as shown in equation (2.9).

As stated in [3], for realizable filters, the transmission zeros should lie on the imaginary axis or locate

symmetrically with respect to the imaginary axis. Therefore, linear phase filters with symmetrical
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responses should have at least four transmission zeros (i.e. s=+0,£j ), whereas, linear phase filters
with asymmetrical responses can have a single pair of complex transmission zeros (i.e. s=+o,1jQ).
Figure 2.5 shows an 8" order symmetric linear phase filter with a pair of pure imaginary transmission
zeros (£/1.5) and four complex transmission zeros (+£0.6+j0.4). The complex transmission zeros are
introduced to offer group delay equalization, and the pure imaginary transmission zeros are employed
to produce sharp near-passband selectivity. In Figure 2.5, the responses of an 8" order general
Chebyshev filter with only two pure imaginary transmission zeros (+71.5) are also included for

comparison.

The comparison in Figure 2.5 highlights the tradeoffs that exist between the linear phase filters. By
introducing complex transmission zeros, the group delay will be improved at the expense of a worse

amplitude response.

The effect of the complex transmission zeros (i.e. s=+0,%jQ) on the group delay, can be
tuned/optimised by altering the real part of the transmission zeros (i.e. 01), as shown in Figure 2.6. In
this figure, the linear phase filter has six transmission zeros at +71.5 and +0,4j0.4. The amplitude and
phase responses are plotted for three assumed o values. As can be observed in Figure 2.6, for the
group delay response, there is another trade-off between the equalization bandwidth and the amplitude
of the group delay ripple over this bandwidth. The optimum locations of the complex transmission
zeros, which generate the desired/optimum group delay response, may be obtained through an
optimisation procedure. During the optimisation, both the real part and imaginary part of the complex
transmission zeros, are treated as control variables and altered at each iteration. This is described in

detail in [3].
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Figure 2.5 Comparison of the amplitude and phase responses between the 8" order linear phase filter
(Case I) and the general Chebyshev filter (Case II). The six transmission zeros of the linear phase
filter are located at #71.5, +£0.6+j0.4. The general Chebyshev filter has two pure imaginary

transmission zeros positioned at £/1.5.
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Figure 2.6 The responses of an 8" order linear phase filter with six transmission zeros (4j1.5,
+0,470.4). The responses for three assumed o values are plotted. (a) Group delay. (b) S,; magnitude

responses.

2.3 Coupling Matrix Representation
This section describes the coupling matrix representation of the filter circuits. Modelling the filter in a

matrix form has two major advantages: (i) Each element in the coupling matrix is related to one
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physical element of the finished filter. This permits factoring in the effect of the electrical
characteristics (such as unloaded quality factor) of the physical filter. (ii) Matrix operations (such as
similarity transformation) can be performed on the original matrix to reconfigure the filter topology
[3]. These advantages are difficult to achieve for filters represented using polynomial transfer

functions.

Figure 2.7 Equivalent circuits of an n-coupled resonator filter. (a) The resonators are coupled by
mutual inductances (i.e. magnetic couplings). (b) The resonators are coupled by mutual capacitances

(i.e. electric couplings). [2]

Figure 2.7 (a) shows an equivalent circuit of an n-coupled resonator filter. In this figure, R, C, and L
stand for resistance, capacitance and inductance, respectively; i denote the loop current and e is the
voltage source. For this filter equivalent circuit, it is assumed that all the couplings are achieved via
mutual inductance between resonators. Kirchhoff’s voltage law (stating that the vector sum of all the
voltage drops around a loop is zero) is applied to the equivalent circuit shown in Figure 2.7 (a). This

leads to n equations, which can be expressed in a matrix form as, [2]
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R+ joL, + o, —joL,, —jol,, ll .
—joL,, JjoL, + o, —joL,, i.2 _ 0 @.11)
‘ ‘ i, 0
—joL,, —joL,, o R+ joL, + JaC,

or

21[1)=[¢]

where [Z] is an n X n impedance matrix. To simplify the problem, the filter is assumed to be
synchronously tuned, i.e. all the resonators are resonating at the same frequency wo=1/(LC)"?, where
L=L\=L,=..=L,, C=Ci=Cy=....=C,. Assuming a narrow-band approximation (i.e. w=wy), the

normalised impedance matrix [Z] of the low-pass prototype filter can be expressed as [2]

1 . .
—tp —ymy e My,
qel

[Z]= _J-Tnzl p _j’:nZn

_jmnl _jng _+p

where p is the complex lowpass frequency variable, ¢.; is the normalised external quality factor and

m;1s the normalised coupling coefficient between the i™ and j™ resonator. They can be obtained by [2]

o1 0 @,
p_]FBW(a)O o

qei:%L-FBW fori=1n

L. 1

y

m; =—————
Y L FBW

where FBW is the fraction bandwidth of the practical bandpass filter.
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1 . . .
—+tp—jmy, —JMy —JMy,

QEI

—jmy, p—Jjmy —jmy,

(Z]= (2.12)

: : 1 :
—Jjm,, —Jm,, _+p_]mnn

en

As stated in [2], to account for the asynchronously tuned filters, self-couplings (m;;) can be added into

the entries on the main diagonal of the normalised impedance matrix, as shown in equation (2.12).

As mentioned before, the filter can also be represented using a network model as shown in Figure 2.1.

The S parameters of the filter equivalent circuit network can be obtained as [2]

1 -1
S21 = 2—[Z]nl
Vq;qe" (2.13)
S11 =1 __[2]1_11

el

where [Z]is the normalised impedance matrix given in equation (2.12).

The equivalent circuit of the filter coupled by mutual capacitances, as shown in Figure 2.7 (b), can be
analyzed in a similar way. This is described in detail in [2]. The S parameters of the capacitance-

coupled filter network can be expressed as [2]

1 =
S21 :2—[Y]n11

\V 919 en

S, = ~(1- 2 [7]1)

el

(2.14)

where [Y ]is the normalised admittance matrix, given by [2]
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1 . . .
—+tp—jmy —JMy —Jmy,

qel

—jmy, p—Jjmy —Jjmy,

[7]= (2.15)

. : 1 .
_]mnl _]ng e _+p_]mnn

It can be observed that the normalised impedance matrix [Z] and the normalised admittance matrix

[Y 1have the same form. This enables a general equation to deal with filters with inductive couplings
or capacitive couplings or a combination of both couplings. The S parameters of this general coupling
matrix can be found as [2]

1

Sy =2——=[4],
QGIZen (2 16)
Sy =+(1-—[4];})
qel
where [A4] is the sum of three n x n matrices:
[4]=[q]+ plU]- jlm]
or
l/q, ... 0 0 1 ... 00 mil min -1 min
A=: S :+::::_. : : : : 517
4] 0 ... 0 0 P 0O ... 1 0 J Mn-D1 - Mu-Dn-1) Mmn-1)n ( )
0 ... 0 l/qen 0O --- 0 1 mnl Mn(n -1) Mnn

where [¢] is the n x n matrix with all entries zero, except for ¢;1=1/qe1, ¢i=1/Gen, [U] 1s the n X n unit

matrix or identity matrix, [m] is the general coupling matrix.

For an all-pole Chebyshev filter, the normalised external quality factors and the general coupling

matrix can be calculated from its lumped-element low-pass prototype elements g, g1,...Zu+1, as
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1
94 =80 & 9en = 818041 M = ﬁ for i=1 to n-1 (2.18)
g[gi+1

The low-pass g values for the all-pole Chebyshev filter are given by [2]

LAR

= In(cothi
P ( (17.37))
Y
= sinh(—
/4 ( 2n)
g =1
2. 7
& _Sm(Z_)
4 " ' (2.19)
4Sin[(21 - 1)7z] ' Sin[(21 - 3)7z]
— L 2n 2n =273
& = (i—l)ﬂ' , 1=4,3,...n
8i 7/2 + sin? [—]
1 n odd
gn+1 =

coth’ (é) n even

The coupling matrices of other types of filters can be determined through an optimisation procedure.

This is discussed in depth in Chapter 6.
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2.4 Physical Realization Using Waveguide Technology

2.4.1Rectangular waveguide

Ya

X

Figure 2.8 Geometry of a rectangular waveguide

A waveguide is one type of transmission line used to direct the propagation of microwave signals
along a predetermined path [4]. The rectangular waveguide is the most common type of waveguides
[4]. Figure 2.8 shows the geometry of a rectangular waveguide. Detailed introductions of the
waveguide theory are well covered in text books such as [1] and [4]. The following part presents a

few important properties of the rectangular waveguide.

It is well-known that TEM mode cannot be propagated inside a rectangular waveguide, since the
waveguide has only one conductor. Transverse electric (TE) and transverse magnetic (TM) modes are
supported by the rectangular waveguide. Each mode of the waveguide has a cut-off frequency, below
which propagation is not permitted [1]. The cut-off frequency associated with the TE,, or TM,,,

mode can be found as [1]

1 mr nr

" N )

(2.20)
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where u and ¢ are the permeability and the permittivity of the material filling inside the waveguide.
For typical rectangular waveguides (¢ = 2b), the TE,y mode is the dominant mode since it has the
lowest cut-off frequency. The second-lowest cut-off frequency corresponds to the TE,; mode. In the
majority of cases, the rectangular waveguide is operating in the band between the cut-off of the TEo
mode (i.e. fCi9) and the cut-off of the TE,;, mode (i.e. fc20=2 fCi0). This ensures that only TE;, mode

propagates inside the waveguide. The useful bandwidth of this rectangular waveguide is fCyo - fC19=

f010-

It is worth mentioning that, if b > a/2, the cut-off of the TE,; mode would become the second-lowest.
This reduces the useful bandwidth of the rectangular waveguide. Therefore, b is preferred to be no
bigger than a/2, in terms of the useful bandwidth. Conversely, the waveguide attenuation increases
with decreasing b [5]. If b< a/2, the attenuation would increase without improving the useful

bandwidth [5]. Therefore, the optimum b is exactly half of the broad sidewall dimension a.

According to the electromagnetic boundary conditions, the magnetic field (i.e. H field) is tangential to
the surface of the waveguide. The current flow in the walls can be derived by analysing H field, since
the current flow is perpendicular to the H field [4]. Figure 2.9 shows the wall currents for the TE
mode in a rectangular waveguide. A general observation is that, no current flows across the centre line
of the broad sidewall. Splitting along this centre line would not seriously affect the waveguide wall
currents and the TE;; mode wave travelling underneath [4]. This is a useful conclusion for the layered

SU-8 micromachined waveguide circuits presented in Chapters 4 and 5.
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Propagation direction

Magnetic field

Surface current

Figure 2.9 The magnetic field lines and current density lines of a rectangular waveguide operating at
TE;o mode. In this figure, the red dotted line indicates the centre line of the broad face of the
waveguide. Conventionally the waveguide is split along this centre line since no current crosses it.

(This figure is reproduced from [5])

An ideal waveguide would transmit the microwave signal without loss of energy. However, for a
practical waveguide, attenuation can be caused by either dielectric loss or conductor loss. In this work,
dielectric loss is not taken into consideration since the waveguide is hollow. The attenuation due to

conductor loss for the waveguide operating at TE,y mode is given by [1]

RS
a, =—
a*bBkn

(2br* +a’k*)-8.686 dB/m (2.21)

where

R = e} k = w\ ue ,B:‘/kz—(z)z 77=\/Z (2.22)
' 20 a &

R; is the surface resistivity of the metallic walls, ¢ is the conducting wall conductivity, & is the wave-
number, o is the angular frequency, £ is the propagation constant for the TE;y mode and # is the

intrinsic impedance of the material filling in the waveguide.
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2.4.2 Waveguide cavities

Figure 2.10 Geometry of a rectangular waveguide cavity.

Rectangular waveguide cavities are the basic building blocks of the waveguide filters. Figure 2.10
shows the geometry of a rectangular waveguide cavity resonator. A resonator has the ability to store
both electric energy and magnetic energy. Two important parameters of a resonator are: the resonant
frequency and the unloaded quality factor. The resonant frequency is the frequency at which the
stored electric energy equals the stored magnetic energy. The unloaded Q is used to characteristic the
inherent losses in a resonator [3]. A lower unloaded Q corresponds to a higher loss and vice versa. In
the following, the calculation of the resonant frequency and the unloaded O, using the physical

dimensions of the waveguide resonator, is presented.

The transverse electric fields (E,, Ey) of the TE,, or TM,,, mode in the rectangular waveguide

resonator can be expressed as [1]

Ei(x,y,z) = e(x, y)[A e P + Ae/Pm] (2.23)

where e(x, y) represents the transverse variation of the mode, 4" and 4" are arbitrary amplitude of the

forward and backward travelling waves [1]. S, is the propagation constant for the TE,, or TM,,,

mode and it can be found as
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B =\/k2 ~ (e oy (2.24)
a b

where £ is the wave-number defined in equation (2.22). Appling the conditions that Ei(x, y,0) =0 and

E(x,y,d)=0 to equation (2.23) leads to the following equation [1]:
Sforl=1,2,3... (2.25)

Equation (2.25) demonstrates that the length of the waveguide cavity d should be integer multiple of
the half guided wavelength (A,/2) of the considered mode at the resonant frequency [1]. Then the
modes existing in the waveguide resonator can be expressed as TE,,,;or TM,,,; , where m, n, [ stands
for the number of modes in x, y, z directions, respectively [1]. The resonant frequency of the TE,,,;or

TM,,,; mode can be computed by [1]

mi ., AT lﬁz
( )+(b) +(d) (2.26)

f Z;\/
ol 27[«[#7’87’ a

where u,and ¢, are the relative permeability and permittivity of the material filling the cavity, ¢ is the

velocity of light in free space.

The unloaded quality factor of a waveguide resonator can be calculated as [1]

(2.27)

where Q. represents the loss caused by lossy conducting walls, whereas Qy is used to factor in the loss

of the dielectric filling in the cavity. In this work, the material filling the waveguide cavity is air,
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therefore, only Q. is considered here for the calculation of the unloaded quality factor. The Q. of a

waveguide resonator operating at the TE;(; mode is given by [1]

_ (kad)’bn 1
27°R, (2’a’b+2bd’ +1’a’d +ad’)

0, (2.28)

2.5 Design of Iris Coupled Waveguide Resonator Filters

From the filter’s specifications, the input/output couplings (i.e. external quality factors) and the inter-
resonator coupling coefficients can be obtained. Then the physical dimensions of the filter are able to
be extracted from these coupling coefficients. In the following, the design of a 4™ order Chebyshev
WR-3 band waveguide resonator filter is presented as an example. The filter structure is shown in
Figure 2.11. It consists of four waveguide resonators operating in the TE;¢; mode. Both the internal-

resonator-couplings and the input/output couplings are realized using asymmetrical capacitive irises.

Figure 2.11 The structure of the 4™ order waveguide resonator filter. The blue part is vacuum, which

is surrounded by perfect electric conductor (PEC) in the simulation.
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The specifications of this filter are:
e Filter order: n=4
e Centre frequency: fo = 300 GHz
e Fractional bandwidth (FBW): 9%

e Passband ripple: Lar= 0.0436 dB (equivalent to a passband return loss of 20 dB).

Applying equation (2.19), the g values for the 4™ order Chebyshev lowpass prototype filter with a 20
dB return loss can be calculated as gy= 1, g,=0.9314, 2,=1.292, g;=1.5775, g4=0.7628 and g5=1.221.
Substituting these g values into equation (2.18), the normalised external quality factors and the

coupling coefficients could be determined as g.;1=¢e4=0.9314, m;,=m3,=0.9116, m,;=0.7005.

The external quality factors and the coupling coefficients of the practical bandpass filter, and the
normalised coupling coefficients of the low-pass prototype filter, are related via the following

equation [2]

Qe L= qel Qen — qen M

= - =FBW -m,
FBW FBW bl

1,i+1

for i=1 to n-1 (2.29)

Table-2.1 lists the calculated external quality factors and coupling coefficients of the WR-3 band

bandpass filter.

Table-2.1 Required coupling coefficients and external quality factors for the

fourth order Chebyshev filter

n=4
Passband ripple Qs M, Mo, M,
0.0436 dB 10.3489 0.0820 0.0630 0.0820

Figure 2.12 shows the ideal response of the bandpass filter plotted using the coupling matrix elements

listed in Table-2.1.
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Figure 2.12 Ideal responses of the 4" order WR-3 band bandpass filter.

2.5.1 Calculation of external quality factors
The physical dimensions of the input/output coupling irises are determined by simulating a structure

as shown in Figure 2.13 in CST [6].

Waveguide
resonator

L(=42)

Weak coupling

N )

[}
g
(=]

S

Coupling gap

Weak coupling o A t F

(@) (b)
Figure 2.13 (a) Simulated model in CST for the external Q determination. (b) The side view of the

real structure. a=0.864 mm, 5=0.432 mm, 4, is the guided wavelength at the filter centre frequency.
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Figure 2.14 Simulation results of the structure shown in Figure 2.13.

Figure 2.14 shows the simulation results of the structure given in Figure 2.13. From the simulation
results, the external quality factor can be calculated directly from the resonant frequency (f,) and the 3

dB bandwidth ( Af"), as stated below:

Qext = (230)

The resonant frequency of the simulated structure varies with the length of the waveguide resonator
(L). L should be adjusted to ensure that the simulated model is resonating at the filter’s centre
frequency. The required external Q can be achieved by altering the height of the coupling iris (%) and
the thickness of the coupling iris (). For this filter, the thickness of all the irises (7) is selected as 0.1
mm, and the height of coupling iris (4) is varied to provide the required coupling coefficient. To
employ equation (2.30) for the external Q calculation, the coupling from the feed waveguide on the

left side must be very weak.
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As the height of the coupling iris / increases, the external O increases and the resonant frequency f,
decreases. This means that the resonant frequency f; is not only determined by the resonator length L
but also the iris height 4. Thus, in the presence of the fixed iris thickness ¢, both 4 and L should be
adjusted to achieve the desired external Q and the resonant frequency f,. ~=0.187 mm and L=0.674
mm are selected as the initial dimensions for the final filter design, since Q. and f, values produced

by this set of parameter values are the closest to that required.

2.5.2 Calculation of inter-resonator couplings

The external Q characterizes the external coupling between the filter and the external circuit. The
relationship between the inner resonators is expressed by the coupling coefficient between them. In
[2], the coupling coefficient of two resonators is defined as the ratio of coupled energy to stored

energy, which can be expressed as

IIIEE Edu ”j,uH HdU 2.31)

T TTe B0f dox [ 12 P do [T l28 P don [ al78: do

where E and H represent the electric and magnetic field vectors, respectively, as shown in Figure
2.15. The first term on the right side of the equation represents the electric coupling and the second
term indicates the magnetic coupling. The mixed coupling results from the superposition of the

magnetic and electric couplings.

15[

‘\/ Coupling H \
H, H

Resonator 1 Resonator 2

. E

Figure 2.15 An illustration of two coupled resonators. (This figure is reproduced from [2])
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The electric wall and magnetic wall symmetry can be used for the inter-resonator coupling calculation.
This calculation method works by dividing two coupled resonators into two single resonators
terminated by a magnetic wall and an electric wall [2]. The coupling is then determined from the
knowledge of the resonant frequencies of two individual resonators. However, this calculation method
is experimentally difficult to implement. An alternative method to calculate the coupling coefficient is
to simulate a structure as shown in Figure 2.16. The ports need to be weakly coupled to resonators for
this approach to work. A sketch of |S,| is given in Figure 2.17. The split resonant frequency can be
observed from the two peaks of |S,;| and the nature of the coupling (electric or magnetic) can be

determined from the phase information of Sy, [2].

L&) LEW2)
Coupling I, {
i p— iris p— L b
1 | T
S o S
S S l
Weak coupling
01— |« tal L« - |=0.1
(a) (b)

Figure 2.16 The two-coupled waveguide resonator structure. (a) The simulated model in CST. (b) An
illustration of the real structure. a=0.864 mm, 5=0.432 mm, 4, is the guided wavelength at the filter

centre frequency.
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Figure 2.17 Typical S3; (in dB) resonant response of two coupled resonators as shown in Figure 2.16.

The frequencies of two resonant peaks are f; and f;.
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The relationship between the coupling coefficient (kc ) and the resonant frequencies (fi, f2) is given by

f22 — fl2
kc = —=—— 2.32
AR e

For the simulated structure, the length of two resonators (L) is roughly 4/2. The thickness of the iris
thickness ¢ is 0.1 mm. The coupling coefficients can be controlled by varying the height of the
coupling iris 4. Basically, an increase of the coupling iris height / leads to a reduction of the coupling
coefficient, when the thickness of the coupling iris ¢ is fixed. The middle frequency of these two
resonant peaks (i.e. (fi+/>)/2) also varies with 4. For synchronous tuned filter, where all the resonators
have the same resonant frequency, the middle frequency of these two peaks should in accordance with

the filter centre frequency f,.

The corresponding iris heights for the required coupling coefficients (i.e. M1, My;, Ms,), are obtained

as hi= h34,=0.308 mm and /,;=0.326 mm.

2.5.3 Final optimisation

After obtaining the initial parameter values for the filter design, four resonators are in series
connection to establish the bandpass filter. The simulation responses for the first attempt shown as
before optimization can be observed from Figure 2.18. The initial results are in reasonable agreement
with the specifications. Further CST optimizations are carried out to shift the filter centre frequency to
300 GHz and reduce the return loss in the passband to the specified 20 dB. During the optimisation,
the lengths of the four resonators and the heights of the coupling irises have been adjusted. The S
parameter response after optimisation is displayed in Figure 2.18. Its associated physical dimensions
are given in Figure 2.19. This filter has been fabricated using the SU-8 micromachining process. The

measurement results of this filter are presented in Chapter 4.
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Figure 2.18 CST simulated performance of the designed WR-3 band fourth order filter.
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Figure 2.19 A schematic side-view diagram of the 4™ order iris coupled WR-3 filter, drawing is not to
scale. Some critical dimensions of the filter: 7,;=0.170 mm, A,= 0.284 mm, /4;=0.318 mm, L,;=0.706

mm, L,=0.664 mm, ¢t = 0.1 mm, 5=0.432 mm.
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2.6 Conclusions

The fundamental theory of coupled resonator filters is explained in this chapter. It begins with
describing the transfer function polynomial synthesis process for some classical prototype filters: all-
pole Chebyshev filters, general Cheyshev filters and linear phase filters. Then the coupling matrix
representation of a resonator-coupled filter is introduced. This is followed by a discussion of
implementation of the filter resonators using rectangular waveguide cavities. In the final part of this
chapter, the design and physical realization of an iris coupled waveguide filter is presented as an

example.
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Chapter 3

Micromachining

Terahertz radiations are the electromagnetic waves with a frequency range from about 0.1 THz (i.e.
100 GHz) to 10 THz, which lie between the microwave and infrared regions of the spectrum.
According to majority of textbooks, in this terahertz band, the frequency range between 300 GHz to 3
THz is also well-known as the submillimeter wave spectrum, whereas the frequency range between 30
GHz to 300 GHz is referred to as millimetre waves. Recently the terahertz spectrum has been
attracting more and more attention due to its promising applications such as medical imaging, security
scanning and communications in space or high-altitude earth atmosphere. These are described in

detail in Section 3.1.

As the circuits’ operating frequencies go up into terahertz region, conventional CNC (computer
numerical controlled) machining is no longer a good choice for fabrication due to its limited
dimensional accuracy and high cost. In the past few decades, various micromachining techniques have
been proposed and developed to fabricate these millimetre and submillimeter circuits with improved
dimensional accuracy and reduced cost. A general introduction of these micromachining techniques

is presented in Section 3.2.

Sections 3.3 and 3.4 describe the SU-8 based UV lithography micromachining techniques, which
were employed to fabricate the waveguide circuits operating at WR-10 band (75-110 GHz), WR-3
band (220-325 GHz) and WR-1.5 band (500-750 GHz) in this work. These micromachined circuits

are described in Chapters 4 and 5. A conclusion is given in Section 3.5.
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3.1 Terahertz Applications

Terahertz radiation has three primary properties for applications: (i) it is able to pass through
dielectrics such as paper, plastic, cloth, wood, ceramics and silicon, which are also common packing
materials, with little attenuation; (ii) metals are highly reflective in the terahertz region due to the
short penetration depth; (iii) many substances, including chemical and biological agents, have unique
spectral fingerprints in the terahertz frequency region [1]. These properties make it ideally suitable for
many imaging applications like non-destructive testing to inspect sealed packages such as mail
envelops and luggage and personal belongings in the airport and train stations [1-2]. Figure 3.1 shows
a terahertz image of a sealed box, which contains several metal and plastic objects. As can be seen,
the contents inside the box can be clearly identified from the terahertz image. The metallic objects are

opaque in the image because they completely block the terahertz radiation.

A metal pin with a polystyrene handle

Akey A metallic paper clip

A polyethylene washer

A metal washer A 10 mm thick rubber eraser

A metal nut

Figure 3.1 Terahertz image of a closed 80 mm long cardboard box. This box contains several objects

as indicated in the figure. (This figure is reproduced from [2].)

Compared with X-rays, terahertz radiations have one major advantage that they do not present health
hazard to people being scanned or to people operating the scanned systems. The risk brought by X-
rays is attributed to the high energy carried by each X-ray photon [2]. Typically, X-ray photon energy

is in the range of keV, which is sufficient to create ionization in biological tissue [2-3]. Terahertz
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photon energy is weaker by about six orders of magnitude (for instance, 4 meV at 1 THz) [2-3]. That
is believed to have negligible effect on living tissue [2]. As mentioned before, typical wrapping and
packing materials like cloth are transparent to terahertz radiation, whereas plastic and ceramic guns,
liquid explosives and drugs can be distinguished by terahertz imaging from their unique spectral
fingerprints. Therefore, terahertz imaging systems are also ideal approaches for passengers’ body
scans at airports for detection of concealed weapons and explosives under layers of cloth without
physical contact [1]. Figure 3.2 shows terahertz images for the concealed weapons detection purposes,
in which the threat objects have been clearly revealed and identified. Passive images are formed by
gathering the natural radiation from objects and then producing the images by means of contrasts
between thermally warmer and colder objects and also the differences in material emissivity. An
active imaging system works more like radar. It illuminates the scene with a beam of terahertz wave
and subsequently records the reflected energy within the system’s field of view [4]. Active imaging
systems could be operated at extremely low power level, which does not present health hazard to the

people under inspection [4].

(a) (b)
Figure 3.2 Active and passive terahertz images. (a) A passive image obtained at 94-GHz, a metal
knife is hidden inside a newspaper and is exposed in the image. (b) A 640 GHz active image, which

exhibits a toy gun under cotton shirt. (This figure is reproduced from [5].)
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(b)

(©
Figure 3.3 Terahertz images of some tissue samples. A liver cancer sample at (a) 567 GHz and (b)
676 GHz, the arrows denote cancer areas. (c¢) A breast cancer sample, the dotted line indicates the

cancer areas. (This figure is reproduced from [2].)

Apart from above security applications, terahertz radiation has also been widely applied for medical
imaging due to its properties such as (i) non-ionising; (ii) low operating power level; (iii) high signal
to noise ratio; (iv) wavelength longer than optical radiation, which can offer a good resolution as well
as smaller scattering in biological tissue; (v) high sensitivity to the water content in biological tissues
[6]. Most applications of terahertz radiation in the medical field are focusing on imaging epithelial
tissue, because of the strong water absorption in the terahertz region [6]. This will not limit the
applications of terahertz medical imaging, since epithelial or surface tissues contribute more than 80%
of all adult cancers including common cancers of skin, lung and liver and so on [6]. Figure 3.3
illustrates the terahertz images of some excised tissue cancer samples, in which the brightness and

texture of cancer part are different from the rest of the sample.
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For communications systems, higher frequency carriers enable larger available bandwidth.
Additionally, the use of higher frequencies will lead to reduced dimensions of the components, since
the circuit dimensions and its operating wavelength should be of the same order of magnitude. These
should be major advantages of terahertz communication systems. However, in practice a terahertz
wave cannot travel long distances in earth’s atmosphere due to the large atmospheric attenuation and
attenuation from atmospheric particulates (i.e. rain, fog and dust, etc). Figure 3.4 illustrates the
atmospheric attenuation at frequencies from 100 GHz to 1 terahertz for six different atmospheric
conditions, all at the sea level. As can be seen in the figure, the attenuation increases rapidly as the
frequency increases. At frequencies over 400 GHz, the peak attenuation is in excess of 1 dB/m. This
high attenuation prevents the use of terahertz wave in long distance communication systems. In space
or high-altitude in the earth’s atmosphere, above altitudes where water and other atmospheric
particulates bring serious signal absorption, there is a promising future for applications of terahertz

waves in communication systems.
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Figure 3.4 Calculated atmospheric attenuation as a function of frequency for a few different

atmospheric conditions at sea level pressures. (This figure is reproduced from [5].)

38



Due to the intense impact of atmospheric attenuation on the terahertz wave propagation, it is
suggested that the terahertz devices/systems should operate below 400 GHz or at propagation
windows where minimum attenuation occurs such as 340 GHz, 650 GHz, 850 GHz, 1.05 THz and 1.5
THz [4]. In this work, several waveguide devices working at 100 GHz, 300 GHz and 650 GHz, have

been designed and fabricated using the SU-8 micromachining techniques, and measured.

3.2 Terahertz Waveguide Circuits

The fabrication of microwave circuits at terahertz frequencies using traditional methods, such as metal
milling or electrical discharge machining, can be very expensive and usually suffers from a lack of
dimensional accuracy. In recent years, several different micromachining technologies have been
developed as potential fabrication technique alternatives, such as silicon deep reactive ion etching
(DRIE), LIGA processing, or laser machining. The following subsections present a general

introduction of these different fabrication techniques.

3.2.1 Conventional machining

Traditionally, geometrically simple millimetre wave devices are fabricated by milling on a high
precision Computer Numerical Control (CNC) machine. Recently, this end-mill machining technique
has been further developed and applied to fabricate several terahertz waveguide circuits operating at
frequencies up to 1.5 THz, with a very high dimension accuracy (i.e. typically within 2-3 um of the
designed values), as reported by Jet Propulsion Laboratory (JPL) at California, USA in [7]. They also
claimed the capacity of cutting 15 pm wide channels on a solid metal block using end mills. Two
terahertz waveguide circuits, fabricated using this high precision end-mill machining technique by the
JPL, are exhibited in Figure 3.5. Although the metal milling method is still capable of fabricating
terahertz waveguide components with high dimensional precision, its wide usage has been precluded
by a few drawbacks, as listed in the following: (i) the unit cost will increase dramatically as the

feature sizes decrease (i.e. frequency increases) [8]; (ii) for narrow trenches (smaller than 1 mm wide),
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the length of the milling cutter has to be small to fulfil the strength requirement. This limits the typical
achievable maximum aspect ratio (i.e. the ratio of the dimension in depth to that of the surface) of the
trenches in a range of 2~3:1 [9]; (iii) round internal corners exist due to the limited diameter (>150
um) of the cutter; (iv) it is not suitable for large scale production because it is a serial processing

method.

(a) (b)

Figure 3.5 State-of-art CNC machined terahertz devices. (a) A four-chip frquency tripler operating at
260-340 GHz band. (b) A 1.5 THz Hot-Electron Bolometer (HEB) mixer with integrated feed horn.

(This figure is reproduced from [7].)

3.2.2 Micromachining

Apart from conventional machining, a wide range of micromachining techniques have been proposed
recently and developed to fulfil the need of terahertz waveguide circuits with complex geometries,
high dimension accuracy, low cost and the capacity for large scale production. These micromachining
techniques can be broadly categorized into four groups: bulk micromachining, surface

micromachining, LIGA process and laser machining.

3.2.2.1 Bulk micromachining
A device fabricated by bulk micromachining is formed by selectively removing (i.e. etching) the

materials from the bulk substrate, which is normally a silicon wafer. Bulk micromachining can be
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classified into two groups by the types of etching methods: wet etching and dry etching. Wet etching,
in which chemical etchants are used to etch a protective mask covered substrate, is relatively cheap
and simple, but it is difficult to control the etch rate and critical dimensions [10]. In wet etching
processes, undercutting effects should be considered for isotropic substrates (i.e. uniform etch rate in
all directions), whereas anisotropic etching (i.e. crystal orientation dependant etch rates) is limited by
the crystal orientations of silicon wafers (i.e. <100>, <110> and <111> plane) [11]. This is shown in
Figure 3.6. This wet etching technique has been applied to fabricate various terahertz circuits

including a W-band waveguide [12] and two W-band filters [13].

—— Mask

-+———Silicon
< 100>
<1= — MNask
-4+——Filicon
(b)
<] 10>
-4—— Mask
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Figure 3.6 Bulk silicon micromachining technique wet etching methods. (a) isotropic wet etching. (b)
anisotropic etching on silicon wafer with <100> crystal orientation. (c) anisotropic etching on silicon

wafer with <110> crystal orientation.(Drawings are not to scale). [26]
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Dry etching employs gaseous etchants rather than liquids to remove the unwanted substrate materials.
Three dry etching techniques are available: plasma, ion milling and reactive ion etching (RIE) [10].
Among them, the deep reactive ion etching (DRIE) technique, which combines the physical and
chemical etching process, has drawn the most attention due to its capacity of producing structures
with arbitrarily defined features [14], high maximum aspect ratio(>30:1) [10], excellent critical
dimension control [10] and virtually vertical walls [10]. An illustration of the key steps of DRIE
process is given in Figure 3.7. The process starts from depositing silicon oxide (i.e. SiO,) on both side
of the substrate wafer. Then photoresist is applied on top of the SiO, layer. After patterning and
developing the photoresist layer, the exposed SiO, layer is etched to form the oxide mask. Then the
photoresist layer is removed and the silicon substrate is etched. Finally both the top and bottom SiO,
layers are removed by buffered oxide etch (BOE) solution. The resulting silicon layer is coated with

Ti layer and Cu layer.

DRIE has been used for the fabrication of many terahertz waveguide circuits for instance a 600 GHz
branch-line coupler [14], a 900 GHz frequency tripler [8] and a W-band hybrid coupler and power

divider [15].

The major drawbacks of bulk micromachining are that: (i) the height of structure is limited by

commercially available silicon wafer thickness [10]; (ii) there is difficulty in high aspect ratio

sidewall metallization [14].
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